u] =,

With the aim to predict shifts in water quality in the Danube
river delta, a geographic information system (GIS) for envi-
ronmental monitoring with additional functions for analyzing
time-dependent series of observation results was developed.
Using the developed GIS, the main trends of shifts in phycologi-
cal indices of water quality for the period starting from 2005 were
revealed. The topicality of these studies is dictated by the need to
determine the impact of shifts in aquatic chemistry on the biotic
component of the ecosystem.

According to data on the Pantle-Buck saprobity index, there
was a trend to improving water quality during the study period. A
downward trend in species diversity was found using the Shannon
diversity index calculated from the abundance of phytoplank-
ton. The revealed trends in phycological indices were observed
already in the inlet section of the Danube river delta (above Reni),
i.e. they are due to factors operating outside the Danube delta.

The obtained results on the trends of phycological parame-
ters correlate with the previously obtained data of the analysis
of the results of monitoring of aquatic chemistry parameters. The
revealed downward trend in the saprobity index stems from a
trend of improving water quality in terms of: BOD5 (correlation
coefficient, R=0.68; significance level, a=6 %), phosphate phos-
phorus (R=0.70; a=5 %), suspended solids (R=0.80; a=2 %). The
downward trend in the Shannon diversity index calculated from
the abundance of phytoplankton is explained by an upward trend
in manganese concentration (R=-0.75; a=3 %).

The decrease in phytoplankton diversity according to the
Shannon diversity index calculated from the phytoplankton abun-
dance is explained by a sharp increase in the abundance of cyano-
phytes.

The results obtained are of significant interest for predicting
shifts in the ecological condition of the Danube river delta

Keywords: phycological indices, phytoplankton biomass,
Shannon diversity index, saprobity index, time-dependent trend
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1. Introduction

The Danube river delta is a unique ecological system.
According to the Directive 2000/60/EC of the European
Parliament and of the Council dated 23 October 2000 es-
tablishing a framework for Community action in the field
of water policy (Directive 2000/60/EC) [1], this ecological
system refers to water bodies that require special protection.
Also, it is noteworthy that the Danube river delta is a trans-
boundary site. The ecological condition of the Danube Delta
is determined by both man-made factors acting on the part
of the states through whose territories the Danube Delta
branches flow, and transboundary factors acting on the
part of all European countries whose territories are located
within the Danube river basin. Besides, the condition of the
Black Sea ecosystem is considered as pre-crisis one, in par-
ticular, due to pollution of the Danube river with industrial
and municipal wastewaters. Therefore, the assessment of the
ecological condition of the Danube river delta is of substan-

tial interest on both national and international levels. First
of all, this relates to the assessment of aquatic chemistry and
aquatic biology indices of the Danube mouth branches and
predicting shifts in these indices. Integrated assessment and
prediction of river water quality are necessary for decision
making regarding the environmental safety of the Danube
river and the Black Sea.

Studies focusing on water quality in the Danube river
before the adoption of the Convention for the Protection of
the Danube River in 1994 were performed mainly within
individual countries. Taking into account the fact that the
Danube basin is an integral system, it was decided to carry
out comprehensive monitoring of river waters within its
basin. Since 1994, research has been conducted within the
framework of the international programme Transnational
Monitoring Network (TNMN) under the supervision of the
International Commission for the Protection of the Danube
River (ICPDR) [2]. At present, monitoring of aquatic chem-
istry indices of water quality in the Danube river delta is



carried out by the Danube Hydrometeorological Observato-
ry (HMO) at monthly intervals. Since 2004, the Ukrainian
Research Institute for Environmental Problems (UkrRIEP)
periodically conducts additional research on water quality
indices. These studies include observations over not only
aquatic chemistry, but also phycology. The topicality of
additional studies is substantiated by the need to eliminate
uncertainties in assessing the impact of various man-made
factors on water quality in the Danube.

The most promising seems to be the use of not just an
information system, but a geographic information system,
which will allow displaying the prediction results visually.

