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Abstract: In the Crimean Peninsula, there are several hypersaline lakes that have hydromineral and
biological resources. However, they are under a significant anthropogenic load, which together with
the climate change leads to negative consequences for the ecosystems. The aim of the work was
to study the seasonal changes of physicochemical parameters of water (temperature, pH, oxygen
content, salinity, redox potential Eh, optical density and transparency) and Artemia population in Saki
Lake in 2022. For the daily fluctuations of temperature, O2, CH4 and CO2, a vertical temperature
profile measuring system was installed at the boundaries of the air, water and bottom at a depth
of 4 m and with a spatial discreteness of 0.2 m. The drive sensors for the content of gases assay in
the air were installed. The increase in salinity and Eh in summer was accompanied by an increase
in air and water temperature. Simultaneously, decreases in oxygen content and pH in brine have
been observed. Artemia cysts were found throughout the year, nauplii were mostly available during
spring and autumn, and the adults were shown in summer. The obtained results demonstrated the
seasonal fluctuations in the hypersaline ecosystem within the ongoing climate change, and they can
be used for the development of the optimal management of the mineral and biological resources of
such water bodies.

Keywords: salt lake; seasonal and daily fluctuations; Artemia; salinity; oxygen content; temperature;
pH; Eh; CH4; CO2

1. Introduction

Hypersaline lakes are drainless water bodies containing over 44% water and occupying
23% of all planet’s lakes area [1,2]. They are small and shallow ecosystems characterized by
changing water parameters and frequent drying. They are widespread around the world,
especially in arid and desert areas, where people have used wells for water supply.

Since ancient times, salt lakes were used for salt production, as a source for water
supply especially in regions of arid climate and low groundwater level, food provision,
climate regulation, avifauna support, tourism and landscape aesthetics [3]. Resources
of hypersaline lakes are actively used in the economy of various countries. Minerals
of the brine and sediments are utilized in the chemical industry, in balneology and for
producing cosmetics, pharmaceuticals, and spa materials. Sediments are very effective
for the treatment of many diseases, especially of bone and skin pathologies. A highly
distributed invertebrate species is a brine shrimp, Artemia salina, which is the main and
the most effective starting food for many aquacultural organisms [4,5]. Artemia plays an
important role in the regulation of hydromineral regime of salt lakes. As a filter-feeding
crustacean, it takes part in the transformation and utilization of diverse mineral and
organic matters supplying in these basins. It is the key link in the food chain and in the bio-
genic migration of elements, including xenobiotis. This concern makes salt lakes valuable
for humans.
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Many hypersaline lakes are located in the areas of high people activity, such as op-
erations of the agriculture, sand mining, production and processing of minerals and salt,
recreation, and tourism. Anthropogenic activity impacted salt lakes by many ways, firstly
chemical contamination of the water bodies, damage of their hydrological regime accompa-
nied with the constructions of the buildings on the shores, etc. This activity variably affects
these unique ecosystems and together with climate change leads to their salination, desali-
nation and degradation. Changes of hydromineral regime and ions composition of the brine
and sediments disturb the living conditions and relationships between aquatic organisms,
thus decreasing already low biodiversity [6]. In addition, various xenobiotics, such as heavy
metals, pesticides, synthetic surfactants, crude oil, PAH, etc., cause changes in the concen-
trations of natural native chemical composition, including biogens and minerals. Salt lakes
play a role in global biogeochemical cycles, because they accumulate and recycle nutrients
better than freshwater lakes [3,7]. Therefore, they can utilize great storage of nitrogen,
phosphorus and carbon, which migrate in biogenic cycles, where birds and invertebrates
take part. In this case, the anthropogenic activity notably modifies the ecological states of
the lakes, including physicochemical properties of their brine and sediments. It affects the
state of their biota, especially the microbial communities, phyto- and zooplankton. The
microbial consortium is the key component of the nutrients recycling, and its modification
disturbs the balance between different groups of microorganisms, including those involved
in the transformation of organic and inorganic matters, in particular, nitrogen, phosphorus
and carbon in biogeochemical cycles [8–10]. These processes together with climatic changes
result in extremely negative consequences for salt lakes, which have been already observed
worldwide, namely: their drying out, desalination and complete degradation [11]. In this
case, they cannot provide their ecosystem services, such as groundwater recharge, nutrient
recycling and biodiversity maintenance [12].

At present, anthropogenic processes influence natural biogeochemical cycles, because
often, nitrogen- phosphorus- and carbon-bearing chemicals are introduced into the en-
vironments. Sometimes, they contain the compounds disturbing the natural migration
and transformation of these elements in water bodies [10,13]. Climate change and the
modification of the key biogen elements cycles can adversely affect ecosystems and their
biota, resulting in changes in the concentrations of these compounds in aquatic ecosystems,
the physicochemical properties of the water and bottom sediments, and the structure and
composition of the aquatic life [14]. The consequences of these processes affect the water
quality and stimulate eutrophication, hypoxia and anoxia [15–17]. Because CO2 emissions
from fossil fuels and industry comprise ~90% of all CO2 emissions from anthropogenic
activities, these changes are widely accompanied to increased CO2, which contributes up
to 70% to the cause of global warming [18]. Methane CH4 is the other important green-
house gas, and its 100-year global warming potential is estimated as 28–34 times that of
CO2 [19,20]. It is responsible for a 0.5 ◦C of increase in the global average temperature
during 2010–2019 compared to 1850–1900, contributing to 16% of global warming [21].
Therefore, monitoring and controlling CO2 and CH4 emissions are the key to analyzing
and predicting the global greenhouse effect and global warming

In the environment, the peculiarities of the intensity of the processes of biogen migra-
tion and gas emission depend on season. In salt lakes, the variables of the brine parameters
are observed daily, which depend on temperature fluctuations, wind velocity and precipita-
tion. For the understanding the interactions between the lakes genesis and the dependence
of their hydromineral regime on meteorological and climatic conditions, it is important
to analyze the mechanisms and factors for the seasonal and daily changes of several hy-
drochemical characteristics and carbon-bearing gases in the lakes. For these purposes,
the usual hydrochemical methods are used. However, at present, the novel technique for
monitoring is developing, including the telemetric autonomous systems, which allows
obtaining information in the online regime [22,23].

There are 45 hypersaline lakes in Crimea peninsula [6,24]; their total surface area is
estimated as 52,000 ha. The depths of them do not exceed 3 m. Hypersaline lakes in Crimea
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were formed about 6500–7000 years ago, and many of them in ancient time were formerly
marine lagoons and estuaries. Their salinity and other physicochemical parameters vary
widely and depend on the genesis, hydrometeorological (climatic) factors, seasonal and
diurnal temperature fluctuations. The state of air, water, and bottom sediments at different
depths, the level of atmospheric precipitation, the velocity and direction of wind, etc.,
are determined by the geographical position, global climatic changes and anthropogenic
activities influence on the ecological status of these water bodies. Therefore, the study of
general and specific characteristics of salt lakes in different geographical regions provides
insight into effects of land–lake–sea interactions and offers an opportunity to predict further
transformation of these aquatic ecosystems as a result of these interactions [25].

The major aims of this study are the following:

1. To analyze the seasonal climate changes in the area of Saki Lake (Easter basin) in 2022;
2. To reveal the seasonal fluctuations of physicochemical parameters of brine;
3. To determine daily fluctuations of temperature and carbon-bearing gases in the differ-

ent layers of the lake water column;
4. To analyze seasonal dynamics of Artemia population.

2. Materials and Methods
2.1. Sampling Site

Saki Lake is one of the largest salt lakes in Crimea (Figures 1 and 2). It is well studied
due to its medical and economic significance. In ancient times, it was a bed of the draws
flooded by the sea waters. Its bottom sediments, which are the main balneological resources
of this water body, have formed for thousands of years under the influence of complex
factors: namely, hydrometeorological, hydrogeological, hydrochemical, and biological.
According the present data, the mineral resources of Saki Lake are estimated as several
billions tons.
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Figure 1. Location of Saki Lake.

The lake is 5.5 km long, its average width is 1.6 km, and the greatest one is 3 km;
the average depth is 0.6 m, and the greatest one is 1.52 m. Its elevation is 0.7 m a.s.l. The
quality of sediments in the bottom of the saline basin is differed: an upper layer contains
the black mud, gray, steel-gray, occasionally bluish silt, which is used for balneological
methods in therapy. Higher aquatic plants are found in the desalinated part of the lake, in
which ground waters enter and feed it together with atmospheric precipitation. The annual
average atmospheric precipitation is estimated as approximately 400 mm.
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Figure 2. Saki Lake.

