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Abstract The hornwort Ceratophyllum demersum is
a loosely attached to the bottom or free-floating
vascular macrophyte, which builds dense stands in
nutrient-rich waters. The hornwort stands are usually
monospecific communities with a negligible contribu-
tion of other aquatic plants. However, some published
literature data and our own observations evidenced the
co-occurrence of densely growing Ceratophyllum and
other macrophytes, including charophytes, which by
contrast to hornwort are indicative of clear and less
productive waters. Thus, the aim of this study was to
identify the charophyte species growing in C. demer-
sum stands and to define the environmental conditions
promoting this co-occurrence. In 18 natural lakes
of Western Poland, 60 stands of Ceratophyllum
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demersum were studied in the years 2001-2005. A
total of 25 species built the studied stands. As many as
eight charophyte species, 13 vascular plants, two moss
species and one filamentous alga co-occurred with C.
demersum. Among charophytes rare to Poland Chara
polyacantha and Nitella gracilis were identified.
Nitellopsis obtusa and Chara globularis revealed the
highest frequencies along with Myriophyllum spica-
tum. Morphology of lakes combined with water
quality, particularly transparency, appeared to regulate
the coexistence of charophytes and C. demersum,
macrophytes usually competing with each other.
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Introduction

Charophytes (Characeae), macroscopic green algae,
are widely distributed in the world, mainly in different
types of freshwater habitats. Although, many species
are considered rare and some of them are even close to
extinction. Thus, for an appropriate management of
aquatic ecosystems and protection of rare and endan-
gered species, it seems important to recognize envi-
ronmental conditions under which charophytes can
occur. According to literature, charophytes can
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occupy two different habitat types in freshwaters
(Casanova & Brock, 1999) where they are exposed to
varied environmental pressure and play different roles
(as summarized in van den Berg et al., 1998; van den
Berg, 1999; Kufel & Kufel, 2002; van Donk & van de
Bund, 2002; Martin et al., 2003; Apolinarska et al.,
2011; Petechaty et al., 2013).

The first habitats are the deepest regions in lakes,
where charophytes have a better chance to grow,
because they have shade tolerance and abilities to
utilize light effectively, which give them better
photosynthetic performance as compared to higher
plants. The second habitats are shallow aquatic
environments, e.g., shallow lakes, ponds, artificial
water bodies, wetlands, oxbow lakes, where charo-
phytes are often observed among vascular plants,
which grow at the bottom. As shallow waters are
frequently eutrophic and more turbid compared to
deep ones, angiosperms, particularly canopy forming
species, can outcompete charophytes via shading.

Another aquatic macrophyte to occupy similar
ecological environments is Ceratophyllum demersum
L. This species can inhabit shallow as well as deep
littoral habitats (e.g., Tomaszewicz & Klosowski,
1990; Petechata & Petechaty, 2010, and references
therein) and, comparably to charophytes, it can inhabit
low light environments (Mjelde & Faafeng, 1997, and
references therein). Contrary to most charophytes, C.
demersum is a strong competitor in more fertile waters
and can dominate in eutrophic and turbid habitats
(Hutchinson, 1975).

Based on the above-cited literature and own field
observations performed during the study of macro-
phyte vegetation of lakes of western Poland (Pukacz
et al., 2005; Petechaty et al., 2007, 2009; Petechaty &
Pukacz, 2008) we hypothesize that charophytes have
abilities to tolerate wide spectrum of lakes conditions
under which these macroalgae can co-occur with
different macrophyte species, including abundantly
developed species specific for higher trophy, such as
C. demersum. As a key factor should be given light
availability, particularly important for charophytes,
but also for other submerged plants. This pattern of
charophyte occurrence can be species-specific. There-
fore, this study aims were: (i) to identify the charo-
phyte species growing in C. demersum stands and (ii)
to define lakes properties and stands characteristics
promoting the charophyte co-occurrence with C.
demersum.
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Study area and methods

The study region (Lubuskie Voivodeship, western
Poland) is characterized as rich in clear-water lakes of
different trophy and mictic types with varied and
abundant vascular and charophyte vegetation
(Dambska, 1961, 1964; Petechaty et al., 2007;
Pelechaty & Pukacz, 2008; Kraska, 2009). Data for
the present paper were collected during the field
studies carried out in the vegetation seasons
2001-2005. Different lakes were studied in each year.
After a pilot study that allowed to select C. demersum
stands for further studies, lakes and selected stands
were visited once. Altogether 18 natural lakes located
mostly in Pojezierze Lubuskie Lake District (Fig. 1)
were surveyed. The lakes represent different trophic
states, morphometry, mixing regimes, including the
rarely observed meromictic lake type, and different
character of flow (Table 1).

