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Abstract

:

Chemical composition of Arctic freshwater ecosystems depends on several factors. They include characteristics of the surrounding landscape, its lithology, geomorphology, vegetation, and hydrological features, as well as accumulation of anthropogenic pollution. In the Arctic, the problem of environmental contamination is widespread. That is why research on lakes and river catchments in terms of their chemical composition has enjoyed increasing interest among scientists worldwide. The freshwater reservoirs of the Arctic are fragile and particularly vulnerable to the uptake of pollutants that become trapped in the water and sediments for an extended period. This review summarises selected studies of freshwater bodies in the Arctic to highlight the problem of the accumulation of pollutants in these reservoirs. Moreover, it emphasises the possible negative impact of chemical pollutants on both animal and human health.
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1. Introduction


Polar regions are characterised by a great abundance and diversity of freshwater ecosystems, including streams, rivers, lakes, and wetlands which are among the most pristine ecosystems worldwide. They are particularly common due to low evaporation rates, widespread permafrost, and extensive meltwater from snowfields and glaciers. Glacial action and river water inflow shaped the basins of many lakes and distributed glaciogenic deposits of different sources and mineral composition across their catchments [1]. The unique and fragile Arctic water ecosystems, adapted to extreme environmental conditions of the area, are under pressure due to environmental changes resulting from warming of the polar regions more than twice as intensive as the global average temperature rise [2,3]. Furthermore, increasing air temperatures affect freshwater supply from shrinking glaciers and permafrost thaw [4,5], effectively modifying the hydrological regime of the Arctic lakes and rivers, and contributing to the formation of groundwater storages [6]. Moreover, climate instability leads to variability of water chemical composition, and for lakes located close to the sea—changes in their linkages with marine waters [1].



Arctic areas also contain major water resources that have been widely exploited. The dams and reservoirs constructed for hydropower engineering have impacted many Arctic rivers and lakes [7], often leading to changes in water inflow and temperature [8]. In the past, the construction of dams has also interrupted the river continuum and has been responsible for the decline of many migratory fish populations and other biota species [7]. Rivers in the Arctic have also been used for the transport of timber from forested inland regions, resulting in dam construction and canalisation. Flood protection measures have also been instigated in some Arctic freshwater systems where infrastructure was at risk [8].



In polar regions, especially in the Arctic, rivers and streams remain in a close and interactive relationship with their catchments. The significance of these interplays varies with changes in terrestrial vegetation and the extent of permanent snowfields and glaciers [9]. Freshwater reservoirs in the European Arctic considerably vary in size, from large, wide lakes and rivers of northern Russia, to the multitude of small and medium-sized aquatic ecosystems typical of northern Scandinavia. Lakes in the Svalbard Archipelago are typically medium-sized, and rivers are short, but may seasonally display high flows as a result of snow and ice melt [8]. Water temperatures in Arctic streams, rivers, and lakes are constantly low and fall with growing altitude and latitude. Low temperatures in rivers, combined with high sediment load and channel instability, place glacier-fed rivers amongst the most inclement habitats for aquatic biota. Snow and ice cover as particular features of Arctic rivers, however, indirectly provide unique environmental conditions that lead to the development of many adaptive mechanisms of the biota living in Arctic rivers, streams, and lakes, even if winter conditions inevitably cause high mortality in reaches susceptible to the formation of frazil and anchor ice. Lack of nutrients or their limiting concentrations, as well as long periods of darkness and ice cover, contribute to reducing species richness, biomass, and productivity [6,10,11,12]. Furthermore, the poor nutrient status of freshwater ecosystems in the Arctic makes them particularly vulnerable to the uptake of contaminants [8].



Apart from a slight influence of local pollution sources that occur on Svalbard, such as military installations, industrial outlets, relatively small settlements, power generators, and vehicle and ships exhausts, the primary reason for the presence of pollutants in the Arctic is their transport from remote areas [13]. The Svalbard archipelago stands out among polar regions by its location as the gateway to the Arctic. Its location, relatively close to the European mainland, makes this sensitive region exceptionally exposed to the influence of pollutants [1]. Climate change enhances moisture transport with air masses from lower latitudes towards the pole, contributing to an increase in precipitation in the Arctic, falling either as snow or rain, and transporting a variety of pollutants [14]. Those contaminants persist for long enough to be transported thousands of kilometres with air masses and ocean currents. Consequently, compounds that have not been produced over the past several decades still occur in the Arctic environment, including freshwater ecosystems.