Over two hundred years, the lake’s balneological resources and brine were used very
intensively by humans. The formation of peloids (medicinal sulfide-silt mud) in Saki Lake
occurs as a result of the deposition of organic matter with subsequent transformation by its
aquatic organisms, including the filter-feeding crustacean Artemia and microbial consortium.
Therefore, to protect the water body and keep its ecological regime, it was subdivided into
seven basins by artificial dams (Figure 3). Two of these bodies (Eastern basin and Western
basin) are used for medicinal sulfide-silt mud (peloids) and brine processing for medical
purposes, and the other five protect them by a special hydrotechnical system (FPHTS). The
Eastern basin with coordinates 45◦07′25.8” N, 33◦35′09.8” E is now exploited intensively;
for its stable functioning and ecosystem protection under intensive economical activities,
the FPHTS is used successfully. It contains the diversion dams, channels, pumping stations,
and division gates, which regulate the water flux from the sea and block the income of
the excess fresh water. FPHTS helps to regulate the salinity in the Eastern basin and
compensates the intense evaporation of water from brine in the hot season. For this,
sea water is supplied from the Kalamitsky Bay of the Black Sea by means of hydraulic
structures, resulting in the decrease in salt concentration in the brine. It was estimated that
to obtain the optimal salinity (150 g/L) in the Eastern basin, it needs to pump 500,000 m3

of marine water per year and remove 50,000 m3 of brine during the period of 3–4 years.
Because the marine barrier was under anthropogenic impact for a long time, at present,
it does not provide the natural process of water filtration from the sea to Saki Lake. In
addition, many buildings constructed on the shore of the lake, roads and new embankment
limit the natural inflow of marine water in the basins. Thus, the artificial regulation of the
hydrochemical regime with the FPHTS is performed successfully, which provides optimal
conditions for the development of biota. On the other hand, the geochemical function of the
lithosphere has little effect on the formation of bottom sediments. As a result, the natural
processes of peloids formation have reduced significantly in recent years [26].
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Therefore, Saki Lake is undergoing an intense anthropogenic impact, and there is a
need to evaluate the changes and influence of different factors, taking place there for the pur-
pose of development of the protection measures and the optimization of the management
of its resources.

2.2. Methods
2.2.1. Meteorological Characteristics

Internet resources [27] were used for the analysis of the meteorological characteristics
of the studied area near Saki Lake in 2022. The presence of precipitation, the average
monthly air temperature, the number of sunny days and days with precipitation, and
the quantity of the precipitation were analyzed. Irradiance was measured by a luxmeter
TKA-LUX (Russia), and the obtained results were converted to the fc. The air temperature
and humidity of each sampling day were assayed by a Temperature and Humidity Meter
CEM DT-321 (Russia).

Selayninov’s hydrothermic coefficient of humidification (HCH), characterizing the level
of humidity of the area, is widely used in agriculture for climate status and the determination
of the zones with different humidity [28]. It is estimated according to the equation:

K = R ∗ 10/Σt

where R is the sum of the precipitation in mm at the period with the air temperature > + 10 ◦C,
and Σt is the sum of the temperature values in ◦C at the same period.

According to the classification, which used the HCH, the areas are grouped as following:
High humidity zones (HCH > 1.3);
Medium humidity zones (1.0–1.3);
Arid (0.7–1.0);
Dry agriculture (0.5–0.7); and
Irrigation (<0.5) [2].

2.2.2. Hydrochemical Parameters

The seasonal hydrochemical parameters of the lake brine were analyzed with the meth-
ods described previously [29]. Water samples with a volume of 2 L each were taken monthly
during 2022 and examined (each in duplicate from sampling sites). The temperature of the
water in the lake was measured with an HANNA Instruments Check Temp-1 electronic
thermometer directly in the water body. The brine salinity was assayed with a PAL-06S
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LTA GO refractometer (Japan) and expressed in %. The pH value, the redox potential Eh,
and the concentration of dissolved oxygen in the brine were analyzed in the laboratory
with an Expert-001 analyzer (Econix-Expert Moexa Co., Ltd., Moscow, Russia). The optical
density at 525 nm (OD525) and transparency of the water at the same wavelength were
assayed in a photometer Expert-003 analyzer (Econix-Expert Moexa Co., Ltd., Russia).

2.2.3. Telemetry Measuring System

Based on the author’s technical developments of spatial distributed temperature
sensors [30], a telemetric autonomous system for monitoring of the vertical five-meter
temperature profile in air, water and soil environments with a spatial resolution of 20 cm
was created. To simultaneously monitor gas emissions near the water surface, methane and
carbon dioxide concentration sensors were installed in the system. In addition to recording
measuring information with a period of 10 s to the built-in memory module, telemetry
relay of data over the mobile Internet was provided.

The telemetry measuring system installed at the boundary of the mud peloid includes
a distributed temperature sensor (thermoprofilemeter), which is a sealed temperature-
sensitive cable with a diameter of 4 mm and a length of 4.8 m in a stainless steel protective
tube with a diameter of 8 mm. The thermoprofilemeter is installed vertically at the bound-
aries of the air–rap–soil sections to a depth of 3 m in mud deposits. The sensor consists
of 24 sections with a length of 20 cm each. The temperature measurement error in each
section is less than 0.1 ◦C. Changes of depth and border of level of the water surface have a
seasonal nature and fluctuate in the range of 0.5–1 m. As primary measuring instruments
of concentration of CO2 and methane in air, Winsen sensors were used: MH410D (0 ÷ 5%)
and MH440D (0 ÷ 5%). Telemetry registration and the display of data is provided using a
tablet computer, and measuring data are relayed via mobile communication. At the same
time, data are accumulated in a removable replaceable flash memory module that operates
independently of the computer system.

The primary installation location of the system was determined based on the technical
and organizational capabilities of the control system. A sampling site was chosen according
to the characteristic features of the composition and depth of bottom sediments on the
bridge near the standard hydrometeosite at the border of the mud peloid (Figure 4).
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2.2.4. Determination of Brine Shrimp Artemia and Its Population Dynamics

Samples for hydrobiological analysis were collected at the lake by a special planktonic
net with a working volume of 5 L. In the samples, various life stages of Artemia were
determined, and their numbers were counted under an MBS-10 binocular microscope
(indicators were expressed as spec./L).

Artemia cysts were collected monthly at the lake shore (Figure 5). Cysts were processed
according the general recommendations [29,31]; then, cysts were incubated in salinity of
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35‰ and temperature +25 ◦C for 48 h with periodic stirring. The cyst-hatching rate was
calculated as the ratio of the number of larvae hatched after 24 and 48 h to the total number
of cysts used for the incubation.
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2.3. Statistical Analysis

All measurements were conducted in triplicates, and their averages were calculated
and analyzed. Cyst hatching rate measurements were detected in triplicate for each sample,
and the results were presented as Mean ± SD. The graphs were made using the computer
program EXELL. Statistical correlations between studied hydrological parameters were
calculated by the least-squares method using software CURVFIT (Version 2.10-L).

3. Results
3.1. Seasonal Dynamics of Weather Characteristics near Saki Lake

The meteorological parameters near Saki Lake are shown in Figures 6 and 7 and
in Table 1, which demonstrate the analysis of studying characteristics during the period
of water and brine shrimp sampling in the lake. The weather conditions in the days of
sampling corresponded to the average ones for the test month (Table 1).
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Table 1. Characteristics of the meteorological parameters in the sampling period near Saki Lake in 2022.

Date

Air Temperature, ◦C
Sunrise

Intensity,
fc

Humidity,
%At the Day

of Sampling

The Average
of the Month
(Total/Day)

The Range
in the Month

(min/max)

January, 15 +1.3 +0.9/+1.1 −9/+12
February, 19 +6.2 +5.2/+8.3 −4/+3 2044.6 56.9

March, 19 +0.4 +2.6/+6.3 −9/+16 1171.0 59.4
April, 16 +12.2 +11.4/+15.6 +3/+26 4656.1 60.5
May, 17 +16.4 +14.9/+19.0 +5/+30 1356.9 64.5
June, 21 +26.6 +22.1/+28.2 +14/+35 5817.8 49.9
July, 20 +23.2 +21.6/+27.8 +15/+36 5288.1 60.6

August, 16 +26.4 +26.5/+32.5 +18/+37 938.7 68.2
September, 20 +23.6 +19.2/+24.0 +7/+32 4674.7 45.2

October, 18 +15.8 +13.7/+18.4 +3/+26 2193.3 67.6
November +18.1 +9.3/+13.4 +1/+20 250.9 63.5
December +7.6 +2.0/+9.5 0/+17 237.5 51.4

As can be seen from Table 1, the average monthly air temperature was increasing pro-
gressively during the warm season to reach its maximum in August (+32.5 ◦C). Generally,
the air temperature in the sampling days corresponded with the average values of the
month. Since September, it dropped. Air temperature varied significantly during the day
and night and each month; in some cases, it ranged from the negative to positive values.
There were several days with subzero air temperature in the winter period and in March,
and then, the average monthly air temperature became positive throughout 2022.