Representative patches (stands) of Ceratophyllum
demersum—dominated community (Ceratophylletum
demersi Hild 1956 in terms of phytosociology) were

‘ ‘ investigated lakes

Fig. 1 Spatial distribution of lakes, in which Ceratophyllum
demersum stands were investigated
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ch?aI;Lectlri?tizct)?d habitat Lake Area (ha) Maximum Mi)}ing Character Trophic

investigated lakes depth (m) regime of flow status
Bielawa 22 2.3 P N E
Btedno 4.2 2.8 P N E
Buszenko 27.9 20 D o M
Czyste Wielkie 26.4 20.8 D N M
Dtugie 6 32 P N E
Grzybno 42.7 13.9 D o M
Kociot 5.1 35 P F E
Krecko 46.5 6.9 P C E
Linie 2.1 23 P F E
Lubiaz 130 12.8 D F E
Lubinskie 22.7 21.6 M o M
Lagowskie 82.4 13.5 D F M
Reczynek 28.2 14.8 D N E
Trzesniowskie 185.7 58.8 D N M
Wielicko 35.1 20.7 D N M

P polymictic, D dimictic, Wilkowskie 130.5 23.7 D N M

M meromictic, F flow, Wyspa 19.3 6.6 P N M

O outflow, N no flows, Zioty Potok 32.8 137 D N M

M mesotrophic, E eutrophic

studied in each lake using the mid-European Braun-
Blanquet’s (1964) method of phytosociological rel-
evés. A total of 60 patches of an area of 16 m* each
were surveyed. The number of patches studied in a
given lake was dependent on the lake morphometry
(particularly the area, depth and shoreline length,
being the features responsible for the distribution of
habitats available for macrophytes) and the pattern of
vegetation development and distribution in a given
lake. In general, three separate Ceratophyllum
demersum patches were chosen per lake. For larger
lakes four of five patches were studied. In each of 60
studied patches (stands) all species were listed and
the percent area covered by each species was
estimated according to the following scale: r single
individuals, negligible cover; 4 a few individuals or
clusters, <5%; 1: 5%; 2: 5-25%; 3: 25-50%; 4:
50-75%; and 5: 75-100%. To make the phytocoe-
notic data useful for statistical analysis, the percent
cover of plants, expressed in the above-presented
Braun—-Blanquet’s scale (range from r to 5), was
transformed into van der Maarel’s (1979) scale
(range from 1 to 9). Scale values were transformed
as follows (first value = Braun-Blanquet’s scale,
second value = van der Maarel’s scale): r: 1; +: 2;
1: 3; 2: 5; 3: 7; 4: 8, and 5: 9. In addition, the depth

of patch, organic matter content in substratum (range
from 1 for mineral to 4 for organic substratum, 2 and
3 were assigned to mineral-organic and organic-
mineral substrata, respectively) and the total plant
cover were estimated in the field. Bottom slope was
calculated based on the minimum and maximum
stand depths and the distance between them.

Macrophytes and charophytes were collected by
diving (mainly) or from a boat, using a small anchor
with a calibrated rope. Specimens of charophytes were
identified according to Dambska’s (1964) and Kra-
use’s (1997) identification keys. An Olympus SZX 9
stereo microscope was used during this work.

In addition to the vegetation study basic physical
and chemical water properties (visibility by Secchi
disk, pH, conductivity, temperature, and oxygen
concentration) were analyzed in situ, in the central,
deepest part of each studied lake. The temperature,
oxygen concentration, conductivity, and pH were
measured using the portable apparatus Elmetron CX-
742. Pelagic samples were also collected for further
hydrochemical analyses. Nutrient forms, calcium and
magnesium concentrations, alkalinity, and total hard-
ness were determined under laboratory conditions
according to Standard Methods (Greenberg et al.,
1992).
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Study results were elaborated statistically with the
use of Statistica 10 (cluster analysis and Mann—
Whitney and Kruskal-Wallis tests) and CANOCO 4.1
(Principal Component Analysis, PCA) softwares.
Species composition and structure of the studied C.
demersum stands were analyzed based on the PCA.
The studied stands were divided into two groups based
on the presence or absence of charophytes. Then, C.
demersum stands in which charophytes occurred were
analyzed with the use of cluster analysis based on the
species composition and coverage, and three groups
were distinguished. The significance of differences
between the groups was tested with the use of the
Mann—Whitney U test and Kruskal-Wallis H test, for
two and three distinguished groups, respectively.
Physico-chemical and morphological differences
between studied lakes were illustrated by the PCA.
As nutrients are interrelated, similarly to calcium,
magnesium, alkalinity and hardness, the number of
properties included in the PCA was limited to those

