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Abstract: The total numerical abundance of phytoplankton, expressed both in individuals and cells, the total
biomass, number of species and species diversity, as well as the abundance of the major taxonomic
groups were assessed in 18 Bulgarian reservoirs sampled in the summer and autumn of 2016. Eight of
those reservoirs have been infested by the zebra mussel, Dreissena polymorpha. The main phytoplankton
taxonomic groups of both infested and non-infested reservoirs were investigated by multivariate partial
detrended corresponded analysis (DCA) and redundancy analysis (RDA). The presence/ absence of D.
polymorpha explains a statistically significant part of the spatial variation in the mentioned taxonomic
groups. All phytoplankton quantitative variables (number of individuals, cells and biomass), divisions and
species diversity have statistically significant higher values in the non-infested than infested reservoirs.
The variations in the phytoplankton taxonomic structure between the two different samplings were
considerably smaller than the variations between the studied reservoirs.
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Introduction

The invasion of zebra mussel, Dreissena polymorpha
(Pallas, 1771), to reservoirs has become an
increasingly important problem because of the
species rapid spread, the significant impact on the
whole aquatic ecosystems and the damages the
mussel causes on the dam facilities. The relationship
between D. polymorpha and phytoplankton is a basic
issue because the phytoplankton development is a
key element in assessing of ecological status, trophic
status and water quality of reservoirs. Many literature
sources have shown the significant impact of D.
polymorpha on the phytoplankton abundance and
composition (VANDERPLOEG et al. 2001, NICHOLLS et
al. 2002, NapDAFI et al. 2007, HiGGINS et al. 2010,

DE Stasio et al. 2014). This impact mainly consists
in the clearance effect of the species, which leads
to an increase in water transparency. The studies
on the interaction between D. polymorpha and
phytoplankton (BESHKOWA et al. 2014), and on some
physicochemical variables (KALCHEv et al. 2013,
2014, 2016) in reservoirs and lakes in Bulgaria
also conform with these observations and show
that D. polymorpha affects the functioning of the
phytoplankton in different aspects.

The aims of the present work were: to compare
the composition (on division level) and abundance
of phytoplankton in infested and non-infested
reservoirs, to relate them to environmental variables,
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and to assess to what extent the existing differences
are associated with the presence of Dreissena
polymorpha.

Materials and Methods

Sample collection

A total of eighteen freshwater reservoirs were
sampled in August — beginning of September and
October 2016. The visual inspection of the dams and
shore facilities showed that eight of the reservoirs
were infested by D. polymorpha. The reservoirs are
scattered throughout the territory of Bulgaria (Fig.
1) and differed by their geographical, morphometric,
physical and chemical characteristics (Table 1).
Water temperature, conductivity, pH, water column
transparency (Secchi disk depth), dissolved oxygen
concentration and saturation were measured in situ,
in most of the cases at sites near the dams. Integrated
samples, i.e. pooled and well-mixed equal volumes
of water, taken at different depths (obtained by
multiplying of the value of measured Secchi depth
by 0.1, 0.3, 0.5, 1.0, 2.0 and 3.0, respectively),
were collected in the deepest lake zone by means
of a Ruttner bathometer. In the shallow polymictic
reservoirs (<3.0 m), the whole water column formed
these integrated samples. For the phytoplankton
analysis a volume of 0.5/ 1 L was taken and fixed
with Lugol’s or formaldehyde solution. For the
chlorophyll-a analysis the mixed water was filtered
through 0.7 um glass fibers filters, added to 10 ml of
90% ethanol in a glass tube and transported in liquid
nitrogen to the laboratory. There, after cooking at
75°C and centrifugation, the chlorophyll-a extract
was measured by spectrophotometer according to
standard ISO 10260. The Bulgarian Ministry of
Environment and Water provided data about the
nutrients: total nitrogen and phosphorus (Ntot, Ptot),
nitrite and nitrate nitrogen, ammonium nitrogen and
phosphate phosphorous (NO,-N, NO,-N, NH,-N,
and PO-P) measured in conformity to the adopted
standards: ISO 7150/1 for ammonium nitrogen,
EN 26777 and ISO 7890-1 for nitrite and nitrate
nitrogen, EN ISO 11905-1 for total nitrogen, EN
ISO 6878 for phosphate phosphorus, EN ISO 6878
for total phosphorus, and ISO 7027 for turbidity.

