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Abstract: Eutrophication is a major ecological problem and affects and endangers freshwater bodies,
making assessment of the trophic status of water bodies crucial for their restoration and sustainable
use. Lake Baikal is affected by a number of environmental stressors, including coastal eutrophication.
Daily measurements of concentrations of nutrients, dissolved oxygen (DO), chlorophyll-a (Chl-a),
weekly measurements of algae abundance and biomass in the open water season in June-December
2020, and measurements of concentrations of nutrients at 2-7-day intervals in June-October 2021 were
made in the littoral of the South Baikal for the first time. It was shown that nitrate and phosphate
concentrations decreased by July-August, their minimum content was maintained until September,
concentrations began to increase in October and reached a maximum in December. The maximum
abundance and biomass of algae and chlorophyll concentrations were only observed in early July.
Storm situations increased the content of nitrogen, phosphorus and DO in water, the duration of their
influence was not more than 2 days. A correlation matrix revealed significant positive correlations of
NO3;~-DO, phosphate (SPR)-NO3~, SRP-DO and biomass-Chl-a and strong negative correlations
between water temperature (Tw)-DO, Tw-NO;3; ~, Tw-total nitrogen (TN) and Tw-SRP. Based on SRP
and NO3~ concentrations and TN:TP ratios, it was concluded that algal development was limited
to nitrogen and phosphorus in summer. The trophic status of the Southern Baikal littoral zone was
assessed using classifications based on TN, TP, NO3~, SRP, Chl-a content and algal biomass, as well
as the Carlson index (TSI) and probabilistic assessment. The results of assessments using different
methods of trophic status determination showed that the Baikal littoral zone in the study area belongs
to the oligotrophic type with minor elements of mesotrophy. According to the saprobity index, water
purity of littoral waters varies within the oligosaprobic and 3-mesosaprobic zones and corresponded
to quality classes II and III (clean and moderate purity); the system demonstrates a high capacity for
self-purification.
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1. Introduction

Eutrophication is becoming a major threat to natural water quality [1-3]. Although
this problem is a natural process in natural water bodies occurring over time, today the
processes of development and transformation of aquatic ecosystems are proceeding much
faster than before, as they are caused not only by natural factors acting on the scale of
geological processes, but also by anthropogenic factors [4]. Eutrophication can be assessed
by determining the trophic status of water bodies, which includes determining the concen-
tration of nutrients and classifying the trophic level based on their concentration [5,6].

Today, there are many classifications for assessing the trophic state of aquatic ecosys-
tems, which focus on a large number of indicators both biotic and abiotic, as well as their
sets—numerical indices of trophic state [7,8]. The concentration ranges of each particular
indicator in different classifications are quite ambiguous. In the classifications created
by different authors, the concentration ranges of each particular indicator for a specified

Water 2023, 15, 1139. https:/ /doi.org/10.3390/w15061139

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w15061139
https://doi.org/10.3390/w15061139
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-4960-8135
https://orcid.org/0000-0001-8496-2757
https://doi.org/10.3390/w15061139
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15061139?type=check_update&version=1

Water 2023, 15, 1139

2 of 14

type of trophicity are quite ambiguous. Thus, according to the content of Chl, there are
20 classifications for the recognition of the trophic type of a water body [9]; for example,
at a concentration of chlorophyll (Chl) 3 ug L1, according to eleven classifications, the
water body will belong to the oligotrophic type, but, according to nine classifications, to the
mesotrophic type. According to four qualifications based on the value of phytoplankton
biomass, the type of water body can be both oligotrophic and mesotrophic at a biomass
value of 1.4 mg L~! [9]. A similar situation is observed when defining trophic types of water
bodies according to abiotic indicators—different classifications for each of the indicators
differ from each other by ranges of the same type of trophicity.

Increasing concentrations of nutrients leads to the eutrophication of water bodies, and
reducing their content below certain limits suspends the possibility of their development.
SRP limit phytoplankton growth when the concentration in the water is less than 3 ug PL~1,
NO;~—when the concentration is less than 15-30 pg N L1, the development of diatom
phytoplankton is limited when the concentration of silicon is less than 0.1 mg L~! [10].