2. Literature review and problem statement

The first qualitative studies of phytoplankton in the
Danube river were conducted back in 1898-1899. The
results of these studies [3, 4] showed that the species com-
position of phytoplankton at the end of the 19t century was
similar to the modern one, i.e. there was a predominance of
diatoms. Later, in the course of studies carried out in the 30s
and 40s of the 20" century [5, 6], the predominance of cen-
tric diatoms was revealed. In the 1950s, it was shown that in
sections of the river where the flow decreases or where eutro-
phication increases, cyanophytes and green algae can prevail
over diatoms, which sometimes leads to the “blooming” of
river waters [7]. Similar patterns can be traced in studies
conducted in the 2000s [8, 9].

Numerous studies of the modern species composition and
quantitative characteristics of the Danube phytoplankton
were summarized in [9]. This paper analyzes the spatial and
seasonal dynamics of phytoplankton. The study of spatial
dynamics was carried out on the basis of an analysis of shifts
of chlorophyll a in phytoplankton along the river streamway.
It was found that the upper and lower reaches of the Danube
are characterized by low values of chlorophyll @ content, and
increased and peak values are peculiar to the middle reach-
es. The increase in chlorophyll @ in the middle part of the
streamway was repeated in different years of observations.
However, the locations of the maximum phytoplankton
concentrations and the seasons when the maximums are
reached vary. The earliest seasonal maximum was observed
in March, the latest one at the end of October. Also, the main
hydrophysical indices affecting the shift in phytoplankton
biomass were water flow rate in the river and turbidity.

The aquatic biology studies were performed on the fresh-
water part of the Danube river delta in the course of monitor-
ing studies of the UkrRIEP in the framework of the control
over the environmental impact of dredging during the resto-
ration and operation of the Danube — Black Sea deep-water
navigational route (DNR) in 2004—2020. Algal samples were
taken within the Danube Delta section (0—131 km) at perma-
nent monitoring stations from Reni to the Bystryi arm (0 km)
during different seasons of 2005-2020.

During the period 2004-2012, researchers from the In-
stitute of Hydrobiology, the National Academy of Sciences
of Ukraine (IHB NASU) carried out multifaceted biolog-
ical studies of the Danube river delta. The main branches
and lagoons in the affected area of the Danube — Black Sea
deep-water navigational route were investigated.

The results of phytoplankton studies in the Danube
river delta carried out by the UkrRIEP and the THB
NASU [10, 11] showed the following.

The species composition of phytoplankton communities
within the Danube estuary area is generally quite diverse.
It is more homogeneous in the branches and much richer,
with higher indices of quantitative development in lagoons,
displaying its sensitivity to local fluctuations in hydrology
and aquatic chemistry. The phytoplankton composition of
the arms largely depends on the supply of algae from lagoons,
in which more favourable conditions are formed for the de-
velopment of planktonic algal flora, driven by features in
hydrology and the development of higher aquatic vegetation.
During recent years, a general trend of an increase in the
number of species of planktonic algae and a difference in the
nature of their seasonal dynamics in lagoons and branches,
as well as between individual lagoons, were noted.

In all studied sites, diatoms predominated in all sea-
sons; in warmer seasons, an increase in the proportion
of green algae (mainly chlorococcal ones) occurred. The
floristic spectrum of phytoplankton was characterized as
diatom-chlorococcal (in winter — diatom), against which
representatives of other divisions developed more actively
in lagoons (in particular, cyanophytes, euglena and gold-
en-brown algae). The values of the Shannon diversity index
show the formation of a polydominant complex of planktonic
algae species in the studied areas. At the same time, a more
significant contribution to the phytoplankton abundance is
made by small-celled species (mainly cyanophytes). A more
significant contribution to the total biomass is made by
large-cell forms (certain species of diatoms, euglena algae
and dinoflagellates).

In the dynamics of quantitative indices of planktonic al-
gal flora, significant fluctuations in numbers were observed.
Such fluctuations occurred mainly at the expense of small-
cell cyanophytes. With more uniform biomass values, the
leading role was played by diatoms, typical for river phyto-
plankton, with a noticeable contribution of cyanophytes and
green algae, and in some cases dinoflagellates, golden-brown
and yellow-green algae.

During the study period, a slight increase in the total
quantitative development of planktonic algae with a signif-
icant increase in the role of cyanophytes was registered: in
terms of biomass, such an increase was especially evident
during the autumn seasons of recent years; in terms of
abundance, during all seasons owing to small-celled species,
which can be explained by the intensification of eutrophica-
tion processes, also observed in previous years.