The objective of the present review was to evaluate the chemical composition, including contamination, of freshwater ecosystems in the Arctic. Countries worldwide are striving to reduce emissions of potentially toxic chemicals that may negatively impact the functioning of freshwater ecosystems and human health [15]. They attempt to reduce pollutants concentration levels in all environmental media. Pollutants accumulation has the potential to affect lakes’ evolution through a variety of processes, particularly in polar regions which are sensitive to even slight alterations in air temperatures and the chemical composition of water [16]. Therefore, studying the pollution of freshwater ecosystems in the Arctic is an important research task worth carrying out over a long period of time.




2. Transport of Pollutants into the Arctic


Pollution, as a topic concerning not only urban areas on Earth, but also extending to polar regions, has been discussed in environmental sciences for more than 50 years. Already in 1964, Rachel Carson pointed out the considerable adverse effects of pollutants in polar regions. Pollution in the Arctic atmosphere has been investigated since the 1970s when first atmospheric measurements revealed the presence of persistent organic pollutants (POPs) in the pristine polar environment [17,18]. Comprehensive research under the Arctic Monitoring and Assessment Programme (AMAP) showed that winds and ocean currents provide effective means of transport of contaminants to the Arctic. Therefore, the atmospheric POPs distribution and fate has been continuously surveyed since the early 1990′s [19].



Atmospheric long-range transport of pollutants to the Arctic is a complex process. Some indication for atmospheric long-range transport has been recorded much earlier—in the 1950s when aeroplane pilots reported smog-like phenomena over the surface of the Arctic region during their flights across the North Pole. This smog may still be seen during intercontinental flights. The smog phenomenon is mainly caused by sulphate-containing dust particles originating from industrial regions in the USA, Europe, and Asia, transported via the atmosphere, and deposited in the Arctic. This phenomenon is also known as ‘Arctic haze’ [20]. One of the most common processes in the atmospheric transport of POPs is global distillation. It forces contaminants out of warm reservoirs in temperate industrial areas into the cold environment in the Arctic, resulting in a complex POPs distribution cycle. Next to ocean currents and rivers, the atmosphere is considered one of the most important pathways for the transport of pollutants. Moreover, depending on the physicochemical properties of contaminants, water-soluble compounds may be transported in particle-bound or colloidal form in the atmosphere before deposition. Minor differences in volatility and solubility of pollutants can make a significant difference for the preferred transport pathway [20]. Therefore, small temperature changes will determine whether the substance will be associated with the gas phase or particulate/colloidal phase during atmospheric long-range transport (LRAT) events [21]. Furthermore, chemical compounds tend to vaporise at elevated ambient temperature and condense at lower air temperatures at higher latitudes. This phenomenon has been described as global distillation [22,23,24]. The Arctic is not considered a highly pristine environment anymore. Certain characteristic features, such as low temperatures, ice coverage, snow and rain precipitation, and extended periods of darkness during winter make the Arctic environment particularly vulnerable to the accumulation of globally transported contaminants, including POPs [12]. Figure 1 presents parameters favouring the special potential of the Arctic for the uptake of pollutants [20].



It is already common knowledge that POPs can migrate long distances from their original sources. Inputs of POPs from the atmosphere and surface waters, and releases from sediments and removal pathways such as volatilisation and sedimentation, can partly explain why countries that banned the use of certain persistent pollutants are experiencing less dramatic declines in environmental concentrations nearly a decade later [25].




3. Persistent Organic Pollutants in the Arctic Environment


Research conducted under the Stockholm Convention to identify POPs of potential global concern revealed nearly 40 substances in three categories [26]:




	
Industrial chemicals;



	
By-products;



	
Pesticides.








Many substances belonging to these categories have been the subject of already existing research, and are comprehensively represented in the literature. They include polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), dioxins/furans, and organochlorine pesticides (OCPs). Nonetheless, other classes of substances have not received the same level of investigation, or are only now being recognised as possible POPs [26]. Figure 2 shows examples of compounds that are not commonly included in chemical monitoring programmes, but appear in the Arctic environment, and are listed below [27]:




	
Novel brominated and chlorinated flame retardants (NBFRs. NCFRs);



	
Polyfluoroalkyl substances (PFASs);



	
Pharmaceuticals and Personal care products (PPCPs);



	
Current-use pesticides (CUPs).