Phytoplankton analysis

The taxonomic composition of the phytoplankton
was determined by a light microscope Amplival
(400x) on preserved specimens. The total numerical
abundance (both in cells and individuals per unit of
volume) was estimated by counting in sedimentation
and/or Biirker hemocytometer chambers under an
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inverted (UTERMOHL 1958) and upright microscope,
respectively. For most abundant species, at least 100
individuals were counted (LUND et al. 1958). The
phytoplankton biovolume was calculated using the
formulas for geometric shapes (HILLEBRAND et al.
1999). The transition between biovolume and fresh
biomass was performed according to WETZEL &
Li1kENs (2000). The average individual volume (ALV,
um?), the total number of species, and the Shannon
index of species diversity were also calculated and
analysed.

Statistical analysis

All the morphometric, physical, chemical, biological
characteristics and abundances of main algal
taxonomic groups were analysed statistically by one
way ANOVA and by partial multivariate analyses
DCA and RDA (CANOCO 4.5 software) (TER
BRAAK & SMILAUER 2002). This analysis was made
in order to reveal the spatial and seasonal differences
between the reservoirs infested and non-infested
by D. polymorpha, as well as the relations of the
differences to the environmental variables.

Results and Discussion

Physicochemical variables of infested and non-
infested reservoirs

The main geographical, morphometric, physical and
chemical characteristics of the studied reservoirs
are shown in Table 1. Some of the reservoirs
(Christo Smirnenski, Trakiets, Skalal, Krichim,
and Kovachitsa) visually looked highly infested
by D. polymorpha, while in the rest of the infested
reservoirs only single specimens of the mussel
were observed. The more precise quantitative
assessment of D. polymorpha density in reservoirs
is very complicated and hardly possible because the
species inhabits the upper layers 2-4 m deep, which
frequently dry as a result of the strong variations in
the water level and thus the mass extinction of the
mussel population may happen within a few weeks.

The partial RDA analysis shows that the main
factors responsible for the spatial difference in the
physical and chemical variables between reservoirs
were the presence of D. polymorpha and the
maximal depth, which acted in the same direction
(Fig. 2). Excepting water transparency, which
showed a highly positive relation with the presence
of D. polymorpha, and the depth, all other physical
and chemical variables were negatively related both
to D. polymorpha and the depth. The phosphorus
concentrations (P0,-P, P-tot) did not correlate with
D. polymorpha presence, while the total nitrogen
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Fig. 2. A tri-plot diagram of partial RDA presenting spatial variations (between reservoirs) of physicochemical
characteristics as response variables and presence or absence of Dreissena polymorpha and maximal depth as
explanatory variables; the eigenvalue of the first axis is EV=0.200, statistically significant for P=0.002, the sum of
all eigenvalues is EV=0.975, and the trace of all canonical axes is 0.218, statistically significant for P=0.002. The
percentage of spatial variation explained by the presence of D. polymorpha and depth is 22%. e reservoirs without D.
polymorpha; o reservoirs with D. polymorpha; —W response variables; —> explanatory variables

(N-tot) and nitrate nitrogen (NO,-N) showed highly
negative correlations.

