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Abstract

:

Arctic landscapes are changing dramatically in response to climate changes that are regionally four times faster than the global average. However, these vast lands are sparsely populated and ground-based measurements of environmental change impacts on land and lakes are few compared with the impacted areas. In the Tazovsky District of the Yamalo-Nenets Autonomous Okrug, school science has been put into practice for over 20 years to determine thermokarst lake changes and their causes. We describe the contributions of school science in recording these lake changes and also their local impacts as a contribution to the Siberian Environmental Change Network. Describing the process and results are particularly relevant to the generation that will experience the greatest environmental change impacts. In contrast to the use of traditional indigenous knowledge, we report on a conventional science methodology used by local people that further empowers a new generation to determine for themselves the changes in their environment and associated implications.
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1. Introduction


The Arctic is vast in area and Siberia is the largest part of that landmass covering some 13 million km2 [1]. It is experiencing huge climatic changes with mega environmental impacts [2,3], and impacts on infrastructure that are causing great economic losses [4,5]. However, Siberia is sparsely populated (36 million people) and the observing power of landscape change and its impacts on the ground is limited. Although remote sensing can answer some of the questions about changes in the landscapes affected by climate change, it is local people who are affected by changes that understand their multiple social and environmental impacts. For that reason, citizen science [6], community-based observations [7,8], and indigenous knowledge [9,10] are gaining increasing recognition for their contributions to environmental observation and the monitoring of sustainability [11]. Although citizen science and community observations are well known in highly populated countries, for example, observations of birds, insects, and wildflowers [8,12], they are arguably less developed—yet more important—in isolated and small communities. One notable advance is the observatory of the indigenous Evenki in the Far East [13].



Waterbody dynamics is a critically important subject that would benefit from local science. Changes in waterbody dynamics determine human health [14] through water availability and quality [15,16,17], biodiversity [18], greenhouse gas fluxes [19,20,21], and infrastructure maintenance and development [22,23].



The numerous and varied impacts of thermokarst lake dynamics on northern landscapes and ecosystems has been described by many scientists. One of the first large-scale studies of the thermokarst lake dynamics in the vast territory of Western Siberia (within about 515 km2, from 62° N to 69° N and from 64.5° E to 85° E) was carried out by [24], but they only investigated large-scale lakes of at least 40 ha area. This study showed that more lakes were disappearing than were being formed in the period 1973 to 2003. A more recent study [25] showed the opposite trend from 1973 to 2013, indicating the need for ground-based observations. Furthermore, [19] focusing specifically on small ponds, suggested that our global flux estimates were underestimated at that time, indicating the potential important contributions from these small ponds. Kravtsova and Tarasenko [26] described the discrepancies in the conclusions from satellite imagery and point out that the various authors clearly understand the need to support their conclusions with field observations to assess the reliability and accuracy in determining changes in the areas of thermokarst lakes.



Wetland ecosystems of the subarctic region of Western Siberia are unique natural indicators of climate change as they are most sensitive to climate change due to their locations across boundaries of different climatically-sensitive permafrost zones, a situation first recognized by [27]. Until recently, landscapes of this type were in a fairly stable dynamic equilibrium. The general scheme of the cyclical dynamics was the subsidence of a section of a flat-hummocky swamp with the formation of a hollow—an “embryonic” lake, then the growth of the lake, followed by the dumping of its water into another reservoir (a lower lake) leaving a drained lake called a “khasyrey” with high biomass and productivity. Permafrost heaving occurs in the “khasyrey”, which leads to the formation of frozen mounds which eventually thaw and lead to the beginning of the next cycle of development of the thermokarst lakes. Significant field studies of this process have been undertaken by a group of French and Siberian scientists [28]. Analyses based on satellite images of long-term observations show that at present, in the north of Western Siberia, permafrost degradation is taking place with an increase in the number of thermokarst lakes that is probably overriding the natural, long-term cycles described above. Despite this recent remote sensing study ([28]), the need remains for local observations of waterbody dynamics, their causes, and their impacts, particularly as causes of waterbody dynamics at the local scale could be associated with local land use in addition to, or combined with, climate changes and their impacts. One such example of land use that affects lakes is the active development of oil and gas fields that requires a significant amount of building material, including sand, which is taken using a dredger from thermokarst lakes [29].



