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Abstract

:

The paper presents the results of complex geoecological, hydrochemical and water-ecological studies of the mouth area of tributaries and shores of Lake Baikal at model sites. The mouth area of tributaries is in dynamic interaction with the receiving water body; chemical and biological accumulative and exchange processes directly affect the state of the Lake Baikal’s water resources. The study assessed the transformation and determined potential resilience of the main components of landscapes to anthropogenic loads within the mouth area. Revealed are the basic parameters of soil and surface water pollution and factors of anthropogenic influence of residential and recreational zones on the natural complexes of the model territories. The research results showed that the pollutant accumulation on the geochemical barriers of soils and alluvial deposits, purification of surface waters in floodplain meadow and wetlands are quite active and generally support the ecological state of the mouth area. However, the low degree of resilience to anthropogenic loads and the current level of degradation of the landscape components of mouth complexes indicate the need to reduce the adverse impact on these territories and on the lake ecosystem as a whole.
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1. Introduction


Lake Baikal is a unique, oldest, largest and deepest freshwater water body on the planet, containing 20% of the world’s fresh water. The increasing water scarcity in the world and current ecological issues of Lake Baikal indicate the need for enhancing environmental activities aimed at the protection of the lake and its watershed area and at minimizing the adverse anthropogenic impact on the lake ecosystem. Lake Baikal is a World Natural Heritage Site [1] and is subject to the law of the Russian Federation “On the Protection of Lake Baikal” [2]. However, constant adjustments to legal acts and environmental standards, climatic changes and increasing anthropogenic loads on the lake ecosystem have been leading to environmental deterioration of the water object.



Significant negative tendencies can be traced in the mouth area of tributaries and on the coastal strip adjacent to settlements; within the swash zone and in the littoral of the reservoir; in recreational areas and unregulated tourism destination on the shore. Many scientists emphasize the deterioration of the ecological state of the lake caused by the increased tourist impact and pollution of the lake due to wastewater discharges. The influx of pollutants with the waters of the tributaries, intensification of eutrophication of shallow coastal areas of the lake in the context of an excess of nutrients, mass reproduction of algae, etc. are noted. These processes are clearly manifested in the areas of southern and northern Baikal near settlements and tourist sites [3,4,5]. The terrestrial coastal ecosystems experiencing increasing anthropogenic pressures are also degrading [6,7,8].



The river mouth areas are specific natural complexes located within the zone of constant dynamic interaction, channel-forming, abrasion, accumulative and exchange chemical and biological processes of the watercourse and receiving reservoir. Periodic water logging and flooding of the territory, the transfers of substances from the catchment area and anthropogenic load on the coastal zones determine the transformation of the landscape structure and the chemical composition of water and soil.



To preserve the ecosystem of a unique water body, it is necessary to study the processes in these zones, assess the degree of environmental change, determine the level of economic development of coastal territories and find ways to reduce the negative impact on the lake.



The research focus is on the assess of the current state and determination of the transformation factors and degree of the components of natural complexes in the mouth areas of the tributaries of Lake Baikal (as exemplified by the rivers: Goloustnaya, Sarma, Kika and Barguzin). The work provided insight into the degree of anthropogenic disturbance and stability of the components of natural complexes of the mouth areas of individual tributaries of Lake Baikal (Figure 1).




2. Materials and Methods


2.1. Study Area


The rivers chosen for research flow into Lake Baikal from opposite shores-from the northwest and southeast. The rivers’ mouth areas belong to several administrative entities with different, but relatively low levels of socio-economic development. The main social trends observed in the settlements located on these territories are as follows: rising unemployment, decline in the population and outflow of the population outside the region [9]. Subsidiary, household and small farms are widespread in the settlements of the mouth areas; the population density is low, with the exception of the settlement of Ust’-Barguzin.



The major trend in the socio-economic development of the territories is the active transformation of the agricultural structure to a predominantly tourist and recreational structure. There is a significant increase in the tourist flow, which, given the lack of adequate social and communal infrastructure in municipalities, causes serious environmental problems, having a negative impact on the natural components of the mouth and coastal zones.