Fig. 2 Frequency of 30
charophytes, higher plant

species and one filamentous

alga in 60 Ceratophyllum 25

demersum stands studied in
lakes of western Poland
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Vascular plants, mosses and Vaucheria sp.

having the highest correlations with the other param-
eters. Prior to the PCA data were standardized.

Results
Characteristics of hornwort stands

Apart from C. demersum, a total of 24 species were
identified in the studied 60 hornwort stands (Fig. 2)
with a maximum number of species per patch reaching
nine. On average, three species were noted per patch.

Charophytes were found in 32 phytocoenoses,
which constituted 53% of the studied stands and were
represented by as many as eight species. Nitellopsis
obtusa (Desvaux) Groves revealed the highest fre-
quency, occurring in 27 patches. In one stand, this
species reached up to about 30% of cover of the
stand’s area. Chara globularis Thuill. was noted in 13
phytocoenoses, Chara contraria Kiitz. in three, Nitella

Charophytes
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flexilis (L.) Agardh in two, while Chara aspera (Deth.)
Willd., Chara delicatula Ag. (syn. Chara virgata
Kiitz.), Nitella gracilis (Sm.) Ag., and Chara polya-
cantha A. Braun. were noted only once. In nine
patches two charophytes were noted per hornwort
stand. In two patches three charophytes occurred per
one patch, and, in one stand, even four charophytes
were noted (in all cases Nitellopsis obtusa co-occurred
with other charophyte species). More abundant occur-
rence of charophytes was observed in hornwort stands
with smaller contribution of elodeides. In nine cases
charophytes co-occurred with Ceratophyllum demer-
sum only.

Among vascular plants, Myriophyllum spicatum L.
revealed the highest frequency occurring in 25 stands
(Fig. 2). In our study, we also observed two moss
species and one filamentous alga Vaucheria sp. (Fig. 2).
In all studied stands C. demersum revealed the greatest
coverage and was the only species in 11 stands.

The result of the PCA analysis performed for both
the number of occurrences and the coverage of all
noted species (Fig. 3) proved that not only the
frequencies reflected in Fig. 2 but also the coverage
of Nitellopsis obtusa and Chara globularis among
charophytes and Myriophyllum spicatum among other
macrophytes are significant for the variance in the
composition and structure of the studied C. demersum
stands. First and second axes with which the three
species were most strongly correlated explained 40%
of the variance observed (Fig. 3).

Considering the importance of the two most
frequently noted charophytes we performed a com-
parative analysis of two groups of hornwort stands:
with and without charophytes. The differences in
species number, stand depth and bottom slope
appeared to be statistically significant (U test,
P < 0.05, Fig. 4). This result showed that C. demer-
sum stands in which charophytes occurred revealed
higher species diversity, and bottom slope as well as
depth of stands as compared with the group of stands
without charophytes. For hornwort stands, in which
charophytes occurred, cluster analysis was performed
to recognize internal differentiation of species com-
position and structure in this group of stands. As a
result, three different groups were distinguished
(Fig. 95).

These three groups of patches were compared
regarding habitat characteristics and species cover. In
view of Kruscal-Wallis H test significant differences

e
-~
Myriophyllum spicatum|
Potamogeton crispus
Chara virgaty
./: Nuphi Batcirc/
uphlut - .
~ PO~ Chara globularis
; Nympeani
e
: Elodeay, \ Drepadu
= Nitella gracilis
<< Nitella flexilis Potlic
Chara aspera
Chara polyacantha
Chara conwaria
Nitellopsis obtusa
<
A\ Axes 1+2 = 40%

-0.8 1.0
Axis 1 (0.225)

