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potentially toxic. Univariate analysis of variance with 
the post hoc Tukey test has proved the significance of 
changes in the quantitative parameters of phytoplank-
ton development within years with the peak in 2018. 
Some antagonistic relations between the groups of 
phytoplankton under the HAB events were also shown 
through factorial and correlation analysis. Spatial 
interpolations revealed very limited extents of HABs 
compared with “blooms” led by Bacillariophyta spe-
cies. HABs were mainly occurring in the littoral zone 
in a close proximity to the estuaries of Lake Sevan 
major tributaries.

Keywords Harmful algal blooms · Cyanobacteria · 
Ecological mapping · Interpolation · High-altitude 
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Introduction

According to the World Resources Institute (2019), 
Armenia has been experiencing high baseline water 
stress. Thus, the preservation of water resources is 
gaining urgency in the face of the climate and anthro-
pogenic challenges. Lake Sevan is the largest fresh-
water reservoir in the Caucasus region and one of the 
largest high-altitude (1900 m a.s.l.) lakes in the world 
(Winston et  al., 2015). The geologic history of the 
lake extends back to the late Miocene, but the recent 
morphology was established only in Pleistocene and 
Holocene (Wilkinson, 2020), which makes it one of 
the youngest major freshwater ecosystems in Eurasia.

Abstract High-altitude freshwater lakes are expe-
riencing ever-increasing risk of harmful algal blooms 
(HABs) on the face of climate change and a growing 
demand on agricultural production. The biggest alpine 
lake of the Caucasus, Lake Sevan, has “blooming” 
recently almost every year. Thus, the study of phyto-
plankton community’ development patterns in Lake 
Sevan is gaining urgency. The aim of the work has 
been the study of the seasonal dynamics of quantita-
tive and qualitative characteristics of phytoplankton 
in Lake Sevan. Also, we have tried to determine the 
features of horizontal distribution of phytoplankton 
within different seasons with the focus on Cyanobac-
teria distribution to identify current spatial–temporal 
features of HABs in Lake Sevan. Seasonal ground 
data collected from the photic zone of 178 stations 
in 2016–2018 was analysed and spatially interpo-
lated. The results of analysis of seasonal dynamics of 
phytoplankton groups abundance have revealed the 
increased role of Cyanobacteria in the algal “blooms”. 
Particularly, HABs were led by the dominant spe-
cies of the genus Dolichospermum/Anabaena that are 
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It is common to think of the alpine lakes as pris-
tine ecosystems with lack of anthropogenic pressures. 
However, some evidences are neglecting this stereo-
type and making to conclude about the necessity to 
perform specific studies on this issue. Particularly, 
climate change brings shifts in biological hydrologi-
cal, chemical and temperature cycles of lakes (Rinke 
et al., 2010). The results of long-term study of lakes  
in the central Austrian part of the Alps allow to con-
clude that the epilimnion’s water temperature in sum-
mer is very sensitive to a change in air temperature 
(Thompson et al., 2005). In some deeper alpine lakes 
like Geneva in Switzerland, temperature increase 
has also noticed due to climate change (Perroud & 
Goyette, 2010). It’s been also shown (Salmaso et al., 
2003) that in deep alpine lakes, the internal recy-
cling of nutrients and consequently development of  
phytoplankton are strongly dependent from water  
temperature and intensity of vertical mixing in win-
ter and early spring. Prolonged thermal stratifica-
tion, occurred in particular in summer, can influence 
hypolimnetic oxygen conditions, dissolved nutrient  
concentration and phytoplankton composition (Wilhem  
& Adrian, 2008). Oxygen depletion and higher tem-
peratures increase nutrient release processes at the 
sediment water interface (Søndergaard et  al., 2003). 
In many lakes investigated, the analysed data indicate 
a rising temperatures favour Cyanobacteria in several 
ways. However, Cyanobacteria generally grow bet-
ter at higher temperatures (often above 25  °C) than 
do other phytoplankton species such as diatoms and 
green algae. This gives Cyanobacteria a competitive 
advantage at elevated temperatures (Paerl & Huisman, 
2008). However, there is a lack of studies related to  
alpine lakes worldwide.