3.1. Freshwater Bodies as Receivers of Commonly Determined POPs


Some of the processes occurring in freshwater environments have already been observed and provided the basis for the investigation of the fate and transport of POPs. As mentioned above, POPs have the potential to be distributed between particles, colloids, and the water phase. Deposition across the air-water interface is the primary input route for pollutants to the freshwater environment. Another way of supplying pollutants into freshwater is through melting snow and ice [28,29].



POPs may also sorb to particles and colloids, resulting in a decrease in freely dissolved concentrations, and therefore a reduction of their bioavailability to aquatic organisms [26]. Sorption of POPs to colloids, however, may enhance environmental transport due to the higher mobility of small colloids compared to larger ones. The extent of sorption to particles and colloids, and the distribution between various phases in freshwater reservoirs, have a significant impact on POPs migration in the Arctic environment, and their fate processes such as sedimentation, bioavailability, and degradation [30]. Table 1 shows selected freshwater bodies in the Arctic, including lakes, ponds, rivers, and streams, as well as lake sediments, where different organic pollutants have been detected.



Many scientific papers regarding the accumulation of pollutants in freshwater at various locations in the Arctic have been included in the table above. This shows the extent of research and the importance that scientists attach to the topic of pollution of the polar environment. The authors of this review, who research POPs concentration levels in Svalbard, also contribute to the assessment of the state of the Arctic environment. Figure 3 shows the location of areas where research has been carried out by the authors of this review article over the last five years.



Three areas in the Svalbard archipelago (Hornsund, Longyearbyen, and Ny-Ålesund) selected for research by the authors are exposed to both long-range transport contamination and local pollution. While exposure to external factors has been known for a long time, local pollution may be of as much importance there as long-range contamination. The selected locations are settlements of residents of Svalbard and scientists conducting research. In the case of Longyearbyen, the capital of Svalbard, mining, power production, transport, waste and sewage disposal all contribute to local pollution [29,40]. Nonetheless, knowledge gaps regarding the exact impact of the local human activities still exist, particularly with respect to their spatial coverage, chemical contamination profile, and temporal trends. The Hornsund and Ny-Ålesund research stations are also important points on the pollution map of Svalbard. The surroundings of all stations are subject to multiple chemical analyses (e.g., water, air, and soil research), and are regularly monitored by the station operators. Despite the consistent effort to limit contamination connected to the operation of the Arctic research stations, they are not zero-emission facilities. The chemical diversity introduced by all these factors requires continuous investigation [29].



Characteristic Features and Sources of POPs in the Arctic Freshwater Ecosystem


In many water ecosystems around the world (including the Arctic), climate change and environmental contamination affect water quality and water-related ecosystems. Persistent organic pollutants represent one of the most intensively studied classes of environmental contaminants due to their well-known cancerogenic and mutagenic effects on organisms. They are generally ubiquitous, lipophilic, and accumulate in lipid tissues and through food chains [54]. Commonly detected POPs in the Arctic environment include:




	
Polycyclic aromatic hydrocarbons (PAHs) belonging to the group of organic compounds consisting of 2 to 13 aromatic rings. PAHs are weakly volatile, and dissolve in water, with solubility decreasing with an increase in the number of aromatic rings. They are chemically inactive and have low vapour pressures, therefore bonding to particulate matter. They are also highly thermo- and photosensitive when adsorbed on the surface of dust [26]. The Integrated Risk Information System (IRIS) of the U.S. Environment Protection Agency (EPA) contains an assessment of over 540 individual chemicals with potential human health effects. Among them, 17 unsubstituted PAHs have been identified by EPA as priority pollutants [55,56]. PAHs transported to the Arctic (via the atmosphere and ocean currents) are generated as a result of incomplete combustion of materials containing carbon and hydrogen, which includes coal, crude oil, fuel, gas, wood, and organic materials, as well as combustion of polypropylene and polystyrene, communal and industrial waste, and used tires [57]. Emission of PAHs from natural sources includes volcanoes, forest fires, or industrial sources such as stack emissions and combustion [26]. Releases of these compounds to freshwater include industrial and wastewater treatment plant discharges, precipitation of industrial and natural dust particles, and urban runoff [58,59];