The Goloustnaya, Sarma and Kika rivers are small streams. However, the Barguzin river is a relatively large river with a catchment area of about 20,000 km2 and an average water discharge of 123 m3/s (Table 1). The rivers are characterized by rare spring-summer floods and high floods, which are formed on the slopes of the mountainous surroundings of Lake Baikal and account for more than 50% of the annual runoff. Floods are usually observed in July–August, but in high-water years, they can overlap with high-water periods in spring or follow one after the other [10,11] (State Water Register, Online Database of the State monitoring of bodies of water). River basins cover mountainous and foothill taiga territories, poorly transformed in the upper and middle parts of the catchment. The main landscape changes are observed in the lower parts of the catchments in single small settlements. Only on the Barguzin river there are several villages and the forestry work is underway. The main anthropogenic impacts on the natural components of the catchment area are registered at mouth areas.



Within the mouth area, the rivers of the northwestern coast, Goloustnaya and Sarma, have a delta extended into the lake up to 2 km with meandering channels (Figure 1). Within the delta of the Goloustnaya river and on the adjacent coastal area, the residential zone (including the recreational area) occupies about 10% of the entire mouth area [12]. Within the Sarma river delta, the housing and outbuildings occupy up to 5% of the delta area. The mouth channels, transformed after bank protection measures and dredging, now have an artificial channel connecting the river with the lake. Long-term agricultural and current recreational impacts have caused natural suppression, degradation of meadow and bog complexes in mouth areas.



On the southeastern coast, we studied the Kika and Barguzin rivers. The Kika river flows through a wetland in the lower reaches, strongly meandering, then cuts through a multi-meter sandy beach, forming a small bay when it flows into Lake Baikal. Recreational activities develop on the coast of the lake adjacent to the confluence of the river. The Barguzin river forms a large bay with sandy shallows and spits when flowing into the lake. The mouth area of the Barguzin has been experiencing significant anthropogenic impacts. Vast meadow spaces of the valley and terraces of the Barguzin river are occupied by residential buildings and household facilities, and, consequently, the land cover is changed. The coastal area of the Barguzin Bay has the status of a specially protected natural area but is used for recreation.




2.2. Field Studies


We conducted comprehensive research of the mouth areas based on geoecological, geochemical and water-ecological analyzes of the territories. Namely, we carried out experimental work, including sampling of water, snow, soil and vegetation in 2015–2019 within the mouth and coastal areas of the lake. The sampling was carried out at key sites, taking into account the sources and direction of intake of pollutants. In total, we took 188 samples of soils and plants in the summer period (July to August); 191 snow samples in the spring and winter period (February to March); 189 samples of surface water in the winter-spring, summer and autumn periods in the phase of minimum runoff (February to March, July to August and September to October). The snow samples were taken with a VS-43 snow meter throughout the entire thickness of the snow cover with determination of its height and density (weight) during the period of maximum snow accumulation (130–140 days). The water samples from rivers were taken with glass bottles at a distance of 5–10 m from the coast from a depth of 1 m. The coastal waters of Lake Baikal were taken at a distance of 10 m from the coast from a depth of 50 cm. The soil and vegetation samples were taken on the main elements (forms) of the relief at various distances from pollution sources. The soil samples were taken from all horizons to the depth of the soil profile; several soil samples were taken if the horizons were more than 20 cm thick. Figure shows an example of the sampling point location within the Barguzin, Goloustnaya, Sarma and Kika river mouths (Supplementary Materials, Figures S1–S4).




2.3. Laboratory Analyzes


We performed chemical analyzes at the Laboratory of Landscape Geochemistry and Soil Geography and at the Chemical Analytical Center of the Sochava Institute of Geography SB RAS according to standard methods (GOST) using modern equipment. Several elements were determined in a field chemical laboratory directly on the day of sampling according to standard methods, taking into account the requirements of GOST [13,14,15,16,17].



The pH value, the content of fluorides, chlorides, hydrocarbonates, phosphates, ammonium, nitrites, and suspended solids in water were analyzed during field research using a field complex chemical laboratory with additional equipment (pH-tester, photoelectric colorimeter, etc.) on the day of sampling according to the GOST requirements. The water acidity (pH) was measured by the potentiometric method, the content of hydrocarbonates in water-by the titrometric method, the mass concentration of nitrites-by the photometric detection employing the Griess reagent, and the chloride content-by the argentometric method. Concentration of nitrates was detected by photometric method using salicylic acid, ammonium ion content-by photometric detection employing Nessler’s reagent and phosphate concentration-by photometric detection through deoxidization with ascorbic acid. The fluorine content was measured photometrically using lanthanum alizarincomplexone. The content of metals was determined by the quantitative atomic emission spectral method using the Ortima 2000DV device. The concentration of petroleum products was determined using the fluid analyzer Fluorate. The water samples for determining the concentration of heavy metals were preserved with hydrochloric acid and stored in glassware for no more than 5 days. The samples for the determination of the content of petroleum products were preserved with chloroform and stored in dark glass containers for no more than 3 days in a cool place. The snow samples were stored frozen for up to 10 days. The soil samples for the determination of oil products were taken in foil and stored for no more than 10 days. The soil samples for the determination of heavy metals were dried to room temperature and stored in cotton bags for up to 20 days.