Fig. 3 PCA output for species composition and cover in 60
stands of Ceratophyllum demersum: the significance of Nitell-
opsis obtusa, Chara globularis and Myriophyllum spicatum
contribution in the studied stands. Additionally, less frequent
(compare with Fig. 2) but in some stands abundant Potamog-
eton crispus and Chara virgata as well as other charophytes are
displayed. In parentheses eigenvalues are given

in the bottom slope, organic matter content in
substratum and cover of the three most frequent
macrophytes: Nitellopsis obtusa, Chara globularis,
and Myriophyllum spicatum were evidenced (Fig. 6).
Differences were also found in C. demersum cover but
they were not statistically significant among the tested
groups of stands. It is worth mentioning that the
increase of bottom slope was accompanied by the
decrease of organic matter content in substratum
(Fig. 6a, b) and coverage of C. demersum (Fig. 6¢c) as
well as Nitellopsis obtusa (Fig. 6e). Moreover, Chara
globularis preferred rather mineral and more inclined
bottom, where C. demersum was less abundant
(Fig. 6f). Similar tendency was evidenced for Myrio-
phyllum spicatum (Fig. 6d).

Water properties and morphometry of lakes

In the group of the studied 18 lakes, hornwort stands
with the charophyte contribution were found in 13
water bodies. Out of them, 10 are deep stratified lakes,
including one meromictic lake. Two further lakes are
transitional type between dimictic and polymictic
ecosystems, and one was typically polymictic.
Principal components analysis (PCA) was per-
formed in order to find out which physico-chemical
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(a) Species number per stand (b) Stand depth
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Fig. 4 Differences in species number per stand (a), stand depth Mean + S.E. and S.D. Mann—Whitney U test: P < 0.05 for all
(b) and bottom slope (c¢) between Ceratophyllum demersum presented characteristics

stands with (A, N = 32) and without (B, N = 28) charophytes.
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Fig. 6 Basic habitat
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water properties or morphometric features play a key
role in differentiation within the group of studied lakes
with or without charophyte species in hornwort stands.
It was stated that the first and second axes explained
about 65% of variation (Fig. 7). Among physico-
chemical properties of waters N:P ratio, total nitrogen,
Ca’™, Mg”, conductivity, and temperature showed
the strongest relationship with the first main compo-
nent. Visibility, lakes surface area, pH, and maximum
depth were correlated with the second one.

Most lakes without charophytes in Ceratophyllum
demersum stands (four out of five) were small and
shallow water bodies (Fig. 7). Moreover, three lakes
without charophytes in the C. demersum stands
revealed higher levels of TP and conductivity of water
was also higher. On the other hand, lakes with the
presence of charophytes in the studied patches of C.
demersum were bigger and deeper bodies of water as
compared to those without -charophytes and

characterized by better light and oxygen conditions,
higher pH, lower total phosphorus concentrations, and
higher N:P ratio (Fig. 7).

Discussion

The study results revealed that in the majority of
studied lakes (13 out of 18, Fig. 7) charophytes co-
occurred with Ceratophyllum demersum within the
stands dominated by this common macrophyte. Avail-
able in literature data seem to confirm our findings
indicating that charophytes can occur in Ceratophyl-
lum demersum stands when they have favorable
growth conditions (Lehmann & Lachavanne, 1999;
Tracy et al.,, 2003; Miemets & Freiberg, 2005;
Bazarova & Itigilova, 2006; Klosowski, 2006; van
de Haterd & Ter Heerdt, 2007; Kraska, 2009;
Pelechaty et al., 2009; Gabka et al., 2010).
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Axis 2 (0.286)

-1.5

Axes 142 =65%

1.0 15
Axis 1 (0.362)

Fig. 7 PCA output for water properties and basic morphometry
of 18 studied lakes with Ceratophyllum demersum stands: the
differences between lakes with charophytes (white points) and
without charophytes (black points) in C. demersum stands. In
parentheses eigenvalues are given