According to a number of authors, it is the ratio of concentrations of nutrients proposed
by Redfield that is the main factor for the development of algae. It has been shown that
the molar ratio N:P < 10 indicates that nitrogen is the limiting biogenic element, while
at N:P > 17 or N:P > 20—phosphorus [11,12]. TN and TP concentrations were used to
estimate nitrogen and phosphorus deficits. However, the ratio of nitrogen and phosphorus
in algae cells varies within a quite wide range depending on the physiological conditions of
phytoplankton development and its species composition, but in general, the ratio of these
elements in water can serve as a good indicator of limiting by one of them.

Lake Baikal, the world’s largest freshwater lake (23,000 km?), has unique flora and
fauna, 60% of which is endemic. The Baikal littoral zone occupies about 7% of the water
area [13], where a peculiar hydrological regime is formed. Here, the wave and level
fluctuations have a much stronger effect than in the pelagic zone, and daily and seasonal
changes in water temperature are more contrasting [14,15]. The littoral zone is essentially
an ecological barrier between the watershed and the main lake water area [16-18], and has a
transforming function that significantly affects the functioning of the entire lake ecosystem.

The littoral zone receives a sufficient amount of radiant energy, which is necessary
for the development of aquatic plants, respectively, biological and chemical processes are
more intense, and therefore, this zone is characterized by significant biodiversity. Despite
its smaller area, the primary production of the littoral zone makes a tangible contribution
to the total production of the lake [19,20]. The negative impact of anthropogenic factors, in
the form of biogenic and organic matter input, negatively affects not only the water quality
of the Baikal littoral zone [21-23], but also leads to local changes in biotopes [24-27].

Hydrochemical studies of the Baikal littoral zone in the first half of the 20th Cen-
tury [28,29] mainly concerned the daily variations of dissolved oxygen (DO), pH and
bicarbonates. Later, based on observations in 1949-1955, it was shown that in the littoral
zone, the concentrations of DO have diurnal and seasonal changes, while the seasonal
changes in phosphate (SPR) are more complex and unstable [30]. Studies of the Baikal
littoral zone in 20002007 [31] showed that intra-annual changes in phosphates (SRP) had
two maxima (October—-March and June-July) and two minima in April-May and August-
September. At the same time, the variation in nitrate (NO3 ™) concentrations was unstable
during the open-water season. In studies during 2004-2018, the maximum of nutrients in
June-July was not found; the active development of benthic and planktonic algae caused
their intensive consumption during this period [32,33]. The latest data (2010-2015) [31,32]
and the data from 1950-1980 [30] showed that concentrations of nutrients of Lake Baikal
did not change.

Note that the aforementioned studies of the dynamics of nutrients and DO in the
Baikal littoral were obtained, as a rule, in one-time (one-day) fieldwork [31] or in separate
cycles of 10-15 days [32,33].

Our work aimed to assess the trophic status of the littoral zone of South Baikal by
abiotic and biotic indicators based on a study of the dynamics of the content of nutrients,
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DO, chlorophyll-a (Chl-a) and phytoplankton during the open-water season and an analysis
of the influence of storm situations on the concentration of the studied components.

2. Materials and Methods

Measurements were taken on the western shore of the southern basin of Lake Baikal
near the area of Bolshiye Koty settlement (Scientific Station of Limnological Institute,
coordinates 51°54’ N, 105°05’ E) (Figure 1). The sampling site was 40 m from the stationary
pier, and 60 m from the water’s edge. The total depth was about 5 m at the sampling site,
and the water intake depth was 0.5 m from the bottom of the lake. Water samples were
taken with a hose with a diameter of 2 cm using a surface pump located on the pier. The
time of water sampling was 11:00 a.m. In 2020, water sampling for the determination of
nutrients and DO was taken daily from 3 June to 26 October, phytoplankton samples were
taken weekly. In November and December, the measurement of nutrients was continued at
2-7-day intervals. In the cycle of 2021, from 27 May to 30 October, sampling for biogenic
elements content was carried out at 2-3-day intervals.
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Figure 1. Map of sampling station at Lake Baikal.