Despite unique environmental conditions, Lake 
Sevan is experiencing several anthropogenic pres-
sures due to its significant economic role for Arme-
nia (Babayan et  al., 2006). As a result, the pure 
oligotrophic status of the lake has been critically 
modified within the twentieth century (Hovhannisyan  
& Ghazaryan, 1986) due to over-exploitation of 
its water (Chilingaryan & Mnatsakanyan, 2010) 
for irrigation and production of electricity and fish 
stocks (Gabrielyan, 2010). Since then, phytoplank-
ton has become the main producer in the trophic 
chain. Also, phytoplankton is intensely used for the 

monitoring of the ecosystem health, as a widely 
accepted indicator of the ecological status of lakes 
(EU WFD 2000/60/EC, 2000).

The first noticeable changes in the phytoplankton 
community of Lake Sevan were recorded in the mid-
1960s of the last century, due in part to a drastic arti-
ficial drop in water level by 18 m. In that period, the 
average annual biomass of phytoplankton increased 
tenfold compared with the oligotrophic period 
(from 0.32 to 3.5  g/m3). Along with the increase, 
Cyanobacteria (Dolichospermum/Anabaena, Micro-
cystis, Aphanizomenon) and their “blooming” were 
recorded (Legovich, 1979) for the first time. Since 
then, Cyanobacteria have been causing harmful 
algal blooms (HABs) periodically (Hambaryan, 
2001; Parparov, 1990). Although the drainage basin 
of Lake Sevan has been declared a national park 
since 1978, pressure mitigation strategies are not 
working properly yet, as the results of the recent 
studies clearly indicate the activation of eutrophica-
tion processes in the lake (Gevorgyan et  al., 2020; 
Hambaryan et al., 2020b).

To combat the negative tendencies, a decision 
was made to increase the water level by more than 
6  m (the Law on Lake Sevan, 2001). The process 
has led to the emergence of new wetlands, which 
hydrological features, nutrient and temperature 
regime are affecting the whole ecosystem (Asatryan 
et al., 2016). Thus, the study of the spatial patterns 
of phytoplankton in the lake is highly relevant now-
adays. Considering an active growth of phytoplank-
ton in Lake Sevan (Hambaryan et al., 2020a) within 
different seasons, the study of its seasonal succes-
sion has gained a special interest recently, because 
some groups of algae are potentially toxic and the 
frequency of HABs is increasing (Gevorgyan et al., 
2020).

The aim of the work has been the study of the 
seasonal dynamics of the quantitative and qualita-
tive characteristics of phytoplankton in Lake Sevan 
using the ground data. Another objective is to deter-
mine the features of horizontal distribution of phy-
toplankton within different seasons with the focus 
on Cyanobacteria distribution. This will allow iden-
tifying spatial–temporal features of HABs in Lake 
Sevan and thus to improve management strategies 
in the drainage basin.
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Materials and methods

Study area and sampling stations

Due to the geologic formation features, Lake Sevan 
consists of two unequal parts: (1) the northern part, 
Small Sevan (SS), with a surface of 338.6  m2, a vol-
ume of 14.09  km3 and a maximum depth of 80  m,  
and (2) the southern part, Big Sevan (BS) with a sur-
face of 940  m2, a volume of 24.1  km3 and a maxi-
mum depth of 36  m (Hydrological regime of lake  
Sevan, 2017). Thereby, it seems meaningful to check 
the hypothesis of significance in spatial–temporal 
dynamics of phytoplankton development within the 
two lake parts. Considering that algal “blooms” usu-
ally start from a littoral zone (up to 15 m depths) and 
then spread throughout the whole lake (Hambaryan 
et  al., 2020a; Sakharova et  al., 2020), the sampling 
site network covered most intensely the littoral zone 
of the lake. To estimate the seasonal dynamics of phy-
toplankton in Lake Sevan, sampling was conducted 
during every May, July and October of the 2016–2018 
period from the total of 178 stations distributed along 
22 semitransects, as well as three additional monitor-
ing stations distributed in the deepwater parts of Lake 
Sevan (Fig. 1). Considering the morphology of Lake 
Sevan, the transects were constructed perpendicular 
to the lakeshore. Sampling stations were distributed 
along the transects at the following water column 
depths, where possible 2 m, 4 m, 7 m, 10 m, 15 m, 
20 m, 25 m and 30 m. However, all the material was 
strictly collected from the upper layer of the photic 
zone (0.5 m deep), which allows discussing the pat-
terns of phytoplankton horizontal dynamics. As the 
depths at BS are significantly lower, the last samples 
have been taken usually from the 25  m depth zone. 
The deepwater station in SS was chosen at the 60 m 
depth zone, and two deepwater stations in BS were 
chosen at the 33 m depth zone. In some seasons, the 
number of sampling stations was reduced due to arti-
ficial obstacles for sampling in some directions of 
Lake Sevan.