	
Polychlorinated biphenyls (PCBs) are a class of chlorinated derivatives of aromatic organic compounds with 1–10 chlorine atoms attached to biphenyl which is a molecule composed of 2 benzene rings. They are described by various trade names such as Aroclor, Askarel, Phenoclor, Clophen, Kanechlor, and Therminol [10]. The empirical formula of PCBs is C12H10-xClx. It comprises mixtures of 209 possible synthetic organic chemical congeners, ranging from oily liquids to waxy solids [10]. PCBs transported to the Arctic and accumulated in freshwater mainly originate from their industrial application as flame retardants in paints, additives for insulation purposes, and dielectric fluid in capacitors and transformers. Between 50 and 100 congeners are generally released into the environment during the destruction and decommissioning of electrical equipment and buildings. PCB congeners show a very wide range of physicochemical properties that dictate their transport pathways and environmental fate. They are considered Arctic indicator contaminants for trend and risk assessments [20,54];



	
Organochlorine pesticides (OCPs) are organic compounds attached to 5 or more chlorine atoms. They represent one of the first categories of pesticides ever synthesised, and are used all over the world. OCPs belong to the group of chlorinated hydrocarbon derivatives with a high variety of applications in the chemical industry and agriculture. These compounds are known for their slow degradation, high toxicity, and bioaccumulation. Even though many of the compounds belonging to OCPs have been banned in developed countries, the use of these agents has been on the rise. This particularly concerns abuse of these chemicals across the continents. Although pesticides have been developed to target organism toxicity, the non-target species are often negatively affected by their application [60]. All pesticides may also be transported over long distances, and can be trapped in cold Arctic water reservoirs [10];



	
Dioxins/furans are a group of chemical compounds that share chemical similarities and mode-of-action (biological) characteristics. A total of 30 of these dioxin-like compounds belong to closely related families: polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), and certain PCBs. PCDDs and PCDFs are generated as unwanted by-products of chemical syntheses, but may also be inadvertently produced in nature. Other sources of these xenobiotics include combustion, chlorine bleaching of pulp and paper, and many other industrial processes [55]. Like other organic pollutants, dioxins and furans are transported to the Arctic from distant regions.










3.2. Occurrence of Potentially New Classes of POPs in the Arctic Environment


Several environmental studies have already approached the identification of potentially new contaminants occurring in the Arctic using mathematic modelling of the probability of long-range transport, taking into account the physicochemical properties of various compounds and their production volumes [27]. One of the developments in the assessment of potential new classes of POPs in the Arctic has been the screening of chemicals in commerce by means of models that indicate that many current-use organic compounds have chemical characteristics that make them similar to commonly known POPs. They, therefore, have the potential to be transported to the Arctic [61]. The study by Brown and Wania, 2008 [61] employed a data set of more than 100 000 distinct industrial chemicals subjected to screening system models, and identified 120 high production volume chemicals that are structurally similar to already known Arctic contaminants and have partitioning properties allowing for considering them potential Arctic pollutants. Muir and Howard, 2006 [62], using 11,000 organic chemicals from the Canadian Domestic Substances List, also identified 28 chemicals with long-range transport potential based on predicted atmospheric oxidation half-lives (>2 days). Among these 28 compounds, only 8 were thought to have been measured in environmental samples [27]. Combining modelling for long-range atmospheric transport or oceanic transport and food web bioaccumulation seems to be the best approach for screening thousands of chemicals in commerce [63]. This information is crucial to the ongoing consideration of including new pollutants in the existing national, regional, and global agreements aimed at the regulation of emissions of POPs. Moreover, model predictions always require confirmation through targeted environmental measurement campaigns. Compounds that are not commonly covered by chemical monitoring programmes, but occur in the Arctic environment, include:




	
Novel brominated and chlorinated flame retardants (NBFRs. NCFRs) constitute approximately 25% of all commercially used flame retardants. They are a large group of chemicals used in different materials to delay or prevent flaming. Since the ban of commonly used flame retardants, novel brominated and chlorinated flame retardants have emerged [64]. NBFRs and NCFRs are emerging contaminants that occur in these materials and can reach the distant polar environment. They are relatively new on the market and show many different properties. They are therefore applied in a wide range of products, such as furniture, plastic, textiles, foams, and electronic devices. The European Food Safety Authority (EFSA) published a report on emerging and novel brominated flame retardants in food, but could not perform the risk assessment due to limited data on their toxicity [65]. The European Commission (Directive, 2014/118/EU) has issued recommendations regarding monitoring traces of BFRs in food, including several NBFRs (such as 2-ethylhexyl 2,3,4,5-tetrabromobenzoate) [64]. The majority of countries have no laws to monitor the use of NBFRs or NCFRs. The production of these compounds in the United States is registered and reported by Chemical Data Reporting (CDA), part of the U.S. Environmental Protection Agency (EPA). Data on the production volumes of NFRs, however, are often non-existent. The European Chemicals Agency (ECHA) registers and monitors data on chemicals used in the EU [66], and EFSA has recommended monitoring of NFRs in food [64];