By one-way ANOVA we tested for significance
the differences of all physicochemical variables
between the reservoirs with and without D.
polymorpha (Fig. 3, Fig. 4). The water transparency
showed higher values in the infested reservoirs with
very high level of significance (Fig. 3).This cleaning
effect of D. polymorpha is well known and reported
by many authors (YU & CULVER 2000, KARATAYEV

et al. 2002, HiGGINs et al. 2008). The effect is also
confirmed by our recent investigations (KALCHEV et
al. 2013, 2014). The pH values and conductivity were
statistically lower in the infested reservoirs (Fig.
3). However, these variables were highly related
to the depth as well (Fig. 2). Since pH is highly
dependent on the intensity of photosynthesis it could
be supposed that its lower values registered in the
epilimnion of the infested reservoirs may be caused
by D. polymorpha pressure on phytoplankton.
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Fig. 3. Mean values and standard deviations of pH and logarithm base 10 of water column transparency (Ig10Transp)
and conductivity (Ig10Cond) values in infested and non-infested by Dreissena polymorpha reservoirs; the F-test for
one-way ANOVA delivered the following levels of significance for differences between infested and non-infested
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Fig. 4. Mean values and standard deviations of logarithm base 10 of concentrations of NH4-N, NO3-N, NO2-N, Ntot,
Ptot, and PO4-P in infested and non-infested by Dreissena polymorpha reservoirs; the F-test for one-way ANOVA
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reservoirs: 1g1ONH4-N: P<0.70, 1g1ONO3-N: P<0.04, g1 ONO2-N: P<0.06, lg10Ntot: P<0.0008, 1g10Ptot: P<0.85, and
1g10 PO4-P: P<0.80
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The indirect influence of D. polymorpha on
some physical parameters is more pronounced in the
deeper and stratified reservoirs where the increase in
the water transparency, caused by D. polymorpha,
leads to the increase in the photic zone and creates
good light conditions for the phytoplankton
development in the deeper water layers. In turn, this
results in an increase in the oxygen concentration
and saturation, and in pH of the hypolimnion during
summer stratification (KaLCHEv et al. 2013, 2014).
This effect, however, strongly depends on the
fluctuations in the water level, because, as mentioned
above, the mussels inhabit the upper layers 2-4 m
deep and may die during the frequent decrease in the
water level (KALCHEV et al. 2013, 2014).

From the chemical variables, only the total
nitrogen (N-tot) and nitrate nitrogen (NO,-N)
concentrations differed statistically significantly
between reservoirs with and without D. polymorpha,
with lower values in the infested reservoirs. On the
contrary, the phosphorus and the reduced forms of
the nitrogen did not show statistically significant
differences (Fig. 4). The mean N/P atomic ratio in

both infested and non-infested reservoirs was high,
indicating a phosphorus limitation. However, in the
infested reservoirs this was less pronounced (on
average 42) than in the non-infested reservoirs (on
average 123), due to lower nitrogen concentrations
in the non-infested reservoirs. It seems that D.
polymorpha may affect the nutrient concentrations
in the colonised water basins which leads to decrease
in the ratio between nitrogen and phosphorus
(directly by excretion and indirectly by the impact
on zooplankton), especially in the epilimnion. Some
authors also stated that the small-sized mussels
may contribute to the decrease in the N:P ratio
(ARNOTT &VANNI 1996, WOITAL-FRANKIEWICZ &
FrANKIEWICZ 2011).

There was no relationship between the
presence of D. polymorpha and phosphorus.
At the same time, clear relation of transparency
and phytoplankton abundance to D. polymorpha
existed, which is in accordance with the previous
observations, which indicated that D. polymorpha
affects the interactions between phosphorus and
chlorophyll-a, phytoplankton biomass and Secchi
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Fig. 5. A tri-plot diagram of partial RDA presenting spatial variations (between reservoirs) in biomass (BM) of main
phytoplankton taxonomic groups as response variables and presence or absence of Dreissena polymorpha, total
phosphorus (P-tot) and ammonia (NH4-N) concentrations as explanatory variables; the eigenvalue of the first axis is

EV=0.170, statistically significant for P=0.002, the sum of

all eigenvalues is EV=0.956, and the trace of all canonical

axes is 0.262, statistically significant for P=0.002. The percentage of spatial variation explained by the presence of
D. polymorpha, P-tot and NH4-N is 27%; e reservoirs without D. polymorpha; o reservoirs with D. polymorpha;

—» response variables; —> explanatory variables; CYA=

Cyanophyta; CHL=Chlorophyta; BAC=Bacillariophyta;

CHR=Chrysophyta; CRY=Cryptophyta; PYR=Pyrrhophyta; EUG=Euglenophyta; X AN=Xanthophyta
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depth (Dziarowskr & JEssiE 2009, BESHKOVA et al.
2014, KALCHEYV et al. 2016).