This paper has two aims. Firstly, it seeks to explore the application of school science to identifying, monitoring, and reporting local environmental challenges, particularly waterbody dynamics. This is within the context of improving and expanding the observational capacity of environmental change in remote areas and empowering a new generation of community members. Secondly, this study presents data, recorded by school students and teachers living in a remote area of northern Siberia, on local permafrost thaw, its causes, and its impacts on water body dynamics.




2. Materials and Methods


2.1. Study Area: Geography and Climate


The study area is at the entrance to the village of Gaz-Sale (Figure 1) in the Tazovsky District of the Yamalo-Nenets Autonomous Okrug, located 155 km north of the Arctic Circle.



The district is geographically located in the forest–tundra, tundra, and arctic tundra zones. The climate throughout these zones varies from temperate to more severe. The main part of the territory is located in the tundra zone with continuous permafrost [30,31]. Here, sandy, gently undulating plains with flat-hummocky frozen swamps, lichen, and dwarf birch tundras are widespread. In the North Nadym–Purovsky forest–tundra province, there are combinations of hill ridge-lichen tundras with frozen swamps and riverine larch woodlands. Although biodiversity is low, animals listed in the Red Book of the Russian Federation occur. The climate of the region is characterized as severe and continental. Thus, there are low winter temperatures and a large amplitude of temperatures between the cold and warm periods of the year. The warm season, with a maximum average daily temperature above 10 °C, lasts 2.9 months, from 9 June to 7 September. The hottest month of the year in Tazovsky District is July, with an average temperature maximum of 17 °C and minimum of 9 °C. The cold season lasts 4.0 months, from 13 November to 12 March, with a minimum average daily temperature below −14 °C. The coldest month of the year in Tazovsky District is January, with an average temperature maximum of −28 °C. Snow cover lasts for 8–9 months. In winter, the Asian anticyclone dominates with clear sunny weather, which contributes to the cooling of the atmosphere and temperatures drop to −55 °C and below. The influence of the Arctic Ocean on the climate of the region is small because it is covered with ice in winter [32].



The Tazovsky District is characterized by an abundance of lakes and peat bogs and there are also a large number of bays, including Ob Bay, Gydan Bay, and Taz Bay, as well as the largest rivers of the region, the Pur, the Taz, the Tanama, the Messoyakha, the Yuribey, and swamps.



Traditional land use away from settlements is subsistence fishing and reindeer herding. Currently, land use is also used for gas and oil extraction as the region has large hydrocarbon resources (oil, gas, and gas condensate) and there are deposits of phosphorites and clay. To date, 28 hydrocarbon deposits and promising areas have been explored in the region.



The area has a mixture of organic tundra soils and sandy soils in the continuous permafrost zone [30,31]. The continuity of permafrost is interrupted from the surface only under riverbeds and lakes as well as in relief depressions with dense thickets of shrubs where increased snow accumulation is observed. The thickness of under-channel and under-lake taliks can vary from 3 to 30 m. In the bottoms of depressions, khasyreys, and lower parts of slopes overgrown with shrubs, the depth of taliks is 2–10 m. A characteristic feature of the cryogenic structure of Quaternary deposits is high ice content. High ice content is explained by lower temperatures and a desalinated composition of formation waters due to the existence of a zone of free water exchange in Quaternary rocks before freezing [33]. The active layer varies from 5 to 20 cm. The sandy soils have a stratigraphic structure. They are silty (fine-grained) and 1 to 1.5 m deep, with a layer of blue clay 20–25 cm thick beneath, and a layer of silty sand up to 2 m deep beneath that. Below, is a repeated layer of clay alternating with subsequent layers of sand. Along the road to the western entrance to the Gaz-Sale village, there is a group of disturbed thermokarst lakes (Figure 2a), most of which have degraded since 2000, losing up to 70% of their surface area. These lakes have been subjected to dredging for sand. Nearby, many other undisturbed lakes occur (Figure 2b).