Sampling procedure and processing

A 1-l water sample taken from each site was pre-
served with 40% formaldehyde solution and stored in 
a dark place for 10–12 days. Then, the samples were 
concentrated by sedimentation method by gradually 

decreasing the volume from 1000 mL to 100 and then 
to 10  mL (Guide, 1983; Guide, 1992). The identifi-
cation of phytoplankton was performed by using the 
key determinants (Tsarenko, 1990; Streble & Krauter, 
2001; Berg et al., 2012; Hambaryan & Shahazizyan, 
2014; Guiry & Guiry, 2021). The qualitative and 
quantitative parameters of different groups of phy-
toplankton were derived under a microscope in the 
Nageotte counting chamber (0.1  mL) (Devlin et  al., 
2014; Kitaev, 2007).

Based on the number of phytoplankton cells/litre, 
the inverse distance weighted (IDW) tool was used 
in ArcMap10.5 software to interpolate data and gain 
the model of spatial distribution of phytoplankton in 
Lake Sevan for all studied seasons. For the visualisa-
tion of spatial model, four groups of phytoplankton 
development were distinguished from weak develop-
ment to bloom based on expert judgement (Table 1).

To avoid the bias that the data is not representa-
tive enough for the assessment of horizontal dynam-
ics patterns in Lake Sevan because of seasonal sam-
pling, we also checked the freely available true colour 
satellite images from Sentinel-2 (from 2016–11-01 
to 2018–10-19) and Landsat 8 (from 2016–5-01 to 
2016–11-01) in Sentinel Hub EO Browser (https:// 
apps. senti nel- hub. com/ eo- brows er/). The main search 
criterion was that the cloud cover above Lake Sevan 
should be less than 15% and we mainly looked at 
L2A or L2 images (atmospherically corrected).

Statistical analyses

To justify the results of IDW interpolation and check 
the hypothesis of antagonistic relations between the 
groups of phytoplankton, we run univariate general 
linear models in IBM SPSS statistics 17. In particu-
lar, the year, season and parts of Lake Sevan (BS and 
SS) as well as phytoplankton groups were considered 
fixed factors in factorial analyses, and the number 
of cells/litre was considered dependent parameter. 
Homogeneity factor was checked through Levene’s 
statistics, and the equity of means was checked 
through Welch and Brown–Forsythe tests. Tukey post 
hoc test was used for all factorial analyses except ana-
lysing the effect of parts of Lake Sevan. The calcula-
tion of F value through one-way ANOVA test allowed 
understanding whether the quantitative development 
of phytoplankton groups is significantly different 
between SS and BS. For that we assumed that when 
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the variance between the groups is higher than the 
variance within the groups, the factors influencing 
phytoplankton development in SS and BS should be 
significantly different as well.

As the temperature was considered one of the 
main abiotic factors influencing seasonal dynam-
ics of phytoplankton, the mean monthly tempera-
tures for the photic zones of northwest and south-
east of SS, as well as southeast and southwest parts 

of BS for the period of 2016–2018, were derived 
from “Hydrometeorology and Monitoring Center” 
(HMC) SNCO. To analyse the spatial–temporal 
variance features of temperature and the concord-
ance between the abundance of three main groups 
of phytoplankton and temperature, the plot of 
dependence was constructed. For all these analyses, 
we initially eliminated data for the Xanthophyta 
and Euglenophyta groups, as they were recorded 

Fig. 1  Location of sam-
pling sites on bathymetric 
map of Lake Sevan
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rarely and could significantly lower the accuracy 
of assessments. Additionally, to check the hypoth-
esis of antagonism between various groups of phy-
toplankton, the intercorrelation analysis was con-
ducted for all seasons.

Results

Satellite images

Satellite image search showed 25 appropriate results 
for Sentinel-2 (supplement 1) and 4 results for 
Landsat 8. True colour images distinctively showed 
that there were no obvious algal “blooms” between 
the periods of sampling that we may have missed. 
So, the carried sampling was considered representa-
tive enough to reveal the common dynamics of phy-
toplankton for the measured period.