2.4. Ecological Status Assessment


To determine the degree of soil stability, we used the average data on the properties of various soil types that are sensitive to possible anthropogenic impacts. The soil sensitivity to technogenic and recreational impacts (mechanical disturbance and chemical pollution) was assessed in three categories (high, medium, low) based on soil (humus content, acidity, structure, density and grain size distribution) and geomorphological (surface slope) indicators.



The Supplementary Materials contains the maximum, minimum and average values of the content of chemical elements and substances in various components of landscapes, calculated based on samples taken for many years of research (Supplementary Materials, Tables S1–S3). The long-term average values were obtained by averaging the data over the observation periods (the period of field research) and over the years. The background content of chemical elements is given as an average for the “conventionally clean” (background) territory.



The pollution degree of natural components was assessed focusing on the maximum and approximate permissible concentrations of pollutants (MPC and APC) in soils, vegetation and surface waters [18,19,20,21,22,23,24]. To compare the obtained indicators in different mouth areas, we introduced generalized characteristics of the pollution level and the general ecological state. Points, according to which we classified the groups of low, medium and high pollution degree, display contamination of soil, vegetation, snow and water and result in the frequency with which MPCs is exceeded by 1–2 times (1 point); 2–5 times (2 points) and more than 5 times (3 points) (Table 2).



The transformation of natural landscapes of mouth areas and their ecological state was analyzed by generalizing individual expert’s assessments of anthropogenic loads taking into account the sustainability degree of natural components to different impacts (Table 3).



The ecological state of the territory was analyzed according to the principles of “Environmentally oriented land use planning” developed by the staff of the Sochava Institute of Geography SB RAS for a Russian territory on the basis of the European methods “Landscape planning” [25,26]. Identification of the sustainability degree of surface waters, soils and vegetation to anthropogenic impact and the levels of the ecological state was carried out using the methodology for determining the significance, sensitivity and stability of the main components of landscapes in landscape planning and other assessment methods [27,28].



For areas with natural land cover, the main assessment criterion is the ability to maintain the natural biological productivity of plant communities. For each type of landscape, we took into account terrestrial vegetation mass, established the relationship between vegetation and soils, including such soil parameters as the thickness of the humus horizon, grain size distribution, stony content, swampiness and permafrost. The anti-erosion resistance of soils is determined, first, by the state of vegetation, since the developed vegetation cover is a factor in preventing erosion. When determining the sustainability of vegetation to chemical pollution, we took into account their ability to accumulate chemical elements from the soil (coefficient of biological absorption) [29,30].



Quantitative and qualitative indicators of the surface water state were determined by climatic factors and the conditions for the flow of natural waters from the catchment into the water body. Furthermore, there is a direct dependence of the state of the watercourse on the landscape structure of the catchment and its disturbance. For water bodies, we analyzed the states of the catchment area, the floodplain–valley complex and the channel system, where as the main factors were taken the humidity criteria, moisture capacity and permeability of the soil-ground layer, erosion processes, etc. The criteria for assessing the watercourse stability were its hydrometric and hydrophysical criteria, intensity and directivity of the channel process and deformations, sediment transport, content of pollutants, etc.



The meadow-bog complexes in the valleys of the mouth areas have high accumulating capacity and serve as filters on the way of contaminators entering both the watercourse and the receiving water body. Significant purification of surface waters (hillwash) is caused by accumulation processes and delayed water loss in these areas. It should be borne in mind that the accumulation of pollutants occurs in floodplain–valley meadow-bog landscapes, and anthropogenic changes in such areas lead to disruptions of the accumulating and filtration functions of these landscapes and, consequently, the possible entry of pollutants into the water body. However, the coastal areas directly adjacent to watercourses and Lake Baikal have the status of water protection zones with regulatory restrictions on economic activities and should not undergo significant transformations of land cover [31].