2.2. Study Design, Site Selection, Methodology, and Measurement Tools


Siberian and other Russian scientists have been conducting satellite monitoring of the state of thermokarst lakes in Yamal [26,34,35,36,37,38,39]. However, the results of these studies are far from uniform, with some lakes disappearing or shrinking in surface area and some new ones forming. Bryksina [40], in her study, indicated that in Yamal, under the influence of global warming, lakes are shrinking by 61–68% and new thermokarst lakes are being formed by 20–25%. However, more recent studies suggest a balance [41] between lake loss and gain. In our smaller study area, older satellite imagery appears to show that there has been a progressive degradation of thermokarst lakes since 2012 related to climate change, although results in published papers are somewhat inconsistent. Fortunately, high-resolution space imaging has been actively carried out in recent years, and can now be used to assess the reliability and accuracy of previously performed estimates of changes in the areas of our local thermokarst lakes.



An analysis of the degradation dynamics of thermokarst lakes is of practical value for the population of the Tazovskiy District because the lake area affects infrastructure development, transport, biodiversity, and trace gas emissions. It is therefore important for local communities to understand what is happening in their isolated localities. The Gaz-Sale village is served by the Tazovskaya Secondary School with about 1300 students aged 6 to 17 years and 100 teachers. The school (among others) serves a population of about 18,500 that includes indigenous Nenets nomads, Russians, and nationals of the former Soviet States, some of whom are employed in the developing oil and gas industry. Activities for environmental education during the current period of global warming are regularly held with students of the Tazovskaya Secondary School. They include learning through practical activities that result in recording changes in their environment. This allows the local population to perceive events taking place that affect their lives. Our current study is the result of research by the scientific eco-team “Polar Owl” of the Tazovskaya Secondary School.



There are many examples of citizen science and community observations in the Arctic and elsewhere [42,43,44,45]. Some combine conventional science methods with indigenous knowledge [13]. In contrast, our current study investigates the wider processes of thermokarst lake dynamics, their causes, and impacts using conventional science by local school students, thereby empowering a new generation of indigenous and local people to determine for themselves the changes in their environment and their implications.



Measuring local landscape change and its causes, a “multistage analysis of cryogenic landscapes and cryogenic processes” school activity was carried out based on a remote, quantitative study of the dynamics of thermokarst lakes in Western Siberia.



This involved the following tasks:




	
The selection of test sites for the study of thermokarst processes depending on the landscape and geocryological zoning of the territory of the Tazovskiy District of Western Siberia.



	
The development of a methodology for assessing temporal changes in the areas of thermokarst lakes using remote sensing data and modern geographic information systems (GIS) and GIS technologies.



	
Assessing likely causes of lake degradation, including climate and sandy soil mining.



	
The formation of a database for the areas and dynamics of thermokarst lakes based on the results of satellite observations and quantitative analysis of the dynamics of the areas of thermokarst lakes.



	
Observations on the impacts of changes in the lake area.








The lakes were chosen for easy access, being only 20 km from the school. Furthermore, the lake dynamics were known to be responding to climate change and the direct human impact of sand dredging, thereby including two different drivers of lake dynamics. Two sets of lakes were, therefore, chosen: 4 lakes subjected to dredging (Figure 2a), and 18 lakes without direct human impacts (9 “below the road” (UA1–9) and 9 “above the road” (UB1–9)) (Figure 2b) (the terminology is for practical convenience only as there is no environmental difference between the two sides of the road).