Despite the general tendency of an increase in the number
of planktonic algal species during recent years, the nature of
their seasonal dynamics in lagoons differed from that in the
branches, as well as from branch to branch and from lagoon to
lagoon. This is due to the different stages of succession associat-
ed with the unequal species composition, degree and dynamics
of overgrowth with higher aquatic vegetation. An exception is
the monitoring data for 2011, when there was a consistency of
fluctuations in the abundance and biomass of the phytoplank-
ton with the dynamics of species diversity in lagoons.

According to the values of the saprobity index calculated
by the Pantle-Buck method, water in most of the sections cor-
responded mainly to class II, the 3" category of quality (the
values of the saprobity index are in the range of 1.6—2.0: “good”
according to the condition of water quality, “sufficiently clean”
according to the degree of cleanliness/pollution). Basically,
these values of the indices are in the range corresponding to
B-mesosaprobic zone, in several cases corresponding to the
neighbouring zones: oligosaprobic and a-mesosaprobic ones.



During the periods of low algal vegetation, the classes
and categories of water quality of the sections studied,
established by the phytoplankton biomass, coincided with
those determined by the saprobity index, and in the seasons
of active algal proliferation, they significantly decreased to
the values corresponding to more polluted zones.

In general, during all years of studies, shifts in the
quantitative and qualitative composition of the planktonic
algal flora in the examined sections of the Danube river
corresponded to the course of the seasonal succession and
the type of water bodies examined. Despite the significant
variability of the phytoplankton indices from the specific
sections, there was a sufficient closeness of the long-run an-
nual averages of the structural and functional characteristics
of planktonic algae, which indicates certain stability of the
Danube Delta ecosystem.

Correlation analysis of the relationships between various
water quality indices in the lower reaches of the Danube riv-
er is presented in [12]. On the basis of water quality monitor-
ing data below Galati, Romania, 56 significant correlations
were revealed between various water quality indices (the
level of significance does not exceed 5 %). In particular, a
close positive correlation was found between the concentra-
tion of total iron and ammonia nitrogen.

In [13], an analysis of the data of water quality moni-
toring in the lower reaches of the Danube at 4 observation
points, from the mouth of the Siret river, for the period
2013-2016 was reported. Based on these data, a compre-
hensive assessment of water quality was carried out using
the WQI (Water Quality Index). The performed analysis
showed that, in general, the worst water quality was ob-
served in August — September, which corresponds to low
river flow. However, in some years, the WQI peaks were
observed in spring, associated with a volley of pollutants.

In [14], employing statistical methods of principal com-
ponents and factor analysis, the seasonal dynamics of water
quality in the lower reaches of the Danube was analyzed.
Three main factors have been identified that affect the sea-
sonal dynamics of water quality: river flow, biological activ-
ity of the Danube ecosystem, and human-caused pollution
of river water. It is shown that the factor of human-caused
pollution makes the greatest contribution in summer.

Phycological parameters were not taken into account
in the studies [12—14]. Correlation relationships between
aquatic chemistry and phycological indices for the Dan-
ube have not been studied. Correlation relationships
between aquatic chemistry and phycological indices were
analyzed mainly for marine and transitional waters. For
example, in [15] for the Red Sea, a multiple correlation
between the total abundance of phytoplankton and such
aquatic chemistry indices as nitrates, ammonia, silicon
oxide, and salinity was investigated. The corresponding
multiple regression equation is obtained. In [16], the in-
fluence of biogenic elements such as nitrates, ammonium
nitrogen, silicon, as well as salinity, pH and dissolved
oxygen on phytoplankton of the estuary of the Tapi river,
India was studied.

The quantitative phycological indices and the trends
of their shifts together with the significance of the trends
were not determined in the studies performed. The lack of
such results, especially the lack of correlations between
phycological and aquatic chemistry parameters, signifi-
cantly complicates the prediction of shifts in phycological
parameters.

3. The aim and objectives of the study

The aim of the study is to assess the spatial and temporal
dynamics of phycological indices in the Danube delta for
short-term prediction of shifts in them.

To achieve the aim, the following objectives were formu-
lated:

—to carry out quantitative estimations of the average
trends in shifts of phycological indices for the research peri-
od and assess their significance;

—to investigate correlations between the determined
phycological and aquatic chemistry indices.