Additionally, from June to October 2020, samples were taken every 3 days from the
surface of the lake at 50-60 m from the shore at a distance of 1.5 km west of the pier.
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DO was determined by the Winkler method. Mineral forms of nutrients were deter-
mined in filtered water using cellulose acetate membrane filters with a 0.45 um pore size.
Measurement of total phosphorus (TP) and total nitrogen (TN) was performed in unfiltered
water. Nitrate was measured with sodium salicylate and nitrite (NO, ™) was determined
with Griss reagent [34]. Ammonium ions (NHs*) were detected using the indophenol
method, and dissolved silica was determined from a yellow silicomolybdate complex. SRP
was measured using the Deniges-Atkins method in modification with tin chloride. TP was
determined by the same method after oxidation with potassium persulfate [35]. TN was
measured after oxidation with potassium persulfate when heated in an alkaline medium
to nitrates followed by spectrophotometric determination of their own absorption in the
ultraviolet region of the spectrum [36].

For determinations of chlorophyll-a (Chl-a), water was filtered through a 0.45 um
membrane filter and algal pigments were extracted with acetone (90%). Spectrophotometric
measurement of the acetone extract was performed before and after acidification with
hydrochloric acid. Chl-a concentration calculations were based on known specific spectral
indices of light absorption by Chl-a [37].

Determination of species composition and abundance of algae enabled the identifica-
tion of changes in the structure and level of development of phytoplankton. Phytoplankton
were fixed by Lugol’s solution and then concentrated by sedimentation [38]. Biomass was
determined taking into account individual cell volumes [39,40]. Saprobity indexes were
calculated based on the Pantle-Buck method with the modification of Sladecek, [41-43];
this method provides information on the assessment of organic pollution of water bodies
in a spatial and temporal form. The classification of the purity of natural waters according
to the saprobity index has five classes. Water quality class I (very clean) corresponds to
waters with a saprobity index up to 0.50; class II (clean)—with an index of 0.51-1.50; class
III (moderate)—with an index of 1.51-2.50; class IV (polluted)—with an index of 2.51-3.50;
class V (very polluted)—with an index of more than 3.50 [43,44].

We also assessed trophic status using the Carlson index (TSI) [45], which is calculated
from the value of transparency, the concentration of total phosphorus and chlorophyll.
The trophic status was also assessed using the Carlson index (TSI), which is calculated
from the transparency value, the concentration of total phosphorus and chlorophyll. The
water body is oligotrophic at TSI < 40, it is mesotrophic at values from 40 to 60, and it is
eutrophic over 60.

Another approach for defining triplicity is a probabilistic assessment of the trophic
state of a water body [46]. It is calculated by the value of transparency, the average
concentration of TP and Chl-a for five gradations: puo—the probability of ultra-oligotrophic
states, o, um, pe, pgt, respectively, the probability of oligotrophic, mesotrophic, eutrophic,
hyper-eutrophic states of the aquatic ecosystem, with the condition that the sum of the
values should be equal to 1 or 100%.

All statistical analyses were performed using Microsoft Excel.

The value of Secchi disk transparency was taken as 5 m to calculate TSI (in situ
transparency was not measured due to the difficulty of daily access to the sampling site).
This value is caused by the following. Firstly, it corresponds to the data of the research [47],
which shows that the transparency was not less than 6 m in August and September in the
littoral and pelagic zones of southern Baikal. Secondly, an empirical relationship between
chlorophyll and transparency by Secchi disk in the Baikal water is given in the paper [48].
The application of this dependence equation to the obtained data on the content of Chl-a
shows that the value of transparency during the period of our research could not be less
than 5 m.

3. Results and Discussion

Statistical processing of the obtained data on daily water temperature, concentrations
of nutrients, oxygen and chlorophyll-a was performed. Mean monthly values of the studied
parameters were calculated (Table 1).
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Table 1. Mean concentration (+standard deviation) of hydrochemical parameters of water in littoral
zone of South Baikal.