Phytoplankton characteristics in infested and
non-infested reservoirs

The partial RDA analysis revealed the presence
of D. polymorpha, ammonia and total phosphorus
concentrations as factors explaining statistically
significant part of spatial wvariability in main
phytoplankton divisions (Cyanophyta, Chlorophyta,
Bacillariophyta, Chrysophyta, Cryptophyta,
Pyrrhophyta, Euglenophyta, and Xanthophyta)
between the reservoirs (Fig. 5). Among these three
factors, the presence of D. polymorpha was the
most important (its vector is the closest to the first
main axis). These results are in accordance with
our previous findings concerning the temporal
differences of phytoplankton (BESHKOVA et al. 2014)
and nutrients (KALCHEV et al. 2013) before and after
invasion of D. polymorpha in Zhrebchevo Reservoir.
There, after invasion, the PO,-P remained unchanged
in both the epi- and hypolimnion, while the NO,-N
was not changed in the epilimnion and increased
in the hypolimnion. This is a clear indication that
the decrease in phytoplankton is not caused by the

decrease in nutrients after invasion.

As may be seen, all phytoplankton groups
(except Pyrrhophyta) were negatively related to
the presence of D. polymorpha, with Cyanophyta,
Chlorophyta, Cryptophyta, and Euglenophyta
showing higher variability between reservoirs
(longer vectors in Fig. 5).

In addition to the close relation to D.
polymorpha, the phytoplankton divisions also
showed a strong correlation with the ammonium
nitrogen and total phosphorus. In this respect, two
distinctive groups were formed. The first consisted
of Pyrrhophyta, Cryptophyta, and Euglenophyta (all
three of flagellated forms), which showed positive
correlation with ammonium nitrogen (Fig. 5). The
second group consisted mainly of non-flagellated
species (except Chrysophyta) and correlated
positively to total phosphorus. Thus, the motility
(possession of flagella) of the algae appeared to play
an important role in the complex of interactions in
the aquatic systems invaded by D. polymorpha. The
literature data about the selectivity of D. polymorpha
grazing on the phytoplankton are rather controversial.
Some of the authors argued that D. polymorpha can
strongly influence the phytoplankton composition
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Fig. 6. Mean values and standard deviations of logarithm values base 10 of phytoplankton numerical abundance of
cells (IglONcells) and individuals (Ig10Nind), of chlorophyll-a concentration (Ig10Chl), biomass (Ig10BM), species
diversity after Shannon (HShannon), and species number (SN) in reservoirs infested or non-infested by Dreissena
polymorpha. The differences between infested and non-infested reservoirs are statistically significant for the mean
values of 1g10Ncells, P<0.00005, 1g10Nind, P<0.00013, Ig10Chl P<0.005, 1g10BM P<0.0003, HShannon P<0.0007,