The highest sunrise intensity was observed in June and July; in other months, it varied
less, and the minimum was noted in December. The humidity ranged less also compared
with air temperature, and the low values were observed in June and September.

The number of days with precipitation was maximal in February, April and
December (9 days) (Figure 6), while in other months of 2022, they were estimated as
3–6, thus demonstrating a tendency toward the formation of sub-arid climate in the region,
because the level of the precipitation was very low (Figure 7). The highest value was
observed in April and December and the lowest one was determined in September. The
total volume of the precipitation at 2022 was estimated as 406 mm, which corresponds
with the characteristic feature of sub-arid zones. Additionally, the HCH was 0.75, which
characterizes the humidity in dry climate.
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3.2. Seasonal Dynamics of Some Hydrochemical Characteristics of Water in Saki Lake in 2022

The highest water temperature was observed in summer months, with the maximum
in June (Figure 8), and the lowest one was fixed in March (–0.5 ◦C). High correlation was
found between air temperature and water temperature in the lake (r = 0.93, p < 0.05). Water
salinity in the lake in 2022 varied from 204% to 273% (Figure 8).
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The oxygen content of the water also ranged from 6.68 mg/L in July to 9.65 mg/L in
February. No correlation was observed between salinity and oxygen concentration.

The values of pH and Eh varied to a lesser extent; the least Eh value (–37.1 mV) was
recorded in September, and the largest (–15.1 mV) was recorded in March. pH ranged
between 6.76 in March and 7.17 in September. High correlation was shown between these
parameters (r = 0.89, p < 0.05).

The OD525 dropped progressively from March to July; then it experienced a peak in
August, decreased again in September and elevated in October and November. The values
of transparency varied from 100.0% in June to 84.8% in March. The correlation between
them was r = 0.95 (p < 0.01). Therefore, hydrochemical characteristics in the water varied
during the studying period generally related to season.
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3.3. Telemetry Measurement Results in 2022

During semi-annual continuous measurements with a period of 1 times per 10 s, a
series of data was obtained, reflecting the dynamics of temperature changes in the vertical
mud layer up to 3 m as well as on the upper section of 1.8 m at the air–rap interfaces, taking
into account the variability of the level due to seasonal and weather fluctuations. A typical
three-day pattern of temperature distribution in isolines for the winter period is shown
in Figure 9.

Water 2023, 15, 456 10 of 22 
 

 

The oxygen content of the water also ranged from 6.68 mg/L in July to 9.65 mg/L in 
February. No correlation was observed between salinity and oxygen concentration. 

The values of pH and Eh varied to a lesser extent; the least Eh value (–37.1 mV) was 
recorded in September, and the largest (–15.1 mV) was recorded in March. pH ranged 
between 6.76 in March and 7.17 in September. High correlation was shown between these 
parameters (r = 0.89, p < 0.05). 

The OD525 dropped progressively from March to July; then it experienced a peak in 
August, decreased again in September and elevated in October and November. The 
values of transparency varied from 100.0% in June to 84.8% in March. The correlation 
between them was r = 0.95 (p < 0.01). Therefore, hydrochemical characteristics in the wa-
ter varied during the studying period generally related to season. 

3.3. Telemetry Measurement Results in 2022 
During semi-annual continuous measurements with a period of 1 times per 10 s, a 

series of data was obtained, reflecting the dynamics of temperature changes in the verti-
cal mud layer up to 3 m as well as on the upper section of 1.8 m at the air–rap interfaces, 
taking into account the variability of the level due to seasonal and weather fluctuations. 
A typical three-day pattern of temperature distribution in isolines for the winter period is 
shown in Figure 9. 

 
Figure 9. Typical pattern of vertical temperature distribution in isolines for winter period. 

The overall picture of seasonal dynamics over 200 days is shown in Figure 10. It is 
obvious that already at a depth of 1 m, an exceptional thermostatic environment was 
formed in mud deposits in a year-round temperature variation in the range from 12 to 16 
°C. This is a clear sign of the presence of internal continuous chemical processes and in-
dicates the need to study the biological composition of deep mud deposits. 

Figure 9. Typical pattern of vertical temperature distribution in isolines for winter period.

The overall picture of seasonal dynamics over 200 days is shown in Figure 10. It
is obvious that already at a depth of 1 m, an exceptional thermostatic environment was
formed in mud deposits in a year-round temperature variation in the range from 12 to
16 ◦C. This is a clear sign of the presence of internal continuous chemical processes and
indicates the need to study the biological composition of deep mud deposits.

The results of measurements of near-surface carbon dioxide and methane gas emis-
sions showed slight changes in the concentration and fluctuations of the first from 0.03 to
0.09% and the presence of emissions with increasing seasonal symptoms of the second from
0.0002 to 1% (Figures 11 and 12). Methane emission changed seasonally. CO2 concentration
fluctuated less, and both parameters were not correlated with the weather changes.
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3.4. Seasonal Variations of Brine Shrimp Artemia Population

In January and February, cysts were found in the water in high concentration and in
some places of the shore (Table 2). In March, the number of eggs was decreased progres-
sively; however, in April, it was higher as compared with March. The lowest amount of
eggs was observed in May, June and July. In September, the number of cysts increased
again and then decreased in October and November. The number of nauplia fluctuated
less, and they were not found in February, March, June, October, November and December,
as well as juveniles, which were shown in May, June and September in low concentrations.
The adults (female) were found since June to October at the concentration 1–2 specimen
per l. Therefore, in the period from April to September, all ontogenetic stages of the brine
shrimp were observed, and cysts were present in large amounts, while nauplia, juveniles
and adults were present in small one. Dead crustaceans were found in July and August,
and their number increased considerably in September. In October and November, no early
developmental stages of brine shrimp were shown in the water, while the inshore was
found to contain many dead organisms.

The samples of cysts which were collected on the shore were analyzed to determine
the hatching rate of nauplii (Figure 13). The highest hatching rate was indicated in January
and August (43.3% and 44.7%, respectively). In February–May, it varied between 18.3 and
22.8%; then, it decreased in the summer months: June and July (13.6% and 10.7%). In
August, the parameter elevated 4-folds; then, it progressively dropped in September and
October, and in November, it increased again. The obtained data demonstrate the different
quality of brine shrimp cysts in different periods of the annual cycle; this should be taken
into account when collecting them for aquaculture purposes.
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Table 2. Seasonal dynamics of the distribution and abundance of various ontogenetic stages of
brine shrimp in the water of Saki Lake (spec./L, given in parentheses are averages ± SD of three to
five determinations).

Month Cysts Nauplia Juveniles Adults
(Female)

January 294–5000 (2200 ± 714) 1–7 (4 ± 3) 0 0
February 500–1200 (867 ± 242) 0 0 0

March 45–157 (101 ± 67) 0 0 0
April 480–4000 (1525 ± 1261) 0–40 (20 ± 14) 0 0
May 1–4 (3 ± 2) 2–4 (3 ± 1) 1–3 (2 ± 0.6) 0
June 370–10,400 (5385 ± 193) 0 1 (1 ± 0) 1 (1 ± 0)
July 18–38 (28 ± 12) 1 (1 ± 0) 0 1–2 (2 ± 1)

August 2–40 (21 ± 18) 1–2 (2 ± 1) 0 0–1 (1 ± 0)
September 142–11,000 (5380 ± 3058) 1–20 (7 ± 4) 1 (1 ± 0) 0–2 (1± 0)

October 29–80 (54 ± 15) 0 0 1–2 (2 ± 1)
November 3–29 (13 ± 3) 0 0 0
December 120–460 (243 ± 157) 0 0 0
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4. Discussion

Salt lakes are unique and unusual water bodies, because many abiotic and biotic
parameters in the ecosystem can be changed due to environmental factors, namely air
and water temperature, concentration of oxygen, pH, Eh, and chemical composition, both
annually and daily. Climate change accompanied with global warming and unsustain-
able anthropogenic activities can affect salt lakes ecosystems [32–34] and disturb these
water bodies, especially at the case of drying [35–37]. At a global scale, the warming
that resulted from climate change influenced primary production, reducing the input of
nutrients into surface waters from mixing [38,39]. Therefore, it is able to indirectly impact
the physical, chemical and biological processes in the ecosystem and can decline or lose
ecosystem services, namely food provision, climate regulation, avifauna support, education
and landscape aesthetics [3]. These dramatic consequences are well known for the Aral
Sea [40], Lake Urmia [36] and some others [11]. Therefore, to understand the function-
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ing mechanisms of aquatic ecosystems and their adaptation to the extreme conditions in
zones with arid and semi-arid climate, the factors that govern the dynamics of water body
parameters are important for their protection and the management optimization of their
resources exploitation.