Water Quality Jun Jul Aug Sep Oct Nov Dec
Parameters m +o m to m +o m +o m to m +o m +o
Tw (°C) 6 1.1 12.2 3 12.2 3.7 122 23 6.7 1 5.5 0.5 4.4 0.5
O, (mgL~1) 100 0.2 9.1 0.8 8.2 0.8 7.9 0.3 8.8 0.3 NA NA
NO;~ (ugN L) 77 16 25 18 23 23 18 16 43 14 72 7 104 5
NO, ™ (ugN L) 0.3 0.3 0.9 0.3 12 21 0.3 0.3 0.6 0.3 0.6 0.3 0.3 0.0
NHy* (ugN L~1) 4.7 1.6 3.9 2.3 3.9 2.3 3.1 2.3 3.9 1.6 4.7 0.8 23 0.8
TN (ugN L1 120 30 100 30 90 40 90 30 130 30 160 10 180 20
PO, (ugP L1 7.2 1.6 2.0 2.0 2.6 2.6 1.3 1.6 3.3 1.6 5.2 0.7 8.8 1.0
TP (ug L1 12.0 14 9.8 12 9.3 2.4 8.3 4.7 7.6 1.0 10.5 0.8 12.4 0.9
Si (mgL~1) 042 013 022 008 025 005 034 003 035 003 039 002 059 0.04
Chl-a (ug L1 0.9 0.7 1.8 1.0 1.3 0.6 1.3 0.4 0.9 0.3 NA NA
Notes: m, average value for the month; o, standard deviation; NA, no available; Tw, water temperature; DO,
dissolved oxygen; TN, total nitrogen; TP, total phosphorus; Chl-a, chlorophyll-a.
Correlation analysis shows significant correlations between selected measured val-
ues (Table 2).
Table 2. Correlation analysis of temperature, hydrochemical characteristic value.
2 o é \m \N +<,< o © z
- & 5 ¢ ¢ g & & F 5 F
& 3
Tw 1
DO | —0.71 1
Saturation 0.65 0.07 1
NO;~ 072 —045 1
NO,;~ —0.24 025 —0.10 0.19 1
NH;* —0.18 018  —0.12 021  —0.09 1
TN | —0.62 042 —0.28 0.62 0.12 0.13 1
SRP 0.64 —040 0.95 0.26 0.26 0.55 1
P —0.28 0.36 0.07 0.42 0.14 0.11 0.33 0.43 1
Si | —0.50 0.08 | —0.52 058 —0.25 0.17 0.41 0.55 0.28 1
Chl-a 047  —0.12 053 -050 —-009 —-029 015 —-050 —0.05 —0.6 1
Biomass 0.18 0.20 038 —0.03 —-011 027 034 —0.10 0.28 = —0.38 0.66 1

Notes: red indicates significant positive correlations, blue indicates significant negative correlations.

The mutual correlation between the measured variables was high. Oxygen satura-
tion -Tw, NO3™-DO, SRP-NO;3; ™, SRP-DO and biomass-Chl-a showed significant positive
correlations. There was a strong and negative correlation between Tw-DO, Tw-NO;~,
Tw-TN-and Tw-SRP.

3.1. Dissolved Oxygen, Chlorophyll-a and Phytoplankton

The dynamics of DO are as follows: in June, at a water temperature 5-7 °C, DO content
was 9.5-10.4 mg O, L~! (Table 1) and oxygen saturation was 82-94%. Phytoplankton
abundance varied between 177,000-713,000 cells L.~ !; biomass between 247-876 mg m~3;
Chl-a concentration between 0.09-2.28 ug L~! (Figure 2). The plankton was dominated by
diatom algae (86-93%), mostly Sinedra acus subp. radians (Fragilaria radians).

As it warmed up and, consequently, as the solubility of oxygen decreased, DO con-
centration began to decrease from the end of June. The increase in water temperature was
accompanied by a change in the dominant algae complex, with dinophyta, goldenseal,
cryptophyta and green algae as dominants. Biomass and abundance of phytoplankton
in July increased by two to three times, Chl-a—by two times (Figure 2b). This led to an
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increase in water oxygen saturation at the end of July up to the maximum values for the
study period—126% in calm conditions.
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Figure 2. Water temperature (Ty /), dissolved oxygen (DO), oxygen saturation (a), chlorophyll-a
(Chl-a), phytoplankton biomass and abundance (b) in the littoral zone of Lake Baikal, 2020.