A set of such parameters is used to assess the current state (in comparison with the background characteristics) and possible changes due to violations, which evidence for findings relating to the level of the ecological state of the natural territory.



The signs of the ecological state category are negative changes in the natural environment: degradation of the land cover, pollution of the aquatic environment, decrease in biological diversity, etc. Ecological stress can be characterized as negative changes in the ecosystem, the restoration of which to its original state is possible with the complete removal of anthropogenic loads. An ecological crisis is a stable irremediably adverse change in the components of an ecosystem [28]. However, after complete release of the load, reclamation and remediation, it is possible to create an ecologically favorable state, but the restoration of the original state of nature is impossible.



Three ecological state categories are identified as favorable, stressful and crisis.





3. Results and Discussion


Comprehensive research of the mouth zones and adjacent areas of the Baikal coasts is aimed at studying the transformations of natural components-soils, vegetation and surface waters, as well as the determination of the potential stability of landscape components against natural and anthropogenic changes.



The performed theoretical, analytical and field works made it possible to analyze the current state and stability of individual components of landscapes and to draw conclusions about the disturbance degree.



3.1. Soils


Different types of soils have varying degrees of resilience to withstand chemical and mechanical anthropogenic impact. The study identified two large subdivisions of soils with varying degrees of stability to the anthropogenic impact on the study areas locating on the shore of Lake Baikal [29].



Very cold, freezing for a long time, moderately moist, light soils, on steep rocky slopes with a poorly developed soil profile and sparse vegetation cover, have low stability. The unregulated anthropogenic impact on areas with these soils can provoke the destruction of the sod horizon and the activation of erosion processes.



Low stability is also inherent in soils of medium thickness, which are subject to periodic excessive moisture (flooding), and characterized by close permafrost and possible salinization. The active period of soil formation in such areas is reduced and leads to inhibition of vegetation development.



Medium-thick, loamy, moderately and periodically insufficiently moist cold and long-term freezing soils on leveled elevated surfaces have a medium stability.



The unregulated anthropogenic impact reduces the stability of soils and causes the activation of linear erosion, which locally interrupts the biogeochemical cycle and enhances the geological one.



Soils are a natural biogeochemical barrier to the migration of pollutants into the water body (Lake Baikal). The sorption intensity of toxic substances depends on the soil type, on the content of colloids capable of adsorbing ions, as well as exchanging absorbed ions for ions of aqueous solutions. Soils with an alkaline reaction, heavy granulometric composition and a significant organogenic and humus-accumulative horizon have the highest sorption capacity in the research territory. Such high ecological properties are characteristic of the floodplain soils of river mouths, due to the large amount of silt. At the same time, under an active anthropogenic pressure, the sorption effect can decrease and chemical elements are washed out of the soil. The soil contamination was assessed in comparison with the MPC and is shown in Table 2 [18,19,24].



The soils of the Goloustnaya river mouth are mainly represented by alluvial dark-humus, chernozemic and alluvial humus soils. There are dark and gray-humus metamorphosed leached soils, as well as alluvial peat-gley soils. The soils mainly have a light loamy granulometric composition, average thickness of the humus horizon (6–30 cm), high humus content (4 −>10%) and neutral and slightly alkaline environment, with the exception of alluvial peat-gley soils. The manganese (Mn), nickel (Ni) and chromium (Cr) contents in soils exceed the MPC and APC by 1.2–3.8 times (Supplementary Materials, Table S3), which is associated with their natural origin. The high Mn and Ni content in the upper horizons is caused by their biogenic accumulation. The source of the high Cr content is carbonate parent rocks. Pollutants are sorbed on organogenic, humus-accumulative and alkaline barriers. Some of the toxic substances are captured by silty particles of the floodplain soils. However, several types of the presented soils have a light loamy granulometric composition, which indicates their high sorption properties and, in general, the medium stability level of soils of the Goloustnaya river mouth to the anthropogenic impacts.