Salt lakes on the western coast of the Crimea peninsula are located in a sub-arid climate
zone, and their hydromineral regime is very changeable seasonally and daily, because it
depends on both climatic and anthropogenic factors. They provide important ecosystem
services such as groundwater recharge, nutrient recycling, biodiversity maintenance, and
food for birds, because invertebrates such as Artemia and Chironomidae larvae are favorable
diet for them. Many of the migratory shorebirds use Crimean salt lakes for nesting. Salt
lakes in the Crimean peninsula play a role in medical purposes because they are rich
in balneological resources. They perform important social functions: namely, aesthetic,
touristic, educational, visual, and water supply. Considering the fact that Crimean hyper-
saline lakes are located in the zone of high human activity, the data of the peculiarities of
physical, chemical and biological processes in them can have practical applications and
can be taken into account in the elaboration of the programs of the optimal management of
their resources, either mineral or biological.

To understand the annual cycle, the trends of the ecosystem functioning and the state
of its resources, we studied the relationships between the annual and daily dynamics of
meteorological characteristics near Saki Lake and the seasonal fluctuations of its hydro-
chemical and hydrobiological parameters in 2022. Moreover, taking into account that the
lake ecosystem takes part in the biogen migration of the carbon, we analyzed daily fluctua-
tions of the temperature in the water column and concentration of carbon gases such as CO2
and CH4, which play an important role in climate warming and aquatic ecosystems [41,42].

We found that a progressive rise in air temperature began near Saki Lake in April–May
with temperature reaching maximal values in the summer months (>+26 ◦C), after which the
temperature gradually decreased. Generally, the days of sampling demonstrated the similar
air temperature as average value in the month. We could note the wide range between the
temperature in the day and in night, which in some summer months and in September
differed by more than 20 ◦C. These fluctuations influenced the daily temperature of the lake
water. As compared with our previous data [43], the seasonal trends, characterizing the
increasing of the temperature in the spring–summer period and decreasing in the autumn,
were similar in 2017–2018 and in 2022. The lowest and the highest temperature were
recorded in January 2017 (−13.0 ◦C in January and +39.0 ◦C in August, correspondingly).
The annual precipitation in 2018 was 169.6 mm, which was less compared with the data in
2017 and in 2022. The precipitation was completely absent only in October 2017, while the
dry months in 2018 were May, July, and September. In 2022, we did not have complete dry
months at the area near Saki Lake.

The sunrise intensity fluctuated independently; however, the highest values were
shown in June and July, in clear weather. The humidity varied lower between 45.2% and
68.6%, and the data were independent of season. The number of days with precipitation
depended on the season: the lowest value of precipitation was in May and July (2 days),
while 3–7 days per month were in other months with the exception of February, April
and December, where they were estimated as 9 days. This situation correlated with the
HCH = 0.75 and the total level of precipitation (415 mm in the year), which corresponds
with the meteorological parameters of the sub-arid areas [3,44].

Saki Lake belongs to the group of coastal marine lakes; therefore, the fluctuations in
the meteorological parameters influence significantly on its hydrochemical characteristics.
The temperature of brine in the lake in 2022 progressively increased in the spring, reaching
maximum values in June–August (exceeding +25 ◦C). It was lower compared with the data
of 2017–2018 [43]. In autumn and winter, the temperature of brine decreased, and the values
were the similar to those in 2017–2018. The wind is another important hydrometeorological
factor affecting the state of the brine and biota, because it promotes the mixing of the waters
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and their vertical stratification, the overflow of marine water through the sand barrier into
the lake [45].

Additionally, the hydrometeorological situation in the lake area has also significantly
affected the hydrochemical parameters of its water. In winter and spring, the salinity
range varied insignificantly as 223–226%, increasing up to 248–273% in May–June and then
dropping to 204%. The decrease in the water salinity in the Eastern basin of Saki Lake
in June and July may be due to both atmospheric precipitation and flood. The seasonal
dependence of salinity fluctuations on precipitation was also observed in other hypersaline
lakes [46,47]. The interannual fluctuations of the brine salinity of the Saki Lake was shown
in 2017 and 2018 [43], when the precipitation was higher in 2018 than in 2017, which
influenced the lake salinity. On the other hand, salinity in the tested water body in 2022 was
greater compared with the previous years, and we could note the clear trend of salination
of the lake. There is a strong evaporation of water, which causes the decrease in water
level. This is the common tendency, which was noted for many salt lakes all over the world:
namely, Urmia Lake, Owens Lake, Aral Sea, and the Great Salt Lake in Utah, which have
been decreasing, breaking the balance, and resulting in the reduction in each lake’s water
level [2,11,36,37]. However, there is no correlation between water temperature and salinity.
The explanations of this can be connected with the fact that the lake is fed by ground waters,
which maintains the salinity at a certain level and feeds the water body even at a critically
high temperature, preventing it from fully drying up. The next reason is accompanied with
the entering of the marine water through the artificial channel (see Figure 3) for regulating
the salinity level in the Eastern basin of Saki Lake.

One of the most important elements in aquatic ecosystems is oxygen, because it is
necessary for biota, it takes part in many chemical reactions through oxidation, and reflects
a health of aquatic ecosystems [32]. The oxygen content in the brine also depended on
seasonal changes, when it decreased from March to May. In June, the oxygen concentration
increased again, which was connected with the precipitation and mixing of the water
layers; then, it decreased in July and progressively increased in autumn months. However,
the range of variability was very pronounced in 2017–2018 [43] as compared with 2022.
Hypersaline water bodies are characterized by vertical salinity and oxygen-concentration
gradients [48], and the decrease in O2 concentration in low water layers can provoke anoxia
and hypoxia. Therefore, a sharp decrease in the oxygen content in May both in 2022 and
2017–2018 may be associated with a decrease in the precipitation and low level of water
mixing as well as with the formation of stagnant water zones, where the processes of
decomposition of organic matter (dead organisms, microalgae, terrestrial plants, and etc.)
are actively occurring, which requires a large amount of oxygen. The oxygen concentration
in hot months was significantly lower than that in cold seasons, because the eutrophication
processes develop in the water body in the hottest summer months (June–August), after
which its concentration increased appreciably. Additionally, it was found that the dissolved
oxygen in the lake depends on the total dissolved solids and therefore, 90–73% of the
variance in dissolved O2 can be expressed by total dissolved solids [32].

Water pH and Eh are also important characteristics of the ecological state of aquatic
ecosystems, because they can significantly affect the vital processes in the lake and deter-
mine the living conditions for biota. The value of photosynthesis, respiration, and redox
processes in the aquatic ecosystem depend on Eh [49]. Eh is determined on the complex of
all oxidation and reduction reactions taking place in the water ecosystems. Water salinity,
Eh and pH in hypersaline lakes vary widely within days and within seasons, and they are
determined by either the concentrations of individual ions or the dominating buffer systems.
The proportions of ions composition can vary in the course of evaporation, resulting in a
shift in pH [50–52]. Water steadily decreased in 2022 from –19.4 mV in January to –37.5 mV
in September, after which it again increased. A stable decrease in pH in January–March and
then progressive increase in the summer–autumn season was consistent with a decrease
in the redox potential during the same period. Since the value of pH varied within a day,
the value of Eh also varied, depending on temperature as well. In this study, pH and Eh
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correlated (r = 0.89, p < 0.05). The main reason of this can be connected with the rapid phy-
toplankton development in lake water, and in the latter case, it is caused by an increase in
the amount of organic matter, because of the death of the brine shrimp and the cessation of
microalgae vegetation, which is in agreement with the data on the population dynamics of
the crustacean. Therefore, there was an increased destruction of organic substances, which
accumulated during this season due to dead organisms, microalgae, plants, etc.; we noted
such a tendency in our previous study in the Eastern basin of Saki Lake in 2017–2018 [43].