A remote sensing methodology was used. The areas of lakes were calculated from satellite images taken in the July of each year in the period 2014–2019, accessed through the SAS-Planet program (https://sasplanet.ru/, accessed on 20 July 2019). Although modern programs automatically calculate lake surfaces, as a school/citizen science research activity, we calculated the average diameters of lakes, and then their areas. This can be performed in various ways. We used one simple, standardized, method, and any potential errors from using different students were avoided as the same teachers contributed throughout the 5 years of the study reported (and 15 years of the process).



We assessed the likely causes of lake change, looking at the following characteristics: climate change, active layer dynamics, and sand dredging.



2.2.1. Climate Change


The Gaz-Sale village and nearby (20 km) Tazovsky communities are served by a weather station at Tazovsky (latitude 67.47° longitude 78.73° 28 m above sea level) that has been operational since 1988. We extracted the weather data from the Global Basic Observing Network (http://meteo.ru, accessed on 10 February 2023), which collects long-term data from representative stations. We also checked extracted data with data from the World Data Centre. (https://meteoinfo.ru, accessed on 10 February 2023). Temperature (mean annual, daily, minimum, maximum), precipitation (daily totals), and snow depth are measured according to guiding documents [46] and we have extracted relevant information for this study. We used software scripts to collect data from this source and process them. Relationships between climate variables and lake area were quantified using Pearson’s correlation coefficient and coefficients were compared to identify which climate variable most explained lake area changes.




2.2.2. Active Layer Dynamics


For the last 3 years of lake observations, we measured the active layer thickness. This was determined using a metal probe, as suggested by the CALM network (https://www2.gwu.edu/~calm/, accessed on 12 August 2019). We measured the active layer thickness at key points. A total of 40 sampling points were used, 20 around each area of the lakes above and below the road. Every year, the measurements were undertaken at the beginning of September. Sample points were located at a distance of 500 m to 1 km from each other. Rods were pushed through the soil (active layer) until hard resistance was encountered. This denoted the surface of permafrost. The distance from a known point at the handle of the rod and the position of the surface of the ground (soil rather than vegetation) was measured and then subtracted from the total length of the rod to give the thickness of the active layer. (The rods can be marked with a centimeter scale from point to handle for easier reading of the active layer depth.)




2.2.3. Sand Dredging


Sand dredging (Figure 3) is performed by specialized equipment that extracts sand from the base of the lake and piles it onto the banks. This deepens the lakes and creates local disturbance as the sand is transported by road to create platforms in the construction industry. These platforms are for oil and gas installations, road maintenance, and construction.




2.2.4. Statistical Analysis and Presentation


IBM SPSS Statistics 26 was used in the calculations for the t-test and Microsoft Office Excel (2019) was used for the remaining analyses. Levene’s test for equality of variances [47] was used to calculate p-values. Graphs were drawn using Excel.






3. Results


3.1. School Science


Over the past 8 years, about 200 science students from the Tazovskaya Secondary School have carried out annual monitoring of permafrost thawing and thermokarst lake dynamics in the study area under the supervision of three science teachers, and advice was sought from experts. Students from 11 to 17 years old carried out the following activities: site selection, measurement of lake area from satellite images, drone photography (Figure 4), the study of local industry and ecology, simple statistical tests, laboratory experiments (not included here), and the analysis and presentation of data.



One team of 60 students, the scientific eco-team (“Polar Owl” of 11 to 17 years old students of the Tazovskaya Secondary School) has been engaged in the ecological project “Save the Blue Lake” that focuses on the fate of a unique thermokarst lake in the area, which arose as a result of quarrying of sand in 2011. This project and team became the winner of the all-Russian environmental competition “Protect the Earth!” in November 2020. The results of this team presented below highlight the importance of supporting school local science projects.




3.2. Thermokarst Lake Dynamics, Their Causes and Impacts


In the study area, there are completely degraded (almost dry) lakes, lakes that continue to degrade with a reducing surface area and depth, and lakes that have undergone urbanization with an increased area and depth.



Between 2014 and 2019, the mean area of dredged lakes had significantly decreased by 22% following an almost linear trend (Figure 5 and Figure 6).