The coastal zone of Lake Baikal, like other large lakes, is very dynamic [49,50] and
frequent surges of water from the pelagic zone to the littoral zone of the lake during the
waves in July 2020 reduced the gradual temperature rise, water oxygen saturation and
biological indicators. Thus, during the storm on 16 July, the water temperature dropped
from 17.1 to 4.2 °C, water oxygen saturation decreased from 102 to 77% (DO increased
by 2 mg O, L™!) and Chl-a decreased from 2.6 to 0.5 pug L~!. During the next three days,
the water temperature increased to 10.6 °C and oxygen saturation increased to 93%, but a
storm on 20 July resulted in lower temperatures and oxygen saturation (6 °C and 85%). In
August and in the first half of September, the water temperature varied within 11-16 °C,
water oxygen saturation decreased to 85-95% and Chl-a—to 1.4-2.1 ug L~!. Phytoplankton
abundance was 1,009,000-2,458,000 cells L~! and biomass was 102—475 mg m3.

At the end of September, the water temperature began to seasonally decrease and it had
dropped to 5.3 °C by the end of October. As a result of increased solubility, DO increased to
9.6 mg L1, in turn, due to the decomposition of summer-autumn algae complex, oxygen
saturation decreased to 75-80% and Chl-a—to 0.6-0.8 ug L~!. Algae abundance decreased
to 75,000-876,000 cells L~! and biomass to 55-286 mg m~2 (Figure 2b). As in July, the
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inflow of water from the pelagic zone led to a sharp drop in temperature, Chl-a content,
oxygen saturation, and an increase in DO concentration during strong surges of the lake.

3.2. Dynamics of Nutrients

Concentrations of NO3~ and SRP synchronously changed (Table 2). Their content
decreased by mid-July and remained low until the end of September, except for the stormy
situations. The average concentration of nitrates during this period was 11 pg N L™, the
range of changes was 5-27 ug N L1, the average concentration of SRP was 1.3 ug P L1, the
maximum was 3.3 ug P L~!; sometimes their complete consumption was noted (Figure 3).

pgP L1 o SRP o Nitrate pugN L1
12 120
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8 2%990 o 8,0 8 )no 80
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Figure 3. Nitrate (NO3 ™) and phosphate (SRP) concentrations in the littoral zone of Lake Baikal
in 2020.

During storms, the inflow of water from the pelagial caused a sharp increase in the
concentrations of NO3 ™ and SRP within 1-2 days. The amplitude of SRP fluctuations was
much wider than the changes in NO3 ™~ (Figure 3).

The increase in concentrations from 27 September to 4 October with a slight change in
water temperature (2 °C) was apparently due to the washout of biogenic elements from the
coast. During this period, the rise in the water level in Lake Baikal reached its maximum,
the water edge moved up to the shoreline slope and the waves eroded the soil; the turbid
water spread 70-80 m from the lake shoreline, which led to an increase not only in NO3; ™~
and SRP, but also in organic matter.

From the second decade of October, with the end of vegetation of the summer-autumn
algae complex, a gradual increase in NO3~ and SRP concentration began and, in mid-
December, their quantity reached the maximum value for the observation period of 2020.

During almost all of the measurements, the concentration of nitrite was mostly below
the detection limit of the technique, and only after the storm in the first decade of August
was it possible to reliably register the concentration, which was 6 pg N L™1. Ammonium
ions at 10 pg N L~! were also detected in some storm situations.

From June to mid-July, there was a decrease in TN and TP concentrations. Nitrogen
and phosphorus were mostly represented by mineral form in June: 60-80% mineral nitrogen
(NOs~, NO,~, NH4") and 60-75% mineral phosphorus (Figure 4). In July-September, the
share of mineral forms decreased to 7—40% and 0-30%, respectively. The influx of water
from the pelagial during storms led to a noticeable increase in TN and TP, mainly due to
their mineral forms. In September, during the period of the maximum lake water level,

storm situations caused an increase in TP up to 32 pg L1 and in TN up to 170 pg L1, not
only due to water inflow from the deep-water part of the lake, but also as a result of their
influx following the washout of the shore.
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Figure 4. Concentrations of mineral and organic forms of nitrogen and phosphorus in the littoral
zone of Lake Baikal in 2020.

Silicon content varied within the range of 0.47-0.57 mg L~! in the first two decades of
June, and in late June to the first decade of July its content sharply decreased by four times,
and it was within the range of 0.19-0.31 mg L~! until the end of August. In September-
November, the amount of silicon began to grow and increased to 0.64 mg L' in December.
The influence of storm situations did not affect the silicon concentration.