4. Methodology for phycological studies and analysis of
observation time series

Phycological studies included abundance and biomass
measurements of the phytoplankton species belonging to the
following 8 divisions:

— Cyanophyta — cyanophytes,

— Dinoptyta — dinoflagellates;

— Cryptophyta — cryptophytes;,

— Chrysophyta — golden-brown algae;

— Xanthophyta — yellow-green algae;

— Bacillariophyta — diatoms;

— Euglenophyta — euglena algae,

— Chlorophyta — green algae.

Regular observations were carried out at 13 monitoring
stations; their locations are described in [17].

As a rule, the studies were carried out 3 times a year: in
April, August and November. Sampling and sample treat-
ment were carried out according to the methods generally
accepted in aquatic biology [18]. Based on the measurement
results for each month, the following indices were calculated:
total phytoplankton biomass, Pantle-Buck saprobity index,
Shannon diversity indices for phytoplankton abundance and
biomass. For each of the listed indicators, annual averages
were calculated.

For a visual presentation of the results of water quality
observations, calculations were made using a specially de-
signed Geographic Information System (GIS) for the Dan-
ube river delta. The analytical subsystem of the developed
GIS included additional units for analyzing monitoring re-
sults and specifically a unit for predicting river water quali-
ty. The necessity to develop a special GIS is substantiated by
the fact that the GIS developed for the Danube river within
the framework of the ICPDR project [19], as well as the GIS
for environmental monitoring of surface water quality used
by the State Water Agency [20] lack some important func-
tions for data analysis. First of all, this concerns the func-
tions that allow identifying trends in aquatic chemistry and
phycological parameters. In addition, there are no functions
that allow assessing the correlations between various aquat-
ic chemistry and phycological indices, performing a compre-
hensive assessment of water quality and predicting its shift.

To predict the values of individual and integrated indices
of river water quality for a certain period of time, the predic-
tion unit provides for the use of various methods of exponen-
tial smoothing. The choice of a particular predicting method
depends on the presence or absence of a time-dependent trend
in the predicted index. Therefore, at the first stage of predict-
ing, the temporal trend of the index is calculated and its sig-
nificance is determined. Due to the small number of points in



the analyzed time series (n=11), the one-tailed Student’s #-test
was applied to calculate the magnitude and direction of the
trend and assess its significance. According to this technique,
the time-dependent trend a; is calculated as the coefficient
of the independent variable in the linear regression equation.
The calculation technique is described in [17].

If a significant trend in the temporal variation of the index
is not identified, the method of simple exponential smoothing
is used for predicting. Otherwise, the Holt procedure or the
Holt-Winters procedure is used for predicting. The Holt pro-
cedure is used to predict the annual averages of indices; and
the Holt-Winters procedure for predicting monthly or quar-
terly averages (taking into account seasonal indices).

5. Results of time series analysis in phycological
observations

Annual averages of phycological indices, averaged over
the monitoring stations, as well as calculated values of
time-dependent trends and their significance levels are pre-
sented in Table 1.

Table 1

Annual average values of phycological indices, averaged over
the monitoring stations

biomass over the observation period is 2.33 mg/dm?®. Accord-
ing to the ecological classification used [21], this value corre-
sponds to the 4! category of water quality (“slightly polluted”).
The average value of the saprobity index (1.69) corresponds to
the 3" category of water quality (“sufficiently clean”).

As can be seen in Fig. 1 (curve 3), a significant decrease
in the Shannon diversity index for abundance was observed
starting from about 2013.
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Fig. 1. Curves of temporal dynamics of average annual
values of phycolological indices: 1 — phytoplankton
biomass, mg/dm?3; 2 — Pantle-Buck saprobity index;