The mouth of the Sarma river is represented by chernozems, chestnut-like, alluvial dark-humus and alluvial peat-gley soils. Chestnut, chernozemic, stratified alluvial, and gray-humus soils are also found here [30,31,32,33]. The soils are generally shallow, stony, have a light particle size and a high humus content. The ecological state of the Sarma river mouth can be characterized as a moderately polluted. The Mn, Cr, Cu, Ni and Pb concentrations in steppe soils exceed the MPC and APC by 1.2–4 times (Supplementary Materials, Table S3, Table 2). However, several researchers note that many macro- and microelements in soils that exceed the MPC are of natural origin and come from parent rocks [34]. In the territories adjacent to the lakeshore and the Sarma river mouth, there are deposits of copper, iron and manganese ores [35,36], which are the input sources of chemical elements into soils.



The content of heavy metals in the soils of meadow and meadow-bog landscapes does not exceed the sanitary and hygienic standards. The soils under recreational objects have a high organic matter content. They are slightly alkaline and alkaline, which contributes to the accumulation of heavy metals, characterizing the soils as a deposit environment, a certain “geochemical barrier” [37,38] for the input of pollutants into Lake Baikal. However, the light grain size distribution (often sandy-loam and sandy with a low content of silty particles) of these soils greatly reduces their protective properties.



The soils of the Barguzin river mouth are represented largely by alluvial humus-gley and alluvial peat-gley species. There is also alluvial dark humus, alluvial humus and stratified alluvial soils here [30,39,40]. These soils are predominantly slightly acidic and neutral, characterized by a good ecological state, powerful organogenic and humus horizons. The carbon content in soils is high, and concentration of heavy metals and other toxic elements does not exceed the MPC and APC (Table 2). Powerful peaty and humus horizons are capable of absorbing a significant number of pollutants. The soils have a medium degree of stability against anthropogenic impact.



The soils at the mouth of the Kika river are underdeveloped, thin, have light granulometric composition with a low humus content and a neutral reaction of the environment. The background composition of soils is represented by stratified alluvial, alluvial humus, psammozems; in some places gray-humus and dark humus soils are found. The content of macro- and microelements in soils does not exceed the MPC and APC (see Table 2). Soils with low stability to anthropogenic impact, often sandy-loam and sandy with a predominance of sandy fraction, through which toxic substances easily migrate into water bodies (Table 3).




3.2. Vegetation


We identified three groups of plant communities by analyzing the vegetation of the model areas of the coast of Lake Baikal according the soil stability level to anthropogenic impacts.



The sparse vegetation cover of steep slopes, formed on stony thin soils, had a low stability level. The anthropogenic transformation of such areas destroyed vegetation, as well as erosion and solifluction processes. The vegetation of permafrost landscapes also had low stability. Permafrost, being disturbed, activated the processes of waterlogging, which led to a change of vegetation.



Steppe and forest-steppe complexes can be characterized by medium stability level. These plant communities have a high toxicity threshold and stability to anthropogenic pollution with low stability to structural damage [41,42].



Medium and above medium stability levels are typical for light coniferous and dark coniferous forests of terraces and valley slopes. The relatively thick soil cover and smooth slopes prevent the rapid development of vegetation degradation processes. Noteworthy that woody species of vegetation are sensitive to pollution and have a low toxicity threshold. Even a small accumulation of toxic elements leads to suppression of woody plants [41,42]. Parvifoliate species are more resistant to anthropogenic influences than coniferous [43]. High stability is characteristic of meadow and meadow-bog complexes that play a significant ecological role in river mouth systems. Steppe vegetation is capable of accumulating more toxic substances without suppression of its basic life functions than forest vegetation [41,44].



The lower areas of the Goloustnaya river mouth are represented by forb-grass meadows. The slopes and coastal areas of the lake adjacent to the delta are occupied by steppificated pine and larch forests, which are quite sensitive to changes in nature. Anthropogenic changes of these landscapes lead to the intensification of the overland runoff, development of erosion processes, input of erosion products and sheet flood into the mouths of streams and further into the lake. Meadow vegetation, due to its root system, is highly resistant to mechanical stress. In general, the vegetation cover of the Goloustnaya river mouth has medium and above medium stability to anthropogenic influences and an intermediate disturbance.



Plant communities of the Sarma mouth area range from dry steppes at the top of the delta to swampy meadows on the shores of Lake Baikal. Most of the territory is covered with lithophilic steppes in conjunction with fescue and petrophytic herb-bunchgrass plant aggregation. Meadow vegetation is quite resistant to anthropogenic influences, in contrast to the sparse stony steppes on the slopes. In areas with a high recreational load, soil over consolidation and erosion we observed a lower productivity of vegetation [12,45]. In fact, the vegetation of the Sarma river mouth has a medium stability degree to anthropogenic impacts.