Quantitative parameters of phytoplankton community

The main groups of phytoplankton indicated were 
Bacillariophyta (diatoms), Cyanophyta (blue-green), 
Chlorophyta (green), Xanthophyta (yellow-green) 
and Euglenophyta (euglena).

The results of seasonal dynamics of abundance of 
phytoplankton (Fig. 2) show that some succession of 
the main groups and their functional significance in 
the formation of the community occurs as well along 
with the quantitative changes. Particularly, the role of 
Cyanobacteria in the community regularly increases 
in summer, and the role of diatoms increases in 
autumn. During the whole period of studies, HABs 
were led by the dominant species of the genus Doli-
chospermum/Anabaena, Dolichospermum/Anabaena 
flos-aquae, Dolichospermum/Anabaena cylindrica 
Lemmerm and Dolichospermum/Anabaena circi-
nalis Rabenhorst ex Bornet & Flahault, 1886, which 
its toxicity has been already proven for some years. 
In 2018, when the strong HAB occurred in July, the 
increase in the number of green and yellow-green 
algae cells was followed in autumn. Moreover, the 
yellow-green algae were encountered strictly in the 
littoral zone and were completely absent during HAB 
in July 2018. Also, the number of Cyanobacteria in 
BS was almost always higher than in the SS during 
the same seasons.

During autumn peaks, the dominant species of dia-
toms were Aulacoseira granulata (Ehrenberg) Simonsen, 

Table 1  Categories of phytoplankton development

Number of phytoplankton cell/litre Category of  
phytoplankton  
development

0–200.000 Weak development
200.000–500.000 Average development
500.000–1000.000 Strong development
More than 1000.000 Bloom

Fig. 2  The dynamics of the 
average annual abundance 
(cells/l) of phytoplankton in 
Small Sevan (SS) and Big 
Sevan (BS) for the different 
months of 2016–2018
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1979, which caused some local algae “blooms”. Two 
other species of Melosira, M. varians and M. italica, were 
also recorded during such “blooms”. Some other species 
grew significantly in that period like Ceratoneis arcus, 
Cocconeis pediculus (2016), Stephanodiscus astraea, 
Fragilaria construens  (Ehrenberg) Grun. (2017) and 
Diatoma mesodon, Stephanodiscus hantzschii Grunow in 
Cleve & Grunow and Cyclotella kutzingiana (2018).

From more than 20 species of Cyanobacteria, 
Aphanothece clathrata W. et. G.S. West f. Clath-
rata and Microcystis  aeruginosa  (Kütz) Elenk. were 
present at all seasons and everywhere but with low 
quantities (Fig.  3). Other species like Aphanothece 
stagnina (Sprengel) B.-Peters et Geitl, M. rosenber-
gii (Komárek) Komárek,  Phormidium breve (Kütz.) 
Anagn. et Kom., Phormidium foveolarum  Gomont, 
Dactylococcopsis acicularis Lemmerm., Chroococ-
cus turgidus (Kützing) Nägeli, Oscillatoria limnetica 
Lemmerm., Oscillatoria limosa C.Agardh ex Gomont 
1892, Oscillatoria lauterbornii Schmidle, Oscilla-
toria geminata  var. sulphurea Strzeszewski, Spir-
ulina sp., Merismopedia elegans  A.Braun ex Kütz-
ing, Aphanizomenon flos-aquae L.Ralfs flos-aquae, 
Gloeocapsa sanguinea (Agardh) Kützing and Gom-
phosphaeria lacustris Chodat have no obvious pat-
terns of distribution. In overall, species diversity gets 
lower in 2018, especially during summer bloom of 
Cyanobacteria of Dolichospermum/Anabaena genus. 
Dolichospermum/Anabaena flos-aquae (Lingb.) 
Breb. has dominated during summer blooms, while 
the abundance of species Dolichospermum/Anabaena 
lemmermannii P.G.Richt. and Dolichospermum/Ana-
baena spiroides var. crassa Lemm. has been lesser.

Statistical analyses

Factorial analysis of annual differences To check 
the hypothesis of significant differences in the phy-
toplankton development among the years, one-way 
ANOVA test was performed. The Levene’s test proves 
the significance of homogeneity of variance (value 

16.072, significance 0.000) for the number of cells/
litre dependent variable. Thus, the derived F value 
(6.354, significance 0.02) claimed the null hypothesis 
that the changes among years between the groups of 
phytoplankton were bigger than within the groups. 
Both Welch (significance 0.036) and Brown–Forsythe 
(significance 0.035) tests prove the null hypothesis of 
equality of means for the dependent variable.