We found a high correlation (r = 0.95, p < 0.01) between OD525 and the transparency of
the water. The greatest OD525 was shown in March; then, the values were progressively
dropped to the minimum in July, increased in August and decreased in the autumn period
again. These dynamics were attributed to the high concentration of organic matter, which
in spring and summer months is utilized by microalgae and Artemia. However, upon
increasing the temperature to extreme levels in July and August, which is not suitable for
Artemia and microalgae, they died, and the concentration of the organic matter elevated.
In addition, human activities in coastal areas and water bodies have greatly impacted
the sources and biogeochemical behaviors of organic matter, including particulate and
dissolved ones. The changes of the organic matter flux influence the physical, chemical,
and biological processes in the lake, including their optical properties [53]. Therefore, the
parameters of OD525 and transparency are correlated each with other, with the biota state
and organic matter fluxes. Additionally, optical properties of the brine are an effective tool
for studying the source and dynamics of the organic matter in salt lakes in the year cycle.

Hydrogen sulfide, CO2, and CH4 are formed on the bottom due to the processes of
the decay and subsequent mineralization of microalgae, aquatic invertebrates and plants
residues, including those brought from land [32], and it requires monitoring these gases in
salt lakes statistically. Therefore, it is an important problem to create and develop the meth-
ods for real-time monitoring of water quality. Monitoring systems which allow evaluating
water quality in lakes in real time are required [23,54,55]. In addition, these monitoring
systems in salt lakes can obtain information of the peculiarities of peloids formation and
the factors that influence on these processes, as well as the carbon storage potential above
and below bottom, dead organisms, microbial activity, sources and fluctuations of organic
matter fluxes.

It is obvious that already at a depth of 1 m, an exceptional thermostatic environment
was formed in mud deposits in a year-round temperature variation in the range from
12◦ to 16 ◦C. This is a clear sign of the presence of internal continuous chemical processes
and indicates the need to study the biological composition of deep mud deposits. We can
propose that the fluctuations of the temperature depended on the microbial communities
activity, which was agreed with the data of the other authors [20,56,57], who postulated
the seasonal changes in microbial activity and organic matter concentration in the various
water bodies.

The initial analysis showed that methane and carbon dioxide emission activity in-
creased seasonally against the summer period, and there was no association with current
short-term weather conditions (temperature, illumination, precipitation and winds veloc-
ity). We could propose that these dynamics were accompanied with the fluctuations of
production and degradation of organic matter both due to chemical reactions and microbial
processes [58]. Taking into account that the inventories of organic matter are the most
important organic carbon pools in the ocean, which play a crucial role in the global carbon
cycle, thereby affecting climate change [59,60], it is interesting to know the role of coastal
waters, including bays, estuaries and coastal salt lakes in this process. In addition, it is
well known that inland waters are significant sites of global carbon cycling on the planet,
because they emit high quantities of the greenhouse gases, especially carbon dioxide (CO2)
and methane (CH4), to the atmosphere [61]. Therefore, to determine the possible local-
ization or distribution of methane and carbon dioxide concentration on the surface of the
estuary, additional studies are needed with the installation of a spatially distributed grid
of stations.
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Therefore, the obtained results have shown the common tendencies of seasonal fluc-
tuation in salt lake ecosystem function. The researchers from various geographical regions
also demonstrated the interannual and seasonal fluctuations of salt water bodies and their
influence on both natural and anthropogenic factors. It was shown that salt lakes in specific
environment of the Tibetan Plateau are more inclined to geological factors. The geological
process is manifested by a series of extensional faults at the bottom of the lake basin gener-
ated from tectonic activities, providing fluid infiltration channels and inducing the eventual
leakage of lake water to the lower strata [62]. A seasonal variability of organic matter was
observed regarding distributions of microphytoplankton and photosynthetic pigments as well
as oxygen and salinity changes along the depth profile in Rogonoiza Salt lake (Croatia). The
dissolved oxygen saturation reached up to 300% in May and June, which was correlated with
enhanced concentrations of phytoplankton biomass (reflected as chl a and b, fucoxanthin,
peridinin, zeaxanthin) and increased concentrations of organic matter [63], which agree with
our data. The researchers demonstrated that the total area of the four lakes in China had
increased by 18% in the past 30 years due to climate change, using the meteorological data
from 28 meteorological stations in the basin. They noted the fluctuations of lake annual
evaporation level: it slightly increased from 1989 to 1995, which was followed by a sharp
decrease from 1995 to 2018. From 1989 to 2018, the annual evaporation in the basin ranged
between 615.37 and 921.66 mm, with a mean of 769.73 mm. The increase in precipitation
and the decrease in the annual lake evaporation promote the expansion of the four lakes,
and they postulated that lake evaporation is the main factor inducing changes in the lake
areas [64]. For the analysis of drought spells of Urmia lake, the authors used mean monthly
temperature and precipitation data for analysis for the period 1964–2005, and they found
how fluctuations in the lake level are attributable to natural drought. The results indicated
that mean precipitation has decreased by 9.2%, and the average maximum temperature has
increased by 0.8 ◦C over these four decades. The seasonal changes are particularly visible in
winter and spring [65], which also agree with our data. The seasonal abundance of 78 other
aquatic species was investigated in Turkey, and it was observed that spring and fall seasonal
eutrophication, as a consequence of canal construction and suspected warming due to climate
change, has caused changes in Chlorophyll-a, dissolved oxygen, biological oxygen demand
levels and the grazing habits of aquatic species [66]. Therefore, the comparative study of the
seasonal and interannual fluctuations of various salt lakes all over the world demonstrated the
similar mechanisms of the influence of both the warming climate and anthropogenic impact
on the lake’s chemical regimes [67].

At present, the influence of climate change is having short and long-term impacts
on surface and groundwater all over the world, resulting in the range of their salinity in
different parts of the geographical regions. For instance, a geochemical analysis of water
resources in several areas of Africa showed the differences between the northern part,
which was characterized by low mineralized groundwater (salinity ranging 0.4–3 g/L) and
the southern area where the salinity ranges from 2.5 to 90 g/L. [68,69]. The researchers
demonstrated a multitude of immediate and long-term climate changes impacts on water
resources in Arab countries, such as flooding, drought, sea-level rise in estuaries, drying
up of rivers, poor water quality in surface and groundwater systems, precipitation and
water vapor pattern distortions, and snow and land ice bad distribution. These events and
their combination have devastating impacts on aquatic ecosystems and organisms, ranging
from economic and social impacts to health and food insecurity, all of which threaten the
existence of many regions in Arab countries [70]. Because the salinity hazard of water
bodies and agricultural land especially in semi-arid and arid regions remains one of the
most serious environmental problems, further studies of it are required using the new
methods of monitoring [71].

The biota of salt lakes, in spite of its poor biodiversity, have an active part in the transfor-
mation of organic matter in the ecosystem. Branchiopod Artemia sp., benthic larvae of Chirono-
midae mosquitoes, halophilic microorganisms, namely microalgae diatoms, and halobacteria
form a powerful consortium on the bottom, which takes part in the biogenic transformation of
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organic matter and minerals. The community structure, the abundance and the functioning of
these organisms determine the balance of production/destruction processes of organic matter
and biotransformation elements in the ecosystem. The filter-feeding brine shrimp Artemia is
the dominant species in hypersaline lakes. The changes in its population reflect the dynamics
of processes in the ecosystem together with the hydrometeorological factors [72]. Therefore,
studying the seasonal fluctuations of the number and composition of Artemia population in
salt lakes is of importance for understanding ecosystem health, functioning, in particular,
under environmental changes, climate warming and anthropogenic impact. Changes in the
lake conditions influenced the dynamics of Artemia population, which significantly varied
during the year. Other authors have postulated that interannual natural fluctuations in the
population of crustaceans depend on the water mineral composition of the lake [28], climate
changes and other physical and chemical conditions [73].

Seasonal fluctuations in the water are the main factors impacting the life cycle of Artemia
in Saki Lake. The dominant factor is brine temperature, depending on the season, which
determines the abundance dynamics of different life stages of brine shrimp. The first nauplii
appeared in February–March, when the brine temperature was approaching +6 ◦C. The most
intensive development of the brine shrimp population, including all life stages, was shown
in May—September, when the water in the lake was estimated as +18◦ . . . +28 ◦C. At this
period, in the ecosystem, favorable feeding conditions were formed for Artemia as a result of
the intensive development of phytoplankton and the high concentration of suspended and
dissolved organic matter. In Saki Lake, Artemia produces from two to four generations per
year. However, changes in the ionic composition of brine, accompanied by an increase in
mineralization up to 200 g/L and higher, may also be limiting factors for its reproduction
and further development. A decrease in oxygen concentration, the resulting eutrophication,
and the formation of the hypoxic and even anoxic zones in the lake contribute to the death of
brine shrimp. In hot summer months and at the beginning of the autumn, when the air and
water temperature is very high, we observed a large number of dead organisms at different
life stages in the shore of the water body as a result of this unfavorable situation in the lake.
However, before the death, Artemia produces cysts, whose number increases significantly
during this period both in the water column and along the shores of the lake. The cyst deposits
along the shore depend on the movement of the wind, its velocity and speed.