and SN P<0.000 001 by F-test for one-way ANOVA
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by selective grazing (VANDERPLOEG et al. 2001,
NicHOLLS ET AL. 2002, DE StasIo et al. 2008, HIGGINS
&VANDER ZANDEN 2010). Other authors noted the
absence of selectivity in D. polymorpha filtrating
activity (WiLsoN 2003). With regard to Cyanophyta,
Bacillariophyta and Chlorophyta, our data are in
accordance with observations of HIGGINS & VANDER
ZANDEN (2010) who reported a negative relationship
between these divisions and the occurrence of D.
polymorpha. However, concerning Pyrrhophyta,
Cryptophyta, and Chrysophyta (all flagellates) our
data differ from the findings of the cited authors. In
an experiment with isolated tanks, BASTVIKEN et al.
(1998) defined the gross and net clearance rate of D.
polymorpha filtrating activity and its influence on
the phytoplankton composition. The gross clearance
rate characterises the non-selective removal of algae
from the water, i.e. different taxa are removed at
similar rates. The net clearance rate presents the re-
suspension of not digested, survived algae and it
highly differs between the taxa, which suggests that
the impact of D. polymorpha may depend strongly on
the mixing regime of the water column (BASTVIKEN et
al. 1998). Therefore, our results, showing a negative
relation between D. polymorpha occurrence and
all taxonomic groups (except Pyrrophyta), seem to
confirm this non-selective gross clearance rate. Other
issue of D. polymorpha — phytoplankton interactions
is the size dependent selectivity. In our previous
study, we found a decrease in phytoplankton average
individual volume (AIV) in Zhrebchevo Reservoir
after the invasion of D. polymorpha (BESHKOVA et
al. 2014). On the other hand, in the present work we
observed fairly higher AIV of the phytoplankton in
the invaded reservoirs. The possible reason for this
discrepancy appeared to be of methodological origin,
because different counting chambers and microscopes
were used for phytoplankton enumeration before and
after the invasion of D. polymorpha. In this study,
the differences in phytoplankton assemblages of the
compared reservoirs could also be the reason for some
discrepancies because not all algae, depending on their
size, respond equally to the grazing of D. polymorpha
(NaDpDAFI et al. 2007). However, BASTVIKEN et al.
(1998) reported that the overall community changes
do not seem to be size-related and that all taxa, even
large filamentous and colonial algae, decrease in
numbers as a result of the mussel grazing. More future
research is needed for explaining these discrepancies

As observed before (BEsHkKOVA et al. 2014),
the quantitative characteristics of the phytoplankton
before and after invasion by D. polymorpha are
clearer than the qualitative ones. Thus, we found
that all abundance and structural characteristics
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Fig. 7. A tri-plot diagram of partial RDA presenting
seasonal variations (between summer and autumn) of
numerical abundance expressed by cells per unit of
volume (N) of main phytoplankton taxonomic groups
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variable; the eigenvalue of the first axis is EV=0.064
and statistically significant for P=0.002, and the sum
of all eigenvalues is EV=0.316. The percentage of
seasonal variation explained by the conductivity is 20%;
e reservoirs without D. polymorpha; o reservoirs with
D. polymorpha; —W response variables; — explanatory
variable; for abbreviations of taxa see the legend of Fig. 5

(numerical abundance both in cells and individuals,
biomass, chlorophyll-a, number of species, species
diversity) showed significant differences between
infested and non-infested reservoirs (Fig. 6). All
these indices had lower values in the reservoirs
invaded by D. polymorpha. The total number of
species showed the highest level of significance for
the difference between infested and non-infested
reservoirs followed by the numerical abundance
(both by cells and individuals), phytoplankton
biomass and chlorophyll-a.

As a whole, the temporal variation in the
phytoplankton taxonomic groups in months with
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stratification (August-September) and in months with
mixing of water (October) was lower than the spatial
variation (see the sums of eigenvalues of partial RDA
analyses in the text under figures, Figs. 5 and 7).
Only one environmental variable — conductivity or
temperature (as they are closely correlated), passed
the level of significance as a factor that possibly
accounts for the seasonal distribution of the main
taxonomic groups (Fig. 7).

Obviously, the presence/ absence of D.
polymorpha could not explain the variations in
phytoplankton composition between the months of
the study, although these variations significantly
differed depending on the presence or absence of
stratification. Thus, our results do not confirm the
influence of the mixing regime on the selective net
clearance rate of D. polymorpha in phytoplankton
suggested by BASTVIKEN et al. 1998.

Conclusions

The presence of D. polymorpha in the reservoirs was
one of the major factors that explained the variations
in the physicochemical parameters and phytoplankton
divisions, abundance and diversity between the studied
infested and non-infested reservoirs. Our results
confirmed the clearance effect of D. polymorpha on
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