The areas of all lakes above the road decreased between 2014 and 2019 (Table 1). One lake, UA1, disappeared completely, and the overall decrease was greater for these undisturbed lakes than the decrease in the areas of the lakes that were dredged.



The areas of the lakes below the road (Table 2) are, on average, smaller than those above the road (Table 1). Similar to the areas of lakes below the road, all have seen a reduction in area, but the percentage loss is less than half that of the lakes above the road and the lakes that have been dredged. Levene’s test for equality of variances [47] showed that the overall changes in lake areas are statistically significant (p-value = 0.02).



3.2.1. Potential Causes of Lake Dynamics


	I.

	
Climate







Over the period 2005 to 20019, the mean annual temperature varied by 5 °C, and although the period of observations was short, there was a significant increase in temperature estimated at 2 °C (Figure 7A). Mean annual temperatures were associated with a significant increase in estimated winter temperatures of over 2 °C (October to April inclusive) (Figure 7B).



In contrast to mean annual and winter temperatures, summer precipitation (June, July, and August) decreased between 2005 and 2019, although it was very variable with a significant peak in 2013 (Figure 7C). The overall estimated decrease was about 120 mm. Over the slightly longer period of 2000 to 2019, snow depth (mean, November to March: data by Ob-Irtysh Department for Hydrometeorology and Environmental Monitoring) [48] showed a highly statistically significant change, with a more than doubling of the estimated snow depth from 20 cm in 2000 to 48 cm in 2019 (Figure 7D).



	II.

	
Active Layer Dynamics







Active layer thickness has been very variable over the period from 2014 to 2019 with a slight but statistically insignificant increase in an overall interpolated 12 cm (Figure 8).



	III.

	
Local Anthropological Activities







Various local industries include oil refining, gas extraction, and sand dredging. The sand dredging is to export sand to make better platforms for the oil and gas extraction plants and roads. Dredging activities can change some of the thermokarst lakes by increasing their depths and volumes in contrast to the effects of climate change which are decreasing lake area and, therefore, volume. The hydraulic sand dredging method for removing bottom soil in thermokarst lakes is a particular activity that deepens these lakes (Figure 3).



The air temperature around industrial activities is higher than elsewhere [49]. As a result, permafrost thaws, lakes evaporate, water flow into other areas and the earth subsides. Soon, vegetation grows on the dried lake beds.



	IV.

	
Ranking the Importance of Factors Potentially Causing Changes in Active Layer Thickness and Lake Area







Direct human activities such as sand dredging undoubtedly have the largest and fastest impact on the dynamics of a particular lake. However, in general, climatic factors are also likely to have widespread impacts. Probably because of the short-term data sets, there are no statistically significant correlations among climate variables (Table 3A). Similarly, during the short period of observations of active layer thickness, there were no significant correlates with climate (Table 3B). In contrast, and despite the short duration of the records, the lake area is very significantly correlated with snow depth and mean winter temperature (Table 3C).




3.2.2. Impacts of Reduced Lake Areas


The bottom of former thermokarst lakes (Figure 5 above) are fertile grounds for the growth of new types of vegetation for the area, including trees (Figure 9). This can be regarded as a “greening” of the area [50,51].



Plants growing in drained thermokarst lake beds include cuckoo flax (Polytrichum), sedge (Carex sp.), wild rosemary (Lédum palústre), swamp bush (Andromeda sp.), willow bush (Salix sp.), and peat moss (Sphagnum sp.). These species can live in acidic, waterlogged soils.



In contrast to the effects of climatically-driven degrading thermokarst lakes on vegetation colonization and the loss of habitat for aquatic species such as fish, sand dredging deepens the bottom of these lakes, thereby allowing increased spawning grounds for fish reproduction and better conditions for the over-wintering of fish.