The valley slopes at the mouth of the Barguzin river are occupied by pine grass forests with shrub undergrowth mixed with parvifoliate and coniferous trees and are quite sensitive to anthropogenic impacts. The lower part of the Barguzin river mouth area is represented by sedge-reed meadows and herbaceous wetlands, there is permafrost in some areas. The floodplain meadow-bog complexes are generally characterized by high stability, but in the areas of permafrost, the stability of plant communities is low. The vegetation of the Barguzin river mouth area has a medium stability degree to anthropogenic influences.



The vegetation cover at the Kika river mouth is sparse and fragmented, mainly represented by steppe meadows, sagebrush-grass steppe and meadow-bog complexes. There is no vegetation on the lakeshore. The slope surface and elevated areas are covered with pine and larch-pine subshrub-grass forests. A very light texture of soils and a sparse vegetation cover determine the low resistance of the river mouth landscapes to anthropogenic impacts (see Table 3). However, under low anthropogenic load, we observed degradation of the vegetation cover only fragmentarily in some areas.



The coefficient of biological absorption [32,37] of Mn, Sr, Mg by vegetation of steppe and meadow landscapes from the soils of the Goloustnaya and Sarma river mouths varies in the range from 1.3 to 2.0 times. However, the content of macro- and microelements in plants does not exceed the sanitary and hygienic standards for raw plants. At the mouths of the Kika and Barguzin rivers, an increased copper (Cu) content in plants was 2 and 3.5 times higher than the MPC, respectively, with a low content of other macro- and microelements in plants. In the vegetation of meadow and meadow-bog associations, we recorded a significant amount of trace elements. The vegetation contamination was assessed in comparison with the MPC and is shown in Table 2 [24,32,37].




3.3. Snow and Surface Water


The contamination of substrate, resulted from the atmospheric transport of chemicals, was determined by the pollutant content in snow. The snow cover has a high sorption capacity and is the most informative-bearing object for identifying technogenic pollution of the underlying surface.



The study of the chemical state of snow water from the ice of the water area of Lake Baikal at the confluence of the tributaries showed that the the Sarma and Kika rivers’ mouths were free of contamination, and the content of macro- and microelements did not exceed the MPC. Recorded was excess of background values of hydrocarbonates, sulfates, sodium, lead, aluminum, manganese, iron and titanium in snow waters at the mouths of the Goloustnaya and Barguzin. Phosphate concentrations are the highest in these areas. At the mouth of the Barguzin, the phosphate content exceeds the MPC by 3–5 times, and at the Goloustnaya river mouth up to 8 times [46]. The increased content of chemical elements in snow is due to the atmospheric transfer of emissions from urbanized areas and wind transfer of terrigenous dust and soil particles from snowless steppe areas.



We analyzed the surface water stability to anthropogenic impacts based on an assessment of the self-purification properties of a watercourse, which depend on its hydrological, biological and chemical characteristics. The self-purification properties are mainly determined by the flow rate, water volume and temperature characteristics. Moreover, the larger and faster the river, the higher the level of self-purification [47]. The large Barguzin river has satisfactory self-purification properties among all rivers under study, taking into account the combination of hydrological parameters. The small rivers Sarma, Goloustnaya and Kika are characterized by low self-cleaning abilities, since small volumes of runoff and low water temperature of streams do not provide conditions for dilution, intensive mixing, active redox processes, etc. (see Table 3).



The contamination of snow and surface waters was assessed in comparison with the MPC for fishery reservoirs and is shown in Table 2 [15,20].



The analysis showed that the content of trace elements in the delta waters of the Goloustnaya and Kika rivers does not exceed the sanitary and hygienic standards. High concentration of phosphates (PO4) was found in the water of the Sarma river (0.06 mg/dm3). The maximum pollution was observed in the water of the Barguzin river, with the concentrations of oil products (0.08 mg/dm3), lead (Pb) (0.020 mg/dm3) and phosphates (PO4) (0.08 mg/dm3) exceeding the MPC. In addition, in the water of the Barguzin river, an excess of the background level was recorded for iron (Fe) (up to 0.24 mg/dm3) and zinc (Zn) (more than 0.01 mg/dm3). The content of copper (Cu) exceeding the background by 1.5–2 times (up to 0.04 mg/dm3) is observed in the surface waters of the mouths of the Kika and Barguzin rivers.