	
Polyfluoroalkyl substances (PFASs) whose occurrence and fate in the aquatic environment is recognised as an important emerging contaminant issue. They are persistent and bioaccumulative chemical compounds [26]. They have been widely used in numerous industrial and commercial applications since 1950 [67]. The carbon-fluorine bond is strong and stable, and the chemical and thermal stability of PFASs provides for highly useful and enduring properties. As a consequence of their widespread use, PFASs have been detected in the environment, wildlife, and humans. The global regulatory community is interested in ‘long-chain’ perfluoroalkyl acids and perfluoroalkyl carboxylic acids, and their corresponding anions [26]. PFOS and PFOA are the two ‘long-chain’ perfluoroalkyl acids most often reported in the scientific literature [26,67]. An important research topic, directly related to environmental fate and transport, is the question of how fast PFOS and PFOA themselves and their homologs and precursors are transported away from their emission sources over long distances in air and water [68,69];



	
Pharmaceuticals and Personal care products (PPCPs)—A diverse collection of thousands of chemical substances, including prescription and over-the-counter therapeutic drugs, veterinary drugs, fragrances, sunscreens, detergents, and cosmetics. Among PPCPs, some compounds are capable of disrupting the endocrine system of animals, including humans, wildlife, and fish. These substances are termed endocrine-disrupting chemicals (EDCs). PPCPs suspected to have EDC properties are considered to be an emerging class of contaminants, and may behave similarly to POPs. Even though PPCPs are not formally listed as persistent organic pollutants under the Stockholm Convention, and there is an active debate regarding whether PPCPs fall into the category of POPs, they have become emerging contaminants of concern because of their potential to affect drinking water supplies and their uncertain consequences of chronic low-level exposures of wildlife [26]. Municipal wastewater, attributed to the widespread use of PPCPs both in health care and personal care facilities and at home, is the primary pathway by which chemicals from prescription and over-the-counter products find their way into the aquatic environment, and may be transported to polar regions [70];



	
Current-use pesticides (CUPs) continuously discovered in remote regions. They are sufficiently persistent to undergo long-range transport, and like other contaminants commonly known as POPs, they may represent an environmental concern. Current-use pesticides reported in the Arctic span diverse structural classes, although they share several general characteristics. Many of them exhibit a moderate to low solubility in water, and relatively low air-water partitioning (log KAW values ranging from −3.5 to −6.0), allowing them to reach the Arctic, primarily from the atmosphere with some possible contribution via ocean currents [71]. According to the most recent report from the Food and Agriculture Organisation (FAO), 4.1 million tonnes of pesticides were used globally in 2016, with herbicides representing their largest share [72]. In the northern hemisphere, pesticide usage has increased by 27% since 1996, reaching 3.2 million tonnes in 2016. Reports regarding the use of individual chemicals within countries are scarce, making it difficult to identify the source areas and global trends of their production and use. Nevertheless, most CUPs of Arctic concern have been recognised as high production volume (HPV) chemicals produced or imported in amounts greater than 1000 tonnes per year [73]. Current-use pesticides detected in the Arctic fall under varying levels of regulation [74,75,76]. Most of them are still approved for use, whereas the use of some (e.g., chlorpyrifos and pentachloronitrobenzene) is subject to restrictions, and others (e.g., endosulfan and dicofol) are beginning to be subject to domestic and international regulations. In 2011, endosulfan was added to the Stockholm Convention List of POPs. In 2017, the POP Review Committee (POPRC) recommended listing dicofol in the Conference of the Parties to the Stockholm Convention [77,78]. In 2010, endosulfan and trifluralin were under review for inclusion in the UNECE Long-Range Transboundary Air Pollution (LRTAP) Convention [79], but no further action has been taken [71].








Due to the increasing amount of research on potentially new classes of POPs in the Arctic, including freshwater research, Table 2 shows examples of current-use compounds that have been detected in selected freshwater bodies and sediments.