Phycological indices 3 — Shannon diversity index for abundance, bit/cell;
4 — Shannon diversity index for biomass, bit/mg;
Shannon | Shannon L .
. Phyto- Pan- diversity | diversity 5 — Pantle-Buck saprobity index (linear trend);
Observation year plankton | tle-Buck | 4" e for 6 — Shannon diversity index for abundance (linear trend);
blomdassé SaPrgblty abundance, | biomass, 7 — Shannon diversity index for biomass (linear trend)
mg/dm” | index | i el | bit/mg
2005 1.52 2.01 3.33 3.04 In order to identify the reasons for changes in the indices
2007 1.42 1.87 2.49 248 of phytoplankton diversity, the trends in the abundance and
2008 370 154 276 299 biomass of various phytoplankton divisions were calculated.
2009 130 178 4,06 397 The calculation results are shown in Table 2.
2010 4.28 1.86 2.39 3.40 Table 2
2011 1.82 1.70 2.87 2.56 . . . .
2013 175 134 1o4 314 Time-dependent trends in abundance and biomass of various
- - - - algal groups
2014 2.18 1.62 1.74 4.07
2015 3.30 1.63 2.33 3.30 Abundance Biomass
2016 2.57 1.63 1.79 3.06 Algal groups Trend SigI;iﬁCE]ince Trend Sig?ific?nce
2017 1.82 1.63 2.19 391 ceve cve
3 Cyanophyta 3.60 0.001 0.048 0.02
Long-term annual 933 169 954 390 e - -
average inophyta 0.0008 0.12 0.0029 0.14
Time-dependent 0.032 -0.028 0419 0.070 Cryptophyta | 0.0055 0.11 —-0.0009 0.7
trend Chrysophyta | 0.28 0.008 0.025 0.01
S1gn1£1§a1;ce lg"el ofl 79 0.05 0.02 0.07 Xanthophyta | —0.26 0.33 ~0.059 0.285
e tren
Bacillariophyta | —0.021 0.77 -0.372 0.92
Curves of temporal dynamics of annual averages of phy- Euglenophyta_| 0.0043 0.31 —0.0008 0.77
cological indices are plotted in Fig. 1. Chlorophyta 0.040 0.75 0.0078 0.58

As can be seen from the data tabulated in Table 1, on aver-
age for the Danube river delta during the study period, there
was a slight improvement in water quality according to the sap-
robity index. At the same time, there was a slight increase in the
Shannon diversity index calculated for phytoplankton biomass,
and a certain decrease in the Shannon diversity index calculat-
ed for phytoplankton abundance. No significant shifts in total
phytoplankton biomass were observed. A significant (by 40 %)
decrease in the Shannon index for phytoplankton abundance
indicates a deterioration in the ecological condition of water
in the Danube river delta. The average value of phytoplankton

As can be seen from Table 2, significant positive trends
were observed only for 2 divisions: cyanophytes and gold-
en-brown algae. Curves of the abundance of phytoplankton
belonging to these divisions of algae by the years of study are
plotted in Fig. 2.

As can be seen from the curves presented, a significant
increase in the phytoplankton abundance for these divi-
sions was observed starting from 2013. A similar picture is
observed for the biomass of cyanophytes and golden-brown
algae.
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Fig. 2. Temporal dynamics of the abundance of cyanophytes and

golden-brown algae

6. Results of correlation analyses of relationships between
phycological indices and aquatic chemistry parameters

The revealed correlation coefficients between the sapro-
bity index and aquatic chemistry parameters, which usually
affect this phycological index (concentrations of biogenic
and organic substances), are tabulated in Table 3.

Table 3

Correlation coefficients between the saprobity index and
concentrations of biogenic and organic substances

Indices | BODs | COD Ammomum Nltrlte Phosphate
nitrogen | nitrogen | phosphorus
Correlation | 6e | 50 | 0.48 0.1 0.70
coefficients
Significance
levels, % 6 19 22 80 5

Moreover, a close positive correlation was found between
the saprobity index and the concentration of suspended sol-
ids: correlation coefficient, R=80; significance level, a=2 %.

As to the Shannon diversity index calculated for phyto-
plankton abundance, a significant negative correlation depen-
dence on the concentration of manganese was found (Fig. 3).

The obtained results on the trends of phyco-
logical indices correlate with the analytical data of
the results of aquatic chemistry monitoring [22]. Tt
can be assumed that the revealed trend toward a
decrease in the saprobity index is due to the trend revealed
in [17] towards improving water quality in terms of indices
featuring organic substance content (BOD5; and COD), the
content of biogenic substances (ammonia nitrogen, nitrite
nitrogen, phosphate phosphorus), as well as suspended
solids. However, as can be seen from the data given in the
previous section (Table 3), significant correlations were es-
tablished for the dependence of the saprobity index only on
3 indices as follows: suspended solids, BOD5 and phosphate
phosphorus. With that in mind, it can be concluded that
the decrease in the saprobity index is primarily due to a de-
crease in the intake of phosphates and biologically oxidized
organic substances originating from domestic wastewater
discharged into the river waters of the Danube river basin.