4. Discussion


“Thermokarst lakes, their shape, size, and dynamics of their coastlines can be an indicator of modern exogenous processes, and hence changes in the geological and ecological environment. The dynamics of these water bodies also have a pronounced socially significant effect, both direct and indirect” (translated from [49]). Based on five years of study and a sample of 23 lakes, a school science project has shown, with confidence, that all of the sampled lakes are getting smaller in the Tazovsky District, while one disappeared completely. This study highlights both the importance of local observers and local conditions, and our understanding now moves beyond the conflicting studies by experts based over wider areas [40,41].



At the start of the study, it was assumed that lakes used for dredging sand would show a loss of area greater than undisturbed lakes. However, the rate of loss was 22% per year, whereas the rates of loss for the undisturbed lakes above and below the road were 33% and 12%, respectively. Consequently, this type of direct intervention was not a dominant cause of the loss of the lake area. In contrast, climate—both directly and indirectly—affected lake loss significantly.



Annual mean temperature and winter temperature show increasing but nonsignificant trends. Summer precipitation, in contrast, shows a decreasing trend, whereas snow depth has increased very significantly in the Tazovsky area. The temperature increase is a global phenomenon [52] and the Arctic amplification of global warming is well documented with an Arctic-wide factor of 4 times [53] (http://climate.amap.no/, accessed on 14 October 2022). Locally, in Arctic Siberia, however, warming has been even more pronounced with temperatures reaching above 38 °C [54].



Such temperatures are bound to increase surface evaporation from waterbodies, particularly when associated with decreasing summer precipitation. In contrast, increased winter snow depth (see [55] which also reports increased snow depth) is expected to recharge lakes. The balance between drying and recharging is displaced toward drying in our sample of lakes which show decreasing areas. Increased temperatures, decreased summer precipitation, and increased snow depth [56] accelerate permafrost thaw. In our study, permafrost thaw, observed over five years through active layer thickness measurements, varied greatly from year to year with no significant overall trend. We must assume somewhat surprisingly, therefore, that permafrost thaw was not a major determinant of lake area loss over the five years of our study. This is surprising given that permafrost thaw in other areas such as northern Sweden is rapid with complete loss of sporadic permafrost in some areas [57].



For ongoing lake area loss, it could be postulated that the size of a lake could influence its rate of loss, with small lakes disappearing faster than large lakes. However, this was not the case, and the initial lake surface area had no significant relationship with the subsequent rate of loss. Thus, a combination of climatic factors will determine the further dynamics of the behavior of thermokarst lakes in the north of Western Siberia.



Although the reduction in areas of lakes that are being dredged was not significantly different from that of the undisturbed lakes, it can be assumed that lake depth increased, even if this was not measured.



There are several sociological impacts of changes in lake area and depth.



Lake depth in the Arctic is critically important for fish survival. Even though the fish diet is decreasing in the Yamal and Nenets Autonomous Okrug [58], fish are an important part of biodiversity and remain an important part of local diets, maintaining nutrition and health. Lakes deep enough to ensure the winter survival of fish are critically important for local populations who have built settlements around these lakes, e.g., Nadym (Lobanov, personal communication). Counterintuitively, the disturbed lakes provide a better habitat for fish and a better possibility for harvesting fish than the shallow lakes which are getting smaller. Local and Indigenous knowledge recognizes that disturbed lakes provide better habitats for fish as they are deeper and do not freeze to the bottom in winter.



The presence or absence of waterbodies profoundly affects biodiversity and ecosystem function, particularly trace gas emissions. While fish and other aquatic organisms are obvious dependents on waterbodies, the drying of waterbodies allows new terrestrial habitats to open up with new vegetation, and potentially, new grazing areas for reindeer. Whereas microbial respiration from anaerobic aquatic microbes releases the powerful greenhouse gas methane [55,59], aerobic respiration from terrestrial soils releases carbon dioxide and it can be postulated that with the increased vegetation cover observed, more CO2 will be sequestered than released leading to carbon storage. This is important because the Arctic—and particularly Siberia—is thought to be a major source of greenhouse gases that could lead to increased global warming [60,61].