However, the results of Tukey’s test show that confi-
dently significant differences exist only between the 
data for 2018 and the remaining 2  years of studies 
(Table 2).

Univariate analysis of variance The results of uni-
variate analysis of variance for the effects of factors 
like years, seasons, parts of Lake Sevan and phyto-
plankton groups as well as their paired interceptions 
on phytoplankton quantitative parameters show no 
significant effect only for the parts of Lake Sevan and 
relevant interceptions (Table 3).

The results of Tukey’s test for season parameter 
(Table 4) show that statistically confident significant 
changes in the quantitative parameters of phytoplank-
ton occurred between autumn and the remaining two 
seasons but not among spring and early summer sea-
sons, which is probably due to thermal regime of the 
lake.

Also, the results of Tukey’s test for phytoplank-
ton groups parameters claim the confident signifi-
cant difference between Bacillariophyta and the other 
groups (Table  5) but not among Cyanophyta and 
Chlorophyta.

In addition to factorial analysis, we conducted cor-
relation analysis for the groups of phytoplankton in 
different seasons of 2016–2018 (Table 6). The results 
claim the existence of some ties between the devel-
opment of different groups of algae in Lake Sevan. 
Particularly, confident correlations among all groups 
were found only in May 2016, when no HABs were 
recorded. Such results show that HABs are really 
disintegrating the normal development patterns of 
phytoplankton groups in Lake Sevan. Stronger posi-
tive correlations were found between Cyanophyta and 
Chlorophyta groups, especially during HABs.

Fig. 3  The dynamics of dominant species abundance from 
Bacillariophyta, Chlorophyta and Cyanophyta groups during 
2016–2018

◂
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Temperature factor

Temperature variance in different stations has shown 
that the most stable conditions were in the Shorja 
part of SS (southeast of SS) and the highest vari-
ance is in the Martuni station of BS (southwest of 
BS) (Fig.  4). Moreover, the highest mean monthly 
temperature in the period of 2016–2018 was also 
recorded for Martuni station. In general, the maxi-
mum range of mean monthly temperatures reached 
23 °C there in 2017.

Usually, the temperatures at Martuni station start get-
ting lower a bit earlier during the autumn (Fig. 4) which 
is also influencing the development of phytoplankton, 
as different groups have various optimum ranges.

The analysis of the dependency of development of 
different groups of algae from temperature shows a 
little concordance in general (Fig. 5). Intense growth 
of Bacillariophyta usually starts at lower tempera-
tures and has been more intense during 2016–2018. 
Chlorophyta group shows less dependence from tem-
perature and in general grows well when water heats 

up to around 16 °C. Cyanophyta prefers higher tem-
peratures and usually blooms when water heats more 
than 21  °C. Such observations could help to build 
some probability models for algal “blooms” in Lake 
Sevan.

Spatial analysis of phytoplankton development

The results of IDW interpolation for the number of 
cells/litre parameter show some spatial–temporal pat-
terns of phytoplankton development (Fig. 6). Particu-
larly, blooms were not typical for May period but were 
intense since July. Local “blooms” in spring and early 
summer typically start from the littoral zones at parts 
where some major rivers flow into the lake. Autumn 
“blooms” are covering wider area in both parts of 
Lake Sevan owing to strong development of diatom 
group. The concentrations of phytoplankton are higher 
near the river mouth parts of Gavaraget, Argichi, Mas-
rik and Dzknaget rivers that ensure flux of the organic 
matter and nutrients from the settlements and intense 
agricultural lands. According to IDW model, the 

Table 2  The results 
of Tukey’s test for 
the significance of 
changes among the 
quantitative parameters 
of phytoplankton groups 
within the years

* The mean difference is 
significant at the 0.05 level

(I) Year (J) Year 95% confidence interval

Mean difference (I–J) Std. error Sig Lower bound Upper bound

2016 2017  − 42914.057 77912.573 .846  − 225736.87 139908.75
2018  − 321335.247* 92647.319 .002  − 538733.32  − 103937.18

2017 2016 42914.057 77912.573 .846  − 139908.75 225736.87
2018  − 278421.190* 95857.856 .010  − 503352.83  − 53489.55

2018 2016 321335.247* 92647.319 .002 103937.18 538733.32
2017 278421.190* 95857.856 .010 53489.55 503352.83

Table 3  The results of 
univariate analysis of 
variance, where the year, 
season, parts of Lake 
Sevan and phytoplankton 
groups, as well as their 
paired interceptions, are 
independent variables and 
the number of cells/litre is 
dependent variable

Factors Sum of squares df Mean square F Sig.