Hydrochemical studies of the coastal waters of Lake Baikal, adjacent to the mouth areas of the tributaries under study, showed concentrations of lead (Pb), nickel (Ni), phosphates (PO4) and oil products exceeding the sanitary and hygienic standards. Significant exceeding background concentrations of copper (Cu) and zinc (Zn) (more than 0.01 mg/dm3) were observed in the waters of the lake in the mouth zones of the Goloustnaya and Barguzin rivers. In the mouth of the Goloustnaya river, high content of oil products (0.06–0.34 mg/dm3), exceeding the MPC up to 7 times was recorded. In the mouth area of the Sarma river, the concentration of phosphates (PO4) (0.01 mg/dm3) is 10 times higher than the MPC. High concentrations of the main pollutants are caused by the influx of emissions and discharges from residential, economic and recreational areas of the shore, as well as river runoff from the catchments of the rivers. At the same time, a significant content of lead (Pb) in the coastal waters of Lake Baikal (near the mouth of the Barguzin river 0.020 mg/dm3) is mainly associated with the increased presence of this element in soils and parent rocks of the adjacent coastal area [34].




3.4. Environmental State


The assessment of the transformation degree of natural landscapes of mouth areas and their environmental state was made by generalizing individual experts’ assessments of anthropogenic loads, taking into account the resilience of natural components under stress (see Table 2 and Table 3). We distinguished three ecological state categories-favorable, stressful and crisis (Table 4).



The greatest pollution is observed at the mouths of the Goloustnaya and Barguzin rivers. For the Goloustnaya river soil and snow pollution results from atmospheric transport of emissions from the Irkutsk industrial center. The resilience of the landscapes here is not high, anthropogenic load is high, spatial differentiation of economic and recreational objects on the territory is significant, which determines a high level of anthropogenic impact. Intensive natural hydrological and geomorphological processes contribute to erosion and abrasion processes leading to horizontal and vertical deformations of the floodplain–channel mouth system. Eventually, the ecological state of the mouth area is assessed as a crisis.



The most transformed landscapes are found at the mouth of the Barguzin river. With due regard for relatively good potential for self-purification, the water in the river is highly polluted, mainly because of the influx of pollutants from the upstream catchment areas. Low soil stability, medium indicators of pollution and stability of vegetation under high economic and recreational loads caused an unfavorable critical ecological state of the territory.



In the mouth zone of the Sarma river, the main pollutants are formed as a result of recreational activities and enter the soils and river and lake waters. The rather low stability of the landscapes of the territory and the self-purification of river waters are combined with the medium level of anthropogenic impacts and floodplain–channel deformations. In general, the landscapes of the mouth area of the Sarma river can be characterized as moderately disturbed, and the general ecological state as stressful with a high degradation degree of individual areas of the soil and vegetation cover.



The landscapes at the mouth of the Kika river are the least stable to anthropogenic loads, the soils and vegetation of which consist of species and types which are sensitive to impacts. The area experiences significant recreational loads, but has a relatively low level of soil and water contamination. With due regard for the low stability of landscapes and given the fact that landscape changes are inevitable under increasing anthropogenic pressure; the overall ecological state of the territory is assessed as stressful (see Table 4).





4. Conclusions


A comprehensive analysis of the research materials concluded pollution and stability of the landscapes in the mouth areas of the tributaries. We revealed that the pollution of soils, vegetation and the coastal water area of the lake within the mouth zones of the model tributaries is primarily due to the residential and recreational use of the territory.



The research of coastal lake waters revealed that the accumulation processes of pollutants on geochemical barriers, in alluvial sediments and floodplain meadow-bog landscapes are quite active. The research results show a significant protective role of river mouth landscapes for the water area of Lake Baikal. The mouth area of the rivers under study and other tributaries of the lake, however, are subject to strong anthropogenic impacts, characterized by an increased content of pollutants in the coastal waters of Lake Baikal, landscapes and river waters and require restrictions on recreational activities, strengthening environmental protection measures and monitoring their implementation.



Mouth territories of the Goloustnaya and Barguzin rivers need functional zoning with the allocation of zones of different environmental regimes and the arrangement of the territory, given the sustainability of landscape components. The impact intensity on landscapes should not exceed the resilience of natural complexes. Remedial clean-up activity, pollution prevention and subsequent strict control over compliance with restrictions, especially in residential and recreational areas of the mouth areas and coasts of water bodies.