Water availability to the local population and water quality may be affected by ongoing changes in the sizes of lakes as well as other climate change impacts and dredging. The availability of high-quality drinking water is limited for the residents of the Arctic zone of Western Siberia due to climatic and anthropogenic risks despite the rich water resources [14,15]. In the Tazovsky area, local people access their water from the Taz river and other smaller rivers and tributaries, so reductions in lake surface area and loss of lakes will not directly affect access to water resources.



Changes in lake number and area influence infrastructure maintenance and development. Transport in the remote north is particularly dependent on navigating between waterbodies and across them when they are frozen [62]. Ice roads, “zimniks”, are threatened by an early and unpredictable thaw of lake and river ice [63], although, in the long term, transport will be easier if lakes and permafrost disappear.




5. Conclusions


Although experts have recorded and published conflicting trends for changes in lakes in Siberia, school students from the Tazovskaya Secondary School working over the past five years have shown unequivocally that 21 lakes in their region have decreased in surface area, one has disappeared completely, and no new lakes or increases in the surface area have occurred. Although transitions between aquatic and terrestrial ecosystems and landscapes have been cyclical with the khasyrey phenomenon, the current ubiquitous loss of lake surface area in the Tazovsky area suggests a new landscape regime for this area. The students have recorded the various impacts of the loss of lake area giving first-hand accounts of new biodiversity, for example, based on local knowledge. Despite the approach being limited by available technology and expertise, such as low replication of measurements and simple experimental design, the results are nevertheless valuable for the local community and contribute important ground-based information for understanding remotely sensed landscape dynamics which are underrepresented in the literature [51]. It is sincerely hoped that the publication and wide visibility of this study will encourage the teachers and students to continue their important local research and will enthuse teachers and students over wider areas to add to our scientific understanding and recording of important and accelerating landscape changes over extensive, remote areas.
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Figure 1. Location map of the general study area: (left), the location in the Yamalo-Nenets Autonomous Okrug (Worldmap northern.svg); (middle), the Tazovsky District (right) showing the location of the Tazovskaya Secondary School and the Gaz-Sale village (Google Maps). 
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Figure 2. (a) The village of Gaz-Sale and the study area showing the four disturbed lakes (D1–D4) in 2014. (b) The village of Gaz-Sale and study lakes showing the nine undisturbed lakes above the road (UA1–UA9) and the nine undisturbed lakes below the road (UB1–UB9) in 2014. The yellow outline around lake UA1 denotes the lake which had disappeared by 2019. 
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Figure 3. A 2018 photo of a dredged lake which is now abandoned. 
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Figure 4. Drones are used to describe landscapes. 






Figure 4. Drones are used to describe landscapes.



[image: Water 15 00818 g004]







[image: Water 15 00818 g005 550] 





Figure 5. The village of Gaz-Sale and the study area showing the lakes in 2019 that can be compared with the lakes in 2014 (Figure 2b). Note the disappearing lake UA1 and the change in the water color of the disturbed lakes. 
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Figure 6. Mean lake area between 2014 and 2019 for four disturbed lakes (D1–D4). (p-value = 0.0033). 
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Figure 7. Climate trends at Tazovskiy Village. (A) mean annual temperature (°C); (B) mean winter (October to April inclusive) temperatures (°C); (C) mean summer precipitation (mm) (June, July, and August); (D) mean snow depth (November to March inclusive) (cm). 
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Figure 8. Active layer thickness from 2014 to 2019. 
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Figure 9. Photo of the bottom of a degraded thermokarst pond. 
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Table 1. Dynamics of the undisturbed lakes above the road. Note: areas are estimated in a standardized way and are not absolute.
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Lakes

	
Maximum Diameter, m

	
Minimum Diameter, m

	
Lake Area, km2




	