The content of biogenic elements, Chl-a and their temporal dynamics at the permanent
and additional sampling sites were similar. However, the DO was 8.1-11.9 mg O, L~ at the
additional site, and the saturation was 94-137% (values below 100% were only observed in
October). The difference in the value of DO at the two sites apparently relates to the depth
of sampling. Perhaps the proximity of the bottom at the permanent site and, consequently,
the consumption of oxygen for oxidation of organic matter from the bottom sediments
caused its lower concentrations.

Obviously, the results of observations in different years have their own specific features
due to the differences in weather conditions, temperature and hydrodynamic regimes, and
the data obtained at the same time can greatly vary. If from the beginning of June to
the middle of August 2020 and 2021, the content of TP and TN varied within the same
ranges, then from the second half of August 2021, the values of their concentrations were
higher. Differences in the intra-annual dynamics of NO3;~, SRP and Si were also observed
(Figure 5). The decrease in their concentrations in 2021, as it was in the previous year, began
at the end of the first decade of June, but was longer until mid-August. The minimum
content was also maintained until the end of September as it was in 2020. However, the
values of NO3 ™~ concentration had close values during the summer minimum in both years,
and the values of SRP and Si concentration were markedly higher in this period of 2021.
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Figure 5. NO3;~, SRP and Si concentrations in the littoral zone of Lake Baikal in 2020-2021.

The main reasons for higher concentrations of nutrients in 2021 were, firstly, high
water levels, and secondly, weather conditions. During the study period in 2021, according
to the data of the gauging station in Baikal settlement, the fastest water rise in Lake Baikal
was in June and July. The water level increased from the zero mark of the water gauge (the
Baltic system of heights is 453.27 m) to 191 cm on 27 May, to 265 cm on 29 July and the water
level reached 294 cm on 13 September and fluctuated between 283-290 cm until the third
decade of October [51]. Wash out of the flooded area led to an increase in biogenic elements
and organic matter in the littoral zone, especially on stormy days. Thus, on 6 October, the
NO;~ content increased to 140 ug N L, SRP—to 9.8 ug P L~! and total phosphorus—to
45 ug P L~1. Nitrites and ammonium ions were reliably determined in the amount, respec-
tively, 4 pg N L~! and 13 ug N L~! only in late September to early October, in the period
characterized as the end of the vegetation of summer-autumn phytoplankton [19,26]. The
cool and rainy summer of 2021 probably influenced the development of phytoplankton
and, consequently, the decrease in consumption of biogenic elements.
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Lake Baikal is the largest freshwater deep-water lake in the world. Unlike small
lakes [6,52], its water contains small amounts of nutrients and chlorophyll. Of the mineral
forms of nitrogen in Lake Baikal, nitrate predominates, not ammonium [53] Unfortunately,
in recent decades, Lake Baikal has been subjected to a significant anthropogenic load. Hu-
man activities have brought with them a number of stressors to the Great Lakes, including
changes in nutrient loading. The concentration of TR in Lakes Erie and Ontario has in-
creased by four to five times compared to natural levels; in Lake Michigan it has increased
by three times [54,55]. At present, despite the active development of tourist activities on the
Baikal coast, the concentration of nutrients, oxygen and chlorophyll remains approximately
at their values at the end of the last century [30,31].

3.3. Limiting of Phytoplankton Development by Nutrients

The data obtained on the content of NO3; ™ and SRP in the littoral zone showed that the
deficiency of phosphorus and nitrogen was observed from the beginning of July 2020 to the
end of September, which significantly affected the quantitative indicators of phytoplankton
(Figure 2b). In 2021, phosphorus and nitrogen deficits were observed from the end of the
first decade of August to the first days of October. In earlier experimental works [56,57],
it was shown that algae are limited in nutrition in terms of both nitrogen and phosphorus
in the littoral zone of Lake Baikal. The enrichment of water by nitrogen and phosphorus
during waves in the littoral zone was short term and their content decreased to previous
concentrations in 1-2 days. According to the ratio of TN:TP from June to the end of September
2020, nitrogen was periodically in deficit (TN:TP < 10); phosphorus was in deficit (TN:TP >
17) since October (Figure 6). The values of SRP and NO3 ™~ concentrations, and the TN:TP
ratio, showed that from July to the end of September 2020, both nitrogen and phosphorus
limited the development of algae. Furthermore, the low silicon concentrations that could
affect diatom algae development were only recorded for a few days in early July 2020.
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Figure 6. Ratio of TN:TP in the littoral zone of Lake Baikal in 2020. (green circles—values of TN:TP;
the area between the red lines is the absence of nitrogen and phosphorus limitation).