Corrected model 2.908E14 53 5.487E12 4.132 .000
Intercept 5.774E13 1 5.774E13 43.475 .000
Parts of Lake Sevan 9.485E11 1 9.485E11 .714 .398
Years 2.682E13 2 1.341E13 10.099 .000
Seasons 4.851E13 2 2.426E13 18.264 .000
Phytoplankton groups 2.647E13 2 1.323E13 9.964 .000
Parts of Lake Sevan * year 7.408E12 2 3.704E12 2.789 .062
Parts of Lake Sevan * season 3.942E12 2 1.971E12 1.484 .227
Parts of Lake Sevan *  

phytoplankton group
4.562E12 2 2.281E12 1.718 .180

Year * season 2.618E13 4 6.544E12 4.927 .001
Year * phytoplankton group 2.268E13 4 5.669E12 4.269 .002
Season * phytoplankton group 7.784E13 4 1.946E13 14.653 .000
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strong “blooms” more commonly extend to the whole 
central zone in SS but rarely in BS. However, this still 
should be properly checked with the use of wider sat-
ellite data and additional ground sampling.

The dynamics of phytoplankton in both SS and 
BS indicate a growing risk of eutrophication pro-
cesses in the lake during the period of studies. Also, 
an increase in the proportion of the blue-green algae 
indicates a higher risk of HABs. Although the point 
sampling showed higher quantitative development 
of blue-green algae in SS, the interpolation model 
(Fig. 7) has shown that the risk of HABs was equally 
high for both parts of Lake Sevan.

The observation of a stronger “bloom” in the territory 
of SS in 2018 is just a matter of sampling time, because 
the satellite imagery shows the dynamics of spreading of 
algal bloom from BS to SS in late July of 2018.

Discussion

The patterns of algal “bloom” in Lake Sevan

Algal “blooms” depend on many abiotic and biotic fac-
tors like the temperature, nutrient load, trophic relations, 

antagonistic relations and the state of fish and crayfish 
stocks. Upon the artificial decrease in the water level of 
Lake Sevan, the fluctuations in temperatures are getting 
higher during different seasons, which strongly influ-
ences the phytoplankton community. According to the 
Fourth National Report on Climate Change (2020), the 
average annual temperature in the territory of Armenia 
has increased by 1.23  °C, and the precipitations have 
decreased by 9% in the period of 1929–2016, which 
creates an artificial need for irrigation water and thus 
increases the pressure on Lake Sevan water resources. 
Along with the tendency of accelerated warming, 
this leads to the extension of favourable period for the 
intense development of phytoplankton. As the frequency 
of heat waves and the average temperatures have been 
increasing also during the last 20  years, the risk of 
HABs will gradually increase as well. The role of the 
temperature factor in the development of algal “blooms” 
grows significantly considering the relative stability in 
overall economic activity in the drainage basin, as well 
as the fact that the population number remains stable or 
at least is not growing (RA, 2021). However, some arti-
ficial interventions in the hydroecosystem, like regular 
water abstraction from the lake in the warm period or 

Table 4  The results of 
Tukey’s test for the seasonal 
variable of phytoplankton 
quantity

* The mean difference is 
significant at the .05 level

(I) Season (J) Season 95% confidence interval

Mean difference (I–J) Std. error Sig Lower bound Upper bound

Autumn Spring 316560.62* 74062.728 .000 142762.62 490358.63
Summer 224485.71* 89593.076 .033 14243.69 434727.74

Spring Autumn  − 316560.62* 74062.728 .000  − 490358.63  − 142762.62
Summer  − 92074.91 86059.630 .533  − 294025.23 109875.41

Summer Autumn  − 224485.71* 89593.076 .033  − 434727.74  − 14243.69
Spring 92074.91 86059.630 .533  − 109875.41 294025.23

Table 5  The results of Tukey’s test for the significance in differences among groups of phytoplankton