In our study, the highest frequencies and coverage
were found for Nitellopsis obtusa and Chara globu-
laris (Figs. 2, 3). Both species reveal broad ecological
amplitudes and are well-distributed in aquatic envi-
ronments (Dambska, 1964; Krause, 1997). The two
charophytes were evidenced to co-occur with horn-
wort in lakes of other regions of Poland (Toma-
szewicz, 1979). Our study proved that bottom slope
and related substratum richness in organic matter seem
to be habitat characteristics to promote the occurrence
of Nitellopsis obtusa and Chara globularis in C.
demersum stands (Fig. 6). Published data (Sink-
eviciene, 2003; Urbaniak, 2003) provide a variety of
accessible water mineralogy, salinity, and sediment
types, in which these species can coexist with
Ceratophyllum demersum as well as other species
such as Myriophyllum spicatum or Vaucheria cf
dichotoma, also reported in our study, and the
maximum depth limit can depend on competition
with the listed species, presumably for light and
nutrients. Although the highest frequencies and cov-
erage we found for species of broad ecological spectra,
six other charophyte species occurred in the patches
dominated by C. demersum, including two species
considered rare in Poland and protected by the Polish
law (Rozp. Ministra grodowiska, Dz. U. poz. 81,

@ Springer

2012): Chara polyacantha and Nitella gracilis. Addi-
tionally, according to the Red list of plants and fungi in
Poland Chara polyacantha has a status of endangered
species (Sieminska et al., 2006).

In the study reported, charophytes occurred in C.
demersum stands in lakes characterized by better light
and oxygen condition and higher pH. In addition, N:P
ratio was higher in a part of lakes with charophytes
present in C. demersum stands (Fig. 7). Greater
surface areas and maximum depths of the lakes were
also relevant in differentiation between the groups of
lakes with and without charophytes in hornwort
stands. These findings support the suggestion that
features conditioning high water transparency are
important for the occurrence of charophytes as light
availability promotes high benthic diversity and, thus,
coexistence of charophytes with species which are
stronger competitors in turbid waters. Under favorable
conditions this coexistence is likely to continue for a
long period of time, as evidenced by Miemets &
Freiberg (2005). Along with light availability the
significance of N:P ratio seems noteworthy. Growth of
non-rooted macrophytes, such as C. demersum, is
dependent on available nitrogen in the water column
(Goulder & Boatman, 1971; Best, 1980). At least to a
certain extent it can be applied to charophytes, too.
Species from Characeae family often utilize the
nutrients present in water and they only partly use
rhizoids anchored in surface layer of sediments for
these purposes (Tomaszewicz & Klosowski, 1990;
Martin et al., 2003). On the other hand, however, high
nitrogen loadings are not preferred by diverse benthic
vegetation. Tracy et al. (2003) observed an increase of
biodiversity in a small and shallow Shoe Lake in
southeastern Michigan, USA, after a drought in
1987-1988, during which previously high nitrogen
loading decreased in this lake. The authors suggest
that the change in nitrogen concentration had a
significant influence on the shift from Ceratophyl-
lum-dominated community of low diversity to a more
diverse community in next year after drought period.
They further suggest that the increase in the overall
macrophyte diversity of Shoe Lake was a result of a
decline in the dominant non-rooted macrophytes, C.
demersum and Utricularia vulgaris L., and related
increase in light availability for benthic species. Thus,
the replacement of abundantly growing C. demersum
by charophytes is possible. This was the case for one of
the lakes in the study reported, where Nitellopsis
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obtusa spread in sites originally occupied by hornwort
community and, after 3 years, became a dominant
(authors unpublished data).

These above-findings confirm that light availability
may have greater influence on the growth of charo-
phyte species in C. demersum-dominated patches than
nutrient concentration. Pelechaty et al. (2009) evi-
denced co-occurrence of a rare in the world charo-
phyte species, Lychnothamnus barbatus (Meyen)
Leonhardi, with C. demersum and postulated that both
species can create together a dense mats and increase
water transparency by means of a variety of feedbacks
described in the theory of alternative stable states
(Scheffer et al., 1993). Van den Berg et al. (1998)
suggest that charophytes are particularly effective at
promoting the clear water state. Since C. demersum is
also thought to improve water clarity in lakes (Mjelde
& Faafeng, 1997), their coexistence can be expected
under favorable light conditions, even thought the
competitive exclusion by C. demersum is assumed to
be one of the reasons for disappearance and quanti-
tative changes in charophytes (Gabka et al., 2010).

Summarizing the above, we conclude that mor-
phology of lakes combined with water quality create
the conditions for coexistence of charophytes and C.
demersum, macrophytes usually competing with each
other. Co-occurring within the same stand, these
macrophytes increase together light availability that in
turn stabilizes the community the species constitute.
This internal community equilibrium seems stable
until external influences, mainly understood as human
pressure on the lake and related water quality, remain
unchanged.
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