	
2014

	
2019

	
2014

	
2019

	
2014

	
2019

	
Difference %






	
Lake UA1

	
197

	
0

	
103

	
0

	
0.070

	
0

	
−100




	
Lake UA2

	
582

	
486

	
254

	
233

	
0.137

	
0.101

	
−26.3




	
Lake UA3

	
368

	
321

	
199

	
151

	
0.063

	
0.053

	
−5.87




	
Lake UA4

	
623

	
596

	
441

	
391

	
0.222

	
0.191

	
−14.0




	
Lake UA5

	
2865

	
2313

	
1251

	
936

	
3.324

	
2.071

	
−37.7




	
Lake UA6

	
2638

	
2145

	
1403

	
1224

	
3.204

	
2.227

	
−30.5




	
Lake UA7

	
486

	
458

	
432

	
362

	
0.165

	
0.131

	
−20.6




	
Lake UA8

	
498

	
412

	
385

	
343

	
0.153

	
0.114

	
−25.5




	
Lake UA9

	
345

	
339

	
289

	
261

	
0.079

	
0.070

	
−23.9




	
Mean

	
955.8

	
785.6

	
528.6

	
433.4

	
0.821

	
0.551

	
−31.6




	
Standard error

	

	

	

	

	
0.462

	
0.302
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Table 2. Dynamics of the undisturbed lakes below the road.
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Lakes

	
Maximum Diameter, m

	
Minimum Diameter, m

	
Lake Area, km2




	

	
2014

	
2019

	
2014

	
2019

	
2014

	
2019

	
Difference %






	
Lake UB1

	
286

	
268

	
168

	
153

	
0.040

	
0.035

	
−12.5




	
Lake UB2

	
265

	
248

	
172

	
159

	
0.037

	
0.032

	
−13.5




	
Lake UB3

	
462

	
417

	
298

	
246

	
0.113

	
0.086

	
−23.9




	
Lake UB4

	
312

	
271

	
252

	
241

	
0.062

	
0.051

	
−17.7




	
Lake UB5

	
452

	
385

	
287

	
271

	
0.107

	
0.084

	
−21.5




	
Lake UB6

	
685

	
649

	
452

	
436

	
0.253

	
0.231

	
−8.7




	
Lake UB7

	
648

	
612

	
447

	
421

	
0.235

	
0.209

	
−11.1




	
Lake UB8

	
928

	
895

	
536

	
502

	
0.420

	
0.383

	
−8.8




	
Lake UB9

	
323

	
318

	
203

	
172

	
0.054

	
0.047

	
−13.0




	
Mean

	
484.6

	
451.4

	
312.8

	
289.0

	
0.15

	
0.12

	
−12.3 ± SE




	
Standard error

	

	

	

	

	
0.043

	
0.04

	











[image: Table] 





Table 3. Correlations (Pearson product–moment): among climatic factors (A); between active layer thickness and climatic factors (B); and between the area of disturbed lakes and climatic factors (C). Values in bold denote significant p-values.
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(A)




	

	
Active Layer Thickness

(cm)

	
Summer Precipitation (mm/cm2)

	
Mean Annual Temperature

(°C)

	
Mean Winter Temperature (°C)

	
Mean Snow Depth

(cm)






	
Active layer thickness (cm)

	
1

	

	

	

	




	
Summer precipitation (mm/cm2)

	
0.521

	
1

	

	

	




	
Mean annual temperature (°C)

	
0.023

	
−0.170

	
1

	

	




	
Mean winter temperature (°C)

	
0.008

	
−0.570

	
0.806

	
1

	




	
Mean snow depth (cm)

	
−0.143

	
−0.646

	
−0.644

	
0.860

	
1




	
(B)




	

	
Summer precipitation (mm/cm2)

	
Mean annual temperature

(°C)

	
Mean winter temperature (°C)

	
Mean snow depth

(cm)




	
p-value for active layer thickness correlation with four climate variables

	
0.289

	
0.988

	
0.955

	
0.787




	
(C)




	

	
Summer precipitation (mm/cm2)

	
Mean annual temperature

(°C)

	
Mean winter temperature (°C)

	
Mean snow depth

(cm)




	
p-value for lake area correlation with four climate variables

	
0.487

	
0.153

	
0.025

	
0.0125
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