3.4. Assessment of Trophic Status

Based on our observations for the content of TN, TP and mineral nitrogen and phos-
phorus in 2020-2021 and of Chl in 2020, and using different classifications of the trophic
status [7,9], it was found that the Baikal littoral zone near the area of Bolshiye Koty settle-
ment can be classified as being of both oligotrophic and mesotrophic type (Figure 7).

According to the classification of trophicity by biomass [58,59], the study area cor-
responds to the oligotrophic type with features of mesotrophy. In June-October 2020, 56
species of algae were found, of which 36 are indicators of the state of the aquatic environ-
ment. Algae serve as indicators of the state of the aquatic environment, determining the
water quality [43,44]. Bioindexing methods based on the species composition and abun-
dance of algae provide an integral assessment of the results of all natural and anthropogenic
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processes occurring in the water body. The saprobity index reflects the course of biological
purification processes, and it varies at different time intervals (Figure 7).

2
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Figure 7. Changes in the saprobity index (mean value and range of values) in the littoral zone of
Lake Baikal near the area of Bolshiye Koty settlement.

According to the saprobity index, the purity of littoral waters varies within the oligos-
aprobic and 3-mesosaprobic zones; i.e., water quality of II and III classes (clean and of
satisfactory purity) [43,44]. The state of the ecosystem in the study area can be characterized
as self-purification. Similar indices of saprobity and ecosystem conditions are inherent to
the Baikal littoral zone in the tourist center of Listvyanka village [25].

The values of the Carlson indices calculated from our data in 2020 varied from 32 to 42,
with only three times exceeding the value of 40. This means that, according to the TSI, the
Baikal littoral zone belongs to the oligotrophic type with elements of mesotrophy. It was
found that the relationship between water temperature and TSI was almost not traceable
(correlation coefficient 0.3). This indicates that the seasonal factor does not introduce a
significant error in estimating the trophic type of the littoral zone of the lake by TSL

To determine the trophic status of the lake’s littoral zone, a probabilistic assessment
was used. It was found that, according to the Chl-a and TP content, the Baikal littoral
zone is classified as oligotrophic type, and, according to the transparency—as mesotrophic
type (Table 3).

Table 3. Probabilities of the trophic status of the Lake Baikal littoral zone by mean values Chl-a, TP
and transparency.

Parameter Huo Ho Hm He Mgt
Chl-a 0.27 0.62 0.11 0 0
P 0.11 0.64 0.24 0.01 0
Transparency 0.01 0.22 0.55 0.21 0.01

4. Conclusions

The results of the measurements showed that the time of the summer minimum of
nitrate and phosphate concentrations can be both in July and August, depending on the
hydrological and meteorological conditions of each year, and last until the end of September.
The value of oxygen saturation increases with the growth of Chl-a, biomass and phyto-
plankton abundance by July, but further during three months, when low concentrations of
nutrients limit the development of algae, the supply of dissolved oxygen by photosynthesis
decreases. Moreover, its consumption for the oxidation of organic matter increases, and
from mid-August the oxygen saturation gradually decreases to 75%. In summer, the lack of
both nitrogen and phosphorus limits the development of phytoplankton. It is shown that
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the inflow of water from the pelagial of the lake into the littoral zone during strong waves
has a short-term effect (no more than 1-2 days) on the content of oxygen and nutrients.

The results of assessments using various methods for determining the trophic status,
both by individual abiotic and biotic traits, and by combinations of indicators, as well as
using a probabilistic approach, showed that the littoral zone of Baikal in the study area
belongs to the oligotrophic type, with insignificant elements of mesotrophy. According to
the saprobity index, the purity of water corresponds to II and III quality classes, and the
state of the ecosystem is self-purification.
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