* The mean difference is significant at the .05 level

(I) Group (J) Group 95% confidence interval

Mean difference (I–J) Std. error Sig. Lower bound Upper bound

Bacillariophyta Chlorophyta 223386.54* 79905.097 .015 35878.64 410894.44
Cyanophyta 208113.94* 79905.097 .025 20606.04 395621.84

Chlorophyta Bacillariophyta  − 223386.54* 79905.097 .015  − 410894.44  − 35878.64
Cyanophyta  − 15272.60 79905.097 .980  − 202780.49 172235.30

Cyanophyta Bacillariophyta  − 208113.94* 79905.097 .025  − 395621.84  − 20606.04
Chlorophyta 15272.60 79905.097 .980  − 172235.30 202780.49
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more water abstraction from the main tributaries for the 
irrigation, could play a major role too.

The temperature optimum of different groups of algae 
varies significantly, which determines the change in the 
species composition over the seasons. In the summer of 
2018, an intense development of blue-green and green 
algae was recorded both in the SS and BS, due in part 
to the more intense heating of the aquatic environment 
(the average values were 20–21 °C). It should be noticed 
that the summer “blooms” of Cyanobacteria and green 
algae are also the result of competition for similar condi-
tions for growth and development. A suppression of the 
development of the diatom group was observed along 
with their development in the summer. In particular, the 
most common group for the lake during the oligotrophic 
period (Vladimirova, 1947) — diatoms, is being substi-
tuted more frequently by green and blue-green algae in 

different seasons. However, in autumn, with a decrease 
in water temperature to + 10 + 12 °C, an increase in the 
proportion of cold-water diatom species is still being 
observed. Moreover, in the winter of 2017, the lake was 
covered with ice, which, probably, was the reason for the 
weak development of all groups of algae but diatoms. In 
general, such a model in the development of phytoplank-
ton functional groups has been described for various 
lakes (Senerpont Domis et al., 2007). The cyanobacte-
rial species of the genus Dolichospermum/Anabaena 
usually dominate in summer, and the analysis of the 
water samples for the presence of anatoxin-a and micro-
cystin carried out in 2019 has showed a positive result 
(Hambaryan et al., 2020b). The amount of anatoxin-a in 
0.5 mL of water was 0.147 μg/L (test protocol N1827, 
product code 1/1720; dated 08.06.2019). During the 
recent years, the concentrations of some nutrients (e.g. 

Table 6  Intercorrelation results between different groups of phytoplankton for various seasons of 2016–2018

n.c. correlation is not confident

Date Blue-green algae Green algae Euglena Green algae Euglena Euglena

5.2016 Diatoms 0.30 0.57 0.23 Blue-green algae 0.38 0.21 Green algae 0.26
7.2016 0.40 0.32 n.c 0.46  − 0.36 n.c

10.2016  − 0.28 0.45 n.c n.c n.c n.c
5.2017 0.68 n.c 0.31 n.c n.c 0.36
7.2017 n.c n.c n.c n.c n.c n.c

10.2017 n.c 0.51 n.c 0.64 n.c n.c
5.2018 n.c n.c n.c 0.66  − 0.31 n.c
7.2018 n.c n.c n.c n.c n.c n.c

10.2018 0.86 0.69 n.c 0.71 n.c n.c

Fig. 4  Mean monthly 
temperature distribution 
in different parts of Lake 
Sevan during 2016–2018
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ammonium and phosphate ions) have increased as well 
(Gevorgyan et  al., 2020), which can be directly con-
nected with the growth of blue-green algae (Carmichael, 
2001). On the other hand, Cyanobacteria have a compet-
itive advantage in the consumption of nitrogen (Paerl & 
Huisman, 2009). Freshwater Cyanobacteria can domi-
nate both in pelagic and benthic habitats. They can pro-
duce effective allelochemical compounds that interfere 
with the growth of other groups of algae (Gross et al., 
2003). Xanthophyceae also shows their highest diversity 
in acidic waters enriched with dissolved organic matter 
(Ott & Oldham-Ott, 2003).

In general, phytoplankton quantitative fluctuations 
are stronger in BS, which allows making a conclu-
sion on a higher instability and vulnerability of phy-
toplankton community towards changes in abiotic 
factors there. As the southeast of Lake Sevan is the 
shallowest part and its thermal regime is quite dif-
ferent from the remaining parts of the lake, the algal 
“blooms” led by the blue-green algae will more 
probably start earlier in this part of the lake. Spatial 
extents of such “blooms” cover wider zones in SS; 
however, more detailed studies are necessary to get 
the directions of “bloom” expansion in both parts. It 
is not less important to get the patterns of underwater 
currents too.