The hatching rate of cysts, which were collected along the shores, may vary signifi-
cantly in different seasons and years. Our data demonstrated that the hatching rate was
higher for cysts collected in January 2022; however, it decreased gradually in late spring
and summer until July. In August, the hatching rate increased, and in autumn, this pa-
rameter dropped and then elevated in November again. A decrease in the water salinity
in spring caused snow melting and precipitation, which leads to the irreversible hydra-
tion of cysts and stimulates embryogenesis, but the subsequent development of larvae
is impossible at unfavorable conditions, namely low temperatures and lack of sufficient
food supply [74–76]. This is the main reason for the sharp decrease in the hatching rate
of cysts collected in February–July. Further development of nauplii hatched from such
cysts occurred when a sufficient fodder base and the favorable hydrochemical conditions
(oxygen content, pH, temperature, and salinity) were formed [31,43]. These conditions
were settled in the ecosystem of the Eastern basin of Saki Lake in the autumn of 2022, and
we observed all living stages of Artemia. These data may be useful for optimizing the period
of commercial collection of Artemia cysts in Saki Lake for aquaculture purposes.

Therefore, in our study, we evidenced that the increase in air temperature in summer,
low level or complete absence of precipitation and strong evaporation are the most important
factors which determine the ecological state and health of Saki Lake. Climate and weather
changes lead to an increase in water temperature, salinity, a decrease in its oxygen content, and
a change in water pH, Eh, optical density, transparency, and CO2 and CH4 production. The
combination of these parameters influences biota functioning as well as physical and chemical
processes in the lake, which should be taken into account in the case of artificial regulation of
the hydromineral regime of the lake ecosystem. Therefore, the obtained results demonstrated
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the dynamics of changes in the ecological status of the hypersaline Saki Lake, which reflect
the ecosystem transformation under fluctuations of climatic conditions and possibilities of its
restoration to normal functioning under sustainable management.

5. Conclusions

The present study shows clear seasonal fluctuations of the ecological situation of
hypersaline Saki Lake, which resulted in changes in the hydrochemical and hydrobiological
characteristics of the water. During the hot period, the decrease in the water level caused
strong evaporation and increased salinity to more than 200 g/L: the living conditions for
biota and peloids formation are not favorable. In this case, the natural processes of microbial
activity, destruction of organic matter, biogenic migration and transformation of minerals
and nutrients, production of carbon gases CO2 and CH4, carbon utilization and deposit in
the peloids are disturbed. The reproduction and development of the main component of
biota filter-feeding crustacean Artemia is stopped, and the majority of brine shrimps are
dead. All these processes have a negative influence on the functioning of the ecosystem, and
in this extreme situation, it cannot perform its functions, including the ecosystem services
for human activity. Therefore, it is necessary to maintain the lake’s mineralization of about
150 g/L in order to prevent inhibition of the Artemia populations and the consortium of
other aquatic organisms and peloids formation. For this purpose, the special hydrotechnical
system (FPHTS) is successfully used in Saki Lake, which regulates the hydrochemical and
hydrological regime of Saki Lake and prevents its ecosystem and especially biota against
the influence of extreme natural factors. Thus, the artificial regulation of the hydromineral
balance of the Eastern basin of Saki Lake, bearing in mind the effect of meteorological
factors, provides favorable living conditions for biota, including Artemia population. This is
a good example of the positive effect of anthropogenic activity for the protection of the salt
water body against extreme natural climatic impact, especially in arid and sub-arid areas.

The results obtained in this study may be helpful for developing the further optimiza-
tion of Saki Lake and its resources management as well as other saline lakes. However, to
understand the processes in Saki Lake and improve the management of its resources, the
following data are required:

• To obtain continuous time series for the water quality parameters (historical data),
inflows, outflows, ground waters, and meteorological parameters during the long time
period in order to develop a water quality model;

• To provide a statistically proven and robust technique capable of selecting the environ-
mental variables that most impact greenhouse gases in salt lakes;

• To receive information on the variability of salt concentrations with different kinds
of ions, which are changed annually, seasonally and even daily. For this purpose, the
monitoring systems in real time are required.

Author Contributions: Conceptualization, I.I.R. and P.V.G.; Formal analysis, O.V.S., V.G.S. and P.V.G.;
Methodology, I.I.R. and P.V.G.; Writing—original draft, review and editing, I.I.R. and P.V.G. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the research theme of the State Task of the Marine Hydrophys-
ical Institute of the Russian Academy of Sciences No. 0555-2021-0004, Fundamental Research of
Oceanological Processes that Determine the State and Evolution of the Marine Environments under
the Influence of Natural and Anthropogenic Factors, Based on Observation and Modeling Methods
(code Oceanological processes).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Water 2023, 15, 456 20 of 22

Acknowledgments: Special thanks are given to the colleagues from the Crimean Hydrogeological
Regime and Operation Station, Saki, Republic of Crimea, who provided support with the sample
collection and telemetric system installation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jellison, R.; Williams, W.D.B.; Timms, B.; Aladin, N.V. Salt lakes: Values, threats, and future. In Aquatic Ecosystems: Trends and

Global Prospects; Cambridge University Press: Cambridge, UK, 2008; pp. 94–110.
2. Wurtsbaugh, W.A.; Miller, C.; Null, S.E.; DeRose, R.J.; Wilcock, P.; Hahnenberger, F.; Howe, M.; Moore, J. Decline of the world

saline lakes. Nat. Geosci. 2017, 10, 816–821. [CrossRef]
3. Ioannidou, I.; Manolaki, P.; Litskas, V.D.; Vogiatzakis, I.N. Temporary Salt Lakes: Ecosystem Services Shift in a Ramsar Site Over

a 50-Year Period. Front. Ecol. Evol. 2021, 9, 662107. [CrossRef]
4. Wooldridge, J.B.; Adams, K.M.; Fernandes, M. Biotic responses to extreme hypersalinity in an arid zone estuary. S. Afr. J. Bot.

2016, 107, 160–169. [CrossRef]
5. Shadkam, F.; Ludwig, T.H.; van Vliet, A.; Pastor, G.; Kabat, P. Preserving the world second largest hypersaline lake under future

irrigation and climate change. Sci. Total Environ. 2016, 559, 317–325. [CrossRef]
6. Gulov, O.A. Ecocyde of Crimean Salt Lakes. In Lema, Theory and Practice of Recovery of Internal Lakes; Lema: St. Petersburg, Russia,

2007; pp. 60–78. (In Russian)
7. Blomqvist, S.; Gunnars, A.; Elmgren, R. Why the limiting nutrient differs between temperate coastal seas and freshwater lakes: A

matter of salt. Limnol. Oceanog. 2004, 49, 2236–2241. [CrossRef]
8. Chapra, S.C.; Dove, A.; Warren, G.T.J. Long-Term trends of Great Lakes Major ion chemistry. J. Great Lakes Res. 2012, 38, 550–560.

[CrossRef]
9. Lazar, V.; Iordache, C.; Ditu, L.M.; Holban, A.; Gheorghe, I.; Marinescu, F.; Ilie, M.A.; Ivanov, A.; Dobre, D.; Chifiriuc, M.