The observed trend towards a decrease in the Shannon
diversity index, calculated from the abundance of phyto-
plankton, is probably caused by the trend towards an in-
crease in the concentration of manganese revealed in [17].

All identified trends in phycological indices were ob-
served already in the inlet section of the Danube river delta
(monitoring station R01), that is, they are caused by factors
acting outside the study area.

It is remarkable fact that starting from 2013, when a
sharp increase in the concentration of manganese and, at the
same time, a sharp decrease in the Shannon diversity index
for phytoplankton abundance were observed, the

ratio between the concentrations of manganese and
zinc in river waters shifts. If until 2013 the concen-
tration of zinc was higher than the concentration

of manganese, then since 2013 the concentration
of manganese already exceeds the concentration of
zinc. This is consistent with the results obtained
in [22] for water bodies of Moldova regarding the
influence of the ratio between the concentrations of
metals on the abundance of phytoplankton. Howev-
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er, the question of the causal relationship between
an increase in manganese concentration and a
decrease in the Shannon diversity index for phyto-
plankton abundance requires additional research.

The influence of manganese on phytoplankton
is ambiguous. According to the data given in [22],
the stimulating effect of manganese is manifested at

45

Fig. 3. Correlation dependence of the Shannon diversity index for

phytoplankton abundance on manganese content

concentrations up to 50 pg/dm?, and the inhibitory
effect at concentrations exceeding 300 pg/dm?.
However, according to [23], the inhibitory effect



of manganese is manifested at concentrations even slightly
exceeding the commercial fishing maximum permissible
concentration (10 pg/dm?).

As can be seen from the diagrams of the share of different
algal groups in phytoplankton abundance (Fig. 4, 5), an in-
crease in the share of golden-brown algae did not significant-
ly affect the Shannon index. At the same time, an

already in the inlet section of the Danube delta, and, there-
fore, are conditioned by factors acting outside the study
area. It is of interest to conduct additional studies on other
rivers, as well as laboratory studies, in order to clarify the
question whether the results obtained are of a regional or
general nature.

increase in the share of cyanophytes led to a signif-
icant decrease in diversity due to the overwhelming
predominance of cyanophytes. On the contrary, an
increase in the biomass of cyanophytes led to an in-
crease in diversity according to the Shannon index
for biomass. This is clearly seen from the diagrams
of the share of different algal groups in phytoplank-
ton biomass (Fig. 6, 7). In this case, the increase in
biodiversity is a consequence of the leveling of the
overwhelming predominance of diatoms.

Thus, the decrease in the phytoplankton species
diversity is explained by the stimulating effect of
manganese concentration on the abundance of cy-
anophytes.

It is important that previously investigations
to identify trends in the diversity of phytoplankton

Phytoplankton abundance, M
cells/dm?
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and their dependence on aquatic chemistry param-
eters for the Danube river delta were not carried
out. All revealed tendencies manifested themselves

Fig. 4. Share of different algal groups in phytoplankton abundance

according to observation data for 2011
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Fig. 7. Share of different algal groups in phytoplankton biomass

according to observation data for 2016

7. Conclusions

1. Average trends in the following phycological indices
were revealed: Pantle-Buck saprobity index (—0.028 un-
its/year), Shannon diversity index for phytoplankton abun-
dance (—0.119 bit/cell/year), Shannon diversity index for
phytoplankton biomass (0.007 bit/mg/year). The signifi-

with the following indices: suspended solids (cor-
relation coefficient, R=0.80; significance level,
a=2 %), phosphate phosphorus (R=0.70; a=>5 %),
BODs5 (R=0.68; a=6%). The revealed negative
correlation between the concentration of manganese and
the Shannon index for phytoplankton abundance is of
greatest interest. The correlation coefficient is —0.75 (sig-
nificance level, =3 %). It was shown that the negative effect
of manganese on the diversity of phytoplankton is caused
by the intensive development of cyanophytes owing to the
stimulating effect of high concentrations of manganese.
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