Ecosystem management perspectives

In recent years, there are many literary references 
for the clarification of the issues of eutrophication of 
lakes, which show the importance of studying phyto-
plankton dynamics for models of aquatic ecosystem 
management (e.g. Elliott & Thackeray, 2004; Frisk 
et  al., 1999; Hillmer et  al., 2008; Reynolds & Irish, 
1997; Rukhovets et  al., 2003; Seip, 1991; Vinçon-
Leite & Casenave, 2019). In many models, predic-
tions are based on the quantitative parameters and 
the functional characteristics describing the com-
munity (e.g. Hallstan et  al., 2012; Jones & Elliott, 
2007; Kerimoglu et al., 2017; Mieleitner & Reichert, 
2006, 2008). These models can be used to predict 
both short-term (Huang et al., 2012, 2014) and long-
term (e.g. Elliott et al., 2005; Markensten et al., 2010) 
changes in the composition, as well as spatial hetero-
geneities in the development of the phytoplankton 
community (e.g. Hillmer et  al., 2008; Leon et  al., 
2011, 2012), which are individual for each ecosys-
tem. As the main producer in Lake Sevan, phyto-
plankton plays a crucial role in the trophic chain of 
the lake. With HABs, a number of negative impacts 
on the ecosystem functioning are observed, includ-
ing loss of aquatic biodiversity, low transparency, 

Fig. 5  The dependence of 
quantitative parameters of 
various groups of phyto-
plankton from temperature 
in Lake Sevan
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Fig. 6  Spatial model of the seasonal dynamics of phytoplankton in 2016–2018
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Fig. 7  Spatial model of the seasonal dynamics of blue-green algae in 2016–2018
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surface scums and deterioration of oxygen regime 
(Merel et  al., 2013). The disintegration of cyano-
bacterial cells leads to an increase in the concentra-
tion of nutrients in deep stratified lakes and mixing 
of water masses, which has manifested by a shift in 
phytoplankton towards the development of greens 
and diatoms (Visser et al., 2016). Thus, any improve-
ments in the ecosystem management plans should be 
based on the comprehensive assessment of the spatial 
and temporal features of phytoplankton development. 
Although remote sensing (RS) technologies provide 
new perspectives in environmental monitoring and 
algal “bloom” studies (e.g. Medvedev et  al., 2020;  
Shi et  al., 2017), without an extensive ground data, 
they are not readily available yet for such big fresh-
water lakes like Sevan. Moreover, with the launch of 
Sentinel-2 and delivery of 10-m resolution images 
having “red-edge band”, many tools have been devel-
oped for a more accurate chlorophyll-a calculation 
using RS data (Beck et  al., 2016; Bramich et  al., 
2021). But they need some accuracy testing using 
bulky ground data for Lake Sevan too. Thus, the cur-
rent study provides some scientific bases that should 
contribute to the further development of RS methods 
for Lake Sevan aiming at algal bloom assessment and 
monitoring in the face of the current transformations.

Considering that planned increase in the water 
level of the lake continues but the coasts are not prop-
erly cleared from vegetation yet, the actions should be 
activated in this direction. Also, the revealed patterns 
show that more attention should be paid to the tribu-
taries of Lake Sevan.

Conclusion

The study concludes on some dangerous transforma-
tions in the phytoplankton community of the biggest 
freshwater reservoir of the Caucasus. Particularly, 
both the intensity of algal “blooms” and the role of 
Cyanobacteria in that have increased. Considering 
temperature preferences of different groups of algae, 
such transformation indicates the future perspectives 
of Lake Sevan ecosystem under the increasing threat of 
global warming. However, the most intense “blooms” 
were registered in autumn seasons mainly due to Bacil-
lariophyta species growth. Spatial analysis of algal 
“blooms” allows to conclude that HABs in Lake Sevan 

are still more local and probably connected with the 
load from tributaries as spatially they are close to estu-
aries. Thus, we strive to think that proper water resource 
management in the basin could decrease the frequency 
of HABs very efficiently. The made spatial analysis and 
derived data also could serve for the development of 
remote sensing tools for Lake Sevan and similar high-
altitude lakes under the threat of algal “blooms”.
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