Physico-chemical and microbiological assessment of organic pollution in Play Salty lakes from protected regions. J. Environ.
Protect. 2017, 8, 1474–1489. [CrossRef]

10. Zhang, Y.; Chang, F.; Zhang, X.; Li, D.; Liu, Q.; Liu, F.; Zhang, H. Release of Endogenous Nutrients Drives the Transformation of
Nitrogen and Phosphorous in the Shallow Plateau of Lake Jian in Southwestern China. Water 2022, 14, 2624. [CrossRef]

11. Tusupova, K.; Peder Hjorth, A.; Morave, M. Drying lakes: A review on the applied restoration strategies and health conditions in
contiguous areas. Water 2020, 12, 749. [CrossRef]

12. Williams, W.D. Environmental threats to salt lakes and the likely status of inland saline ecosystems in 2025. Environ. Conservat.
2002, 29, 154–167. [CrossRef]

13. Moiseenko, T.I. Evolution of biogeochemical cycles under anthropogenic loads: Limits impacts. Geochem. Int. 2017, 55, 841–860.
[CrossRef]

14. Wang, J.; Zheng, J.; Tang, X.; Wang, Z.; Wu, J. A pilot–scale forward osmosis membrane system for concentrating low-strength
municipal wastewater: Performance and implications. Sci. Rep. 2016, 6, 21653. [CrossRef] [PubMed]

15. Liu, H.; Chen, Z.; Guan, Y.; Xu, S. Role and application of iron in water treatment for nitrogen removal: A review. Chemosphere
2018, 204, 51–62. [CrossRef] [PubMed]

16. Huang, J.; Xu, C.-C.; Ridoutt, B.G.; Wang, X.-C.; Ren, P.-A. Nitrogen and phosphorus losses and eu-trophication potential
associated with fertilizer application to cropland in China. J. Clean. Prod. 2017, 159, 171–179. [CrossRef]

17. Bamba, D.; Coulibaly, M.; Robert, D. Nitrogen–containing organic compounds: Origins, toxicity and conditions of their photocat-
alytic mineralization over TiO2. Sci. Total Environ. 2017, 580, 1489–1504. [CrossRef]

18. Jackson, R.B.; Le Quere, C.; Andrew, R.M.; Canadell, J.G.; Peters, G.P.; Roy, J.; Wu, L. Warning signs for stabilizing global CO2
emissions. Environ. Res. Lett. 2017, 12, 110202. [CrossRef]

19. Dean, J.F.; Middelburg, J.J.; Röckmann, T.; Aerts, R.; Blauw, L.G.; Egger, M.; Jetten, M.M.S.; de Jong, A.E.E.; Meisel, O.H.; Rasigraf,
O.; et al. Methane Feedbacks to the Global Climate System in a Warmer World. Rev. Geophysics 2018, 56, 207–250. [CrossRef]

20. Wei, H.; Wang, M.; Ya, M.; Xu, C. The denitrifying anaerobic methane oxidation process and microorganisms in the environments:
A review. Front. Mar. Sci. 2022, 9, 1038400. [CrossRef]

21. IPCC. Summary for Policymakers. In IPCC: Climate Change 2021: The Physical Science Basis; Contribution of Working Group I to
the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Masson, D., Arias, P., Bellouin, N., Coppola, E.,
Jones, R., Krinner, G., Marotzke, J., Naik, V., Palmer, M., Plattner, G., et al., Eds.; Cambridge University Press: Cambridge, UK;
New York, NY, USA, 2021; pp. 3–32.

22. Ge, Y.; Chen, J.; Zhang, P.; Cao, C.; Le, X.; Ai, J.; Zhou, P.; Liang, T. A novel technique for seabed strata deformation in situ
monitoring. Front. Mar. Sci. 2022, 9, 987319. [CrossRef]

23. Wang, S.; Mu, L.; Qin, H.; Wang, L.; Yao, Z.; Zhao, E. The utilization of physically based models and GIS techniques for
comprehensive risk assessment of storm surge: A case study of Huizhou. Front. Mar. Sci. 2022, 9, 939380. [CrossRef]

24. Ponizovsky, A.M. Salt Resources of Crimea; Crimea: Simferopol, Russia, 1965; 164p. (In Russian)
25. Moiseenko, T.I.; Gashkina, N.A. Formation of Chemical Composition of Lacustrine Waters under Environmental Changes. Nauka:

Moscow, Nauka, 2010; 267p. (In Russian)

http://doi.org/10.1038/ngeo3052
http://doi.org/10.3389/fevo.2021.662107
http://doi.org/10.1016/j.sajb.2016.05.004
http://doi.org/10.1016/j.scitotenv.2016.03.190
http://doi.org/10.4319/lo.2004.49.6.2236
http://doi.org/10.1016/j.jglr.2012.06.010
http://doi.org/10.4236/jep.2017.812091
http://doi.org/10.3390/w14172624
http://doi.org/10.3390/w12030749
http://doi.org/10.1017/S0376892902000103
http://doi.org/10.1134/S0016702917100081
http://doi.org/10.1038/srep21653
http://www.ncbi.nlm.nih.gov/pubmed/26898640
http://doi.org/10.1016/j.chemosphere.2018.04.019
http://www.ncbi.nlm.nih.gov/pubmed/29653322
http://doi.org/10.1016/j.jclepro.2017.05.008
http://doi.org/10.1016/j.scitotenv.2016.12.130
http://doi.org/10.1088/1748-9326/aa9662
http://doi.org/10.1002/2017RG000559
http://doi.org/10.3389/fmars.2022.1038400
http://doi.org/10.3389/fmars.2022.987319
http://doi.org/10.3389/fmars.2022.939380


Water 2023, 15, 456 21 of 22

26. Chaban, V.V. Influence of the anthropogenic changes of geological environment on the ecological state of the salt Saki Lake. Proc.
Dnepropetr. Natl. Univ. Ser. Geol. Geogr. 2013, 2, 77–84. (In Russian)

27. Available online: https://nuipogoda.ru/ (accessed on 17 November 2022).
28. Litvinenko, L.I.; Litvinenko, A.I.; Boiko, E.G.; Kutcanov, K.V.; Gerasimov, A.G.; Razova, L.F. Influence of the climate change the

western Sibiria lakes. Fisheries, Moscow. TSUREN 2018, 6, 52–59. (In Russian)
29. Rudneva, I.I.; Shaida, V.G.; Scherba, A.V.; Zav’yalov, A.V. Influence of climatic factors on interan-nual and seasonal dynamics of

the environmental state of the salt lake Adzhi-Baichi (Crimea). Arid Ecosyst. 2021, 11, 436–442. [CrossRef]
30. Gaisky, V.A.; Gaisky, P.V. Distributed thermoprofilometers and their capabilities in oceanographic investigations. Phys. Oceanogr.

2001, 11, 543–577. [CrossRef]
31. Van Stappen, G. Use of cysts. In Manual on the Production and Use of Live Food for Aquaculture; FAO Fisheries Technical Paper, 361;

Lavens, P., Sorgeloos, P., Eds.; FAO: Geneva, Switzerland, 1996; pp. 102–123.
32. Hussein, A.M.; Al-Zubaidi, A.; Naje, A.S.; Al-Ridah, Z.A.; Chabuck, A.; Ali, I.M. A Statistical Technique for Modelling Dissolved

Oxygen in Salt Lakes. Cogent Eng. 2021, 8, 1875533.
33. Tweed, S.; Grace, M.; Leblanc, M.; Cartwright, I.; Smithyman, D. The individual response of saline lakes to a severe drought. Sci.

Total Environ. 2011, 409, 3919–3933. [CrossRef] [PubMed]
34. Khoshnood, S.; Lotfata, A.; Sharifi, A. Unsustainable Anthropogenic Activities: A Paired Watershed Approach of Lake Urmia

(Iran) and Lake Van (Turkey). Remote Sens. 2022, 14, 5269. [CrossRef]
35. Obianyo, J.I. Effect of salinity on evaporation and the water cycle. Emerg. Sci. J. 2019, 3, 255–262. [CrossRef]
36. Mojtahedi, A.; Dadashzadeh, M.; Azizkhani, M.; Mohammadian, A.; Almasi, R. Assessing climate and human activity effects

on lake characteristics using spatio temporal satellite data and an emotional neural network. Environ. Earth Sci. 2022, 81, 61.
[CrossRef]

37. Irwandi, H.; Rosid, M.S.; Mart, T. The effects of ENSO, climate change and human ctivities on the water level of Lake Toba,
Indonesia: A critical literature review. Geosci. Lett. 2021, 8, 21. [CrossRef]

38. Patti, B.; Fiorenti, F.; Fortibuoni, T.; Somarakis, S.; García-Lafuente, J. Editorial: Impacts of envi-ronmental variability related to
climate change on biological resources in the Mediterranean. Front. Mar. Sci. 2022, 9, 1059424. [CrossRef]

39. Ali, M.F.; Salman, A.H.; Guda, M.A.; Abojassim, A.A.; Almayabi, B. The hydro climatic effects of the thermal pollution on surface
waters in Iraq and its biological effects. Prensa Med. Argent. 2020, 106, 189–196. [CrossRef]

40. Plotnikov, I.; Smurov, A.; Aladin, N. Large saline lakes of Central Asia. J. Arid. Land Stud. 2021, 31, 29–44.
41. Tokoro, T.; Kuwae, T. Airwater CO2 and water-sediment O2 exchanges over a tidal flat in Tokyo Bay. Front. Mar. Sci. 2022,