The mouth areas of the Sarma and Kika rivers most need measures to reduce the degradation of the land cover, to ban all types of impacts leading to disturbance of the soil cover and intensification of erosion processes in these territories. Here it is necessary to regulate the number of tourists and build pedestrian paths; prohibit the passage of vehicles, plow the land and apply fertilizers; and to remedy the damage.



For the study area, however, it is necessary to comply with the norms and restrictions in the water protection zones of water bodies.



In general, an obligatory stage in reducing the uncontrolled anthropogenic impact on the mouth areas of the tributaries and the shores of Lake Baikal is a development plan, taking into account environmental restrictions and the creation of an environmental infrastructure. Such measures will take into account alternative social and environmental aspects of use and strengthen the protection of the natural components of the territories. It should be noted that this process has been developing and certain results have been already achieved [7,48].
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Figure 1. Ecological state of the mouth areas of model tributaries of Lake Baikal. 
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Table 1. Hydrological characteristics of the rivers.
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River, Locality

	
Catchment Area,

km2

	
Average Long-Term Water Flow, m3/c




	
Annual

	
Maximum

	
Minimum






	
Goloustanya–vil.

Bol. Goloustnoe

	
2260

	
9.57

	
74.7

	
2.08




	
Sarma–vil. Sarma

	
787

	
4.81

	
74.1

	
0.12




	
Kika -vil. Khaim

	
2010

	
24.8

	
168

	
4.17




	
Barguzin–vil. Barguzin

	
19,800

	
123.0

	
1110

	
11.5
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Table 2. Contamination of landscape components of mouth areas of the tributaries and coastal water area of Lake Baikal.
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Mouth Area

	
River Water

	
Soils

	
Vegetation

	
Snow Water

	
Lake Water

	
Mouth Area,

Taken as a Whole




	
the MPC Exceedance Frequency, Times

	
Points

	
the MPC Exceedance Frequency, Times

	
Points

	
the MPC Exceedance Frequency, Times

	
Points

	
the MPC Exceedance Frequency, Times

	
Points

	
the MPC Exceedance Frequency, Times

	
Points

	
Contami

nation

	
Points






	
Goloustanya

	
<1

	
1

	
1.2–3.8

	
2

	
<1

	
1

	
>5

	
3

	
1–7

	
3

	
High

	
10




	
Sarma

	
3–5

	
2

	
1.2–4

	
2

	
<1

	
1

	
<1

	
1

	
<1

	
1

	
Medium

	
7




	
Barguzin

	
1.6–77

	
3

	
<1

	
1

	
1–3.5

	
2

	
3–5

	
2

	
1–10

	
3

	
High

	
1




	
Kika

	
1–2

	
1

	
<1

	
1

	
1–2

	
2

	
<1

	
1

	
<1

	
1

	
Medium

	
6
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Table 3. Stability of surface water and landscape components of mouth areas to anthropogenic impact.
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	Mouth Area
	Surface Water (Self-Purification)
	Floodplain–Channel Complex
	Soils
	Vegetation
	Natural Mouth Area, Taken as a Whole





	Goloustanya
	Low
	Low
	Medium
	Medium
	Medium



	Sarma
	Low
	Low
	Low
	Medium
	Low



	Barguzin
	Medium
	Medium
	Medium
	Medium
	Medium



	Kika
	Low
	Medium
	Low
	Low
	Low
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Table 4. Ecological state of the mouth areas of the tributaries of Lake Baikal [25,26,27,28].
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Mouth Area

	
Landscapes

	
Local Population and Tourists in High Season, Per/Day *

	
Integral Indicator of Ecological State




	
Stability

	
Contamination






	
Goloustanya–vil. Bol. Goloustnoe

	
Medium

	
High

	
2000–3000

	
Critical




	
Sarma–vil. Sarma

	
Low

	
Medium

	
100–1000

	
Environmental stress




	
Barguzin–vil. Ust’-Barguzin

	
Medium

	
High

	
7000–8000

	
Critical




	
Kika–vil. Gremyachinsk

	
Low

	
Medium

	
2000–3000

	
Environmental stress








* Population and recreational data for 2017–2019 [6,7,12].
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