9, 989270. [CrossRef]
42. Souza, R.B.; Copertino, M.S.; Fisch, G.; Santini, M.F.; Pinaya, W.H.D.; Furlan, F.M.; Alves, R.C.M.; Möller, O.O.; Pezzi, L.P. Salt

marsh atmosphere CO2 exchanges in Patos Lagoon Estuary, Southern Brazil. Front. Mar. Sci. 2022, 9, 892857. [CrossRef]
43. Rudneva, I.I.; Chaban, V.V.; Golub, M.A.; Shaida, V.G.; Scherba, A.V. Influence of hydrometeoro-logical factors on the ecological

state of the hypersaline lake Saki (Crimea) in 2017–2018. Ecosyst. Transform. 2020, 3, 34–47. [CrossRef]
44. Ezhov, V.V.; Tarasenko, D.N. Secrets of Crimean Health; Biznes-Inform: Simferopol, Russia, 2002.
45. Hetzel, Y.; Pattiaratchi, C.; Lowe, R.; Hofmeister, R. Wind and tidal mixing controls on stratification and dense water outflows in

a large hypersaline bay. J. Geophys. Res. Ocean. 2015, 120, 6034–6056. [CrossRef]
46. Geldenhuys, C.; Cotiyane, P.; Rajkaran, A. Understanding the creek dynamics and environmental characteristics that determine

the distribution of mangrove and saltmarsh communities at Nahoon Estuary. S. Afr. J. Bot. 2016, 107, 137–147. [CrossRef]
47. Mitchell, S.; Boateng, I.; Couceiro, F. Influence of flushing and other characteristics of coastal lagoons using data from Ghana.

Ocean. Coast. Manag. 2017, 143, 26–37. [CrossRef]
48. Aladin, N.V.; Plotnikov, I.S. The concept of relativity and multiplicity of salinity zones and the form of hydrosphere. Tr. Zool. Inst.

Ross. Akad. Nauk. 2013, 3, 7–21.
49. Hargrave, B.T.; Holmer, M.; Newcombe, C.P. Towards a classification of organic enrichment in marine sediments based on

biochemical indicators. Mar. Pollut. Bull. 2008, 56, 810–824. [CrossRef]
50. Golan, R.; Gavrieli, I.; Ganor, J.; Lazarc, B. Controls on the pH of hyper-saline lakes—A lesson from the Dead Sea, Earth Planet.

Sci. Lett. 2016, 434, 289–297.
51. Li, L.; Song, W.; Deng, C.; Zhang, D.; Ezzati, A.N.; Madzalan, A.; Misman, D.; Nordin, I.N.A.M.; Misned, F.A.; Mortuza, M.G.;

et al. Effects of pH and salinity on adsorption of hypersaline photosynthetic microbial mat exopolymers to goethite: A study
using a quartz crystal microbalance and fluorescence spectroscopy. Geomicrobiol. J. 2016, 33, 332–337. [CrossRef]

52. Sirota, I.; Arnon, A.; Lensky, N.G. Seasonal variations of halite saturation in the Dead Sea. Water Resour. Res. 2016, 52, 7151–7162.
[CrossRef]

53. Lu, X.; Lao, Q.; Chen, F.; Zhou, X.; Chen, C.; Zhu, Q. Assessing the sources and dynamics of organic matter in a high human
impact bay in the northern Beibu Gulf: Insights from stable isotopes and optical properties. Front. Mar. Sci. 2022, 9, 1043278.
[CrossRef]

54. Madzalan, N.E.A.; Misman, D.; Nordin, I.N.A.M. Real Time Water Quality Monitoring in Lakes with IOT Application. Prog. Eng.
Appl. Technol. 2022, 3, 549–558.

55. Wang, Z.; Luo, P.; Zha, X.; Xu, C.; Kang, S.; Zhou, M.; Nover, D.; Wang, Y. Overview assessment of risk evaluation and treatment
technologies for heavy metal pollution of water and soil. J. Clean. Prod. 2022, 379, 134043. [CrossRef]

https://nuipogoda.ru/
http://doi.org/10.1134/S2079096121040168
http://doi.org/10.1007/BF02509846
http://doi.org/10.1016/j.scitotenv.2011.06.023
http://www.ncbi.nlm.nih.gov/pubmed/21752428
http://doi.org/10.3390/rs14205269
http://doi.org/10.28991/esj-2019-01188
http://doi.org/10.1007/s12665-022-10185-3
http://doi.org/10.1186/s40562-021-00191-x
http://doi.org/10.3389/fmars.2022.1059424
http://doi.org/10.47275/0032-745X-189
http://doi.org/10.3389/fmars.2022.989270
http://doi.org/10.3389/fmars.2022.892857
http://doi.org/10.23859/estr-200408
http://doi.org/10.1002/2015JC010733
http://doi.org/10.1016/j.sajb.2016.04.013
http://doi.org/10.1016/j.ocecoaman.2016.10.002
http://doi.org/10.1016/j.marpolbul.2008.02.006
http://doi.org/10.1080/01490451.2015.1052120
http://doi.org/10.1002/2016WR018974
http://doi.org/10.3389/fmars.2022.1043278
http://doi.org/10.1016/j.jclepro.2022.134043


Water 2023, 15, 456 22 of 22

56. Jo, N.; Youn, S.-H.; Joo, H.; Jang, H.K.; Kim, Y.; Park, S.; Kim, J.; Kim, K.; Kang, J.J.; Lee, S.H. Seasonal variations in biochemical
(biomolecular and amino acid) compositions and protein quality of particulate organic matter in the Southwestern East Japan Sea.
Front. Mar. Sci. 2022, 9, 979137. [CrossRef]

57. Pepenel, I.; Cracium, N.; Jujea, V.; Florea, A.S.; Pop, C.E.; Stoian, G. Biochemical parameters of salt sapropelic sludge from Buzau
County protected area, with different degrees of microbiological attrition. Sci. Ann. Danub. Delta Inst. 2020, 25, 101–111.

58. Mostofa, K.M.G.; Sakugawa, H.; Yuan, J.; Liu, C.-Q.; Senesi, N.; Mohinuzzaman, M.; Liu, Y.; Yang, X.; Vione, D.; Li, S.-L.
Continuous productiondegradation of dissolved organic matter provides signals of biogeochemical processes from terrestrial to
marine end-members. Front. Mar. Sci. 2022, 9, 1044135. [CrossRef]

59. Ye, F.; Guo, W.; Shi, Z.; Jia, G.; Wei, G. Seasonal dynamics of particulate organic matter and its response to flooding in the pearl
river estuary, China, revealed by stable isotope (d13C and d15N) analyses. J. Geophys. Res. Ocean 2017, 122, 6835–6856. [CrossRef]

60. Zhu, W.Z.; Zhang, H.H.; Zhang, J.; Yang, G.P. Seasonal variation in chromophoric dissolved organic matter and relationships
among fluorescent components, absorption coefficients and dissolved organic carbon in the Bohai Sea, the Yellow Sea and the
East China Sea. J. Mar. Syst. 2018, 180, 9–23. [CrossRef]

61. Brothers, S. Aquatic Carbon Dynamics in a Time of Global Change Aquatic Carbon Dynamics in a Time of Global Change. Water
2022, 14, 3927. [CrossRef]

62. Sun, A.; Yang, Q.; Liub, Q.Z.; Chen, H.; Han, L.; Liang, S.M.; Meng, Y.; Bian, Y.; Yang, Y. Distribution of wetlands and salt lakes in
the Yadong region of Tibet based on remote sensing and their geo-climatic environmental changes. China Geol. 2022, 5, 637–648.
[CrossRef]

63. Cuosovic, B.; Cigleneckia, I.; Vilicic, D.; Ahela, M. Distribution and Seasonal Variability of Organic Matter in a Small Eutrophicated
Salt Lake. Estuar. Coast. Shelf Sci. 2000, 51, 705–715. [CrossRef]

64. Hu, Z.; Tan, D.; Wen, X.; Chen, B.; Shen, D. Investigation of dynamic lake changes in Zhuonai Lake—Salt Lake Basin, Hoh Xil,
using remote sensing images in response to climate change (1989–2018). J. Water Clim. Change 2021, 12, 2199–2216. [CrossRef]

65. Delju, A.H.A.; Ceylan, A.; Piguet, E.; Rebete, M. Observed climate variability and change in Urmia Lake Basin. Iran Appl. Clim.
2013, 111, 285–296. [CrossRef]

66. Aslan, H.; Elipek, B.; Gönülal, O.; Baytut, O.; Yusuf Kurt, Y.; İnanmaz, O.E. Gökçeada Salt Lake: A Case Study of Seasonal
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