4. POPs as Environmental Risk Factors in Remote High-Altitude Freshwater Ecosystems


Continuous and comparable monitoring programmes regarding the transport and occurrence of persistent organic pollutants in remote regions are essential for a better understanding of the global movement of these chemicals, and the evaluation of the environmental risk factors of POPs. Although the presence and altitude-dependent increase in POPs levels in the Arctic ecosystems (including freshwater) are confirmed by many international studies, their ecotoxicological consequences still remain largely undiscovered [97]. Arctic lakes are fragile ecosystems with significant potential for pollutants accumulation. They are considered among the most pristine waters of the Arctic. Therefore, even small amounts of contaminants greatly alter the chemistry of freshwater and sediment characteristics [1,98]. Freshwater ecosystems are identified as crucial ‘early warning’ sites with respect to global and medium-range transport, as well as the distribution processes for POPs. Moreover, the presence of anthropogenic contaminants in these vulnerable ecosystems may disturb their sensitive freshwater ecological balance [97].



The role of high-altitude lake systems as indicators of ecotoxicological risk has already been described in the context of monitoring and assessment of freshwater acidification and trace metal contamination. For POPs, high-altitude freshwater fish species are considered valuable indicators for ecotoxicological risk assessment of the Arctic [99,100]. Freshwater sediments and fish species usually act as sinks for atmospherically transported POPs that are deposited with rain and snow precipitation, or introduced with snowpack melt to freshwater bodies [101,102]. Particularly freshwater salmonid fish species have shown to respond very sensitively to elevated POPs concentrations [97,103]. A preliminary attempt at an ecotoxicological risk assessment has been made for selected POPs in freshwater fish based on various data comparisons. The research revealed that freshwater fish from the Arctic environment are almost equally contaminated with POPs as fish from mountain lakes and aqueous systems in other parts of the world [97,99,100,103].



According to the current scientific knowledge on the environmental behaviour of POPs in remote pristine environments, a great variety of effects caused by POPs exposure may be expected in high-alpine ecosystems, should highly elevated pollutants be found in ‘hot spot’ environments. Indeed, ecosystem-specific structures (e.g., geological structures, vulnerable food webs, or temperature adaptations) can reduce the effect threshold for organisms adapted to high altitudes, as comprehensively evidenced for the Arctic ecosystem [3]. Monitoring of the biological effects should cover immune system suppression and/or endocrine disruption for species at high trophic levels of remote high-latitude food webs. Although the original damage caused by chemical contamination such as POPs is often found at the molecular level (e.g., immune system-related effects, endocrine mimicking, induction of mixed functional oxidases, neurotoxic effects), emergent effects are also expected at the population level, such as the loss of genetic diversity [97].




5. Environmental Factors Determining Changes in POPs Occurrence in the Arctic over Time


Persistent anthropogenic pollutants are transported via the atmosphere, ocean currents, and rivers into the Arctic. After entering the polar environment, the chemicals are immediately redistributed within the regions by the same pathways. They can also be incorporated into biological systems through accumulation in the food webs. Every step along these transport pathways to and within the Arctic ecosystems is influenced by the currently observed climate change through reactivity, adsorption, and temperature-dependent processes. At the same time, the composition and geophysical properties of transport media are expected to change. Sea and land ice are already changing, and so is the extent and composition of potential intermediate storage compartments for pollutants, such as freshwater reservoirs and terrestrial elements [20]. To sum up, changes in global climate and the associated environment transformation in the Arctic are expected to have significant consequences for contaminant pathways [104].



The cryosphere of the polar regions, both Arctic and Antarctic, are currently undergoing comprehensive climate change-related transformations. They are therefore considered early warning regions for the scientific elucidation of environmental consequences related to climate change. This also includes the elucidation of the fate of atmospheric long-range transported POPs. It is not surprising that many research-based findings on POPs and climate change reported in the current scientific literature are based on study results from polar regions [104]. Figure 4 shows examples of potential effects of climate change on pollutants fate and distribution.



Over the next decades, seasonal sea ice coverage is expected to disappear during the Arctic summer as a consequence of the overall observed ambient temperature increase. Therefore, remobilisation of previously-stored contaminants (secondary sources) is expected to significantly intensify in the coming years, leading to increased future exposure of local indigenous human populations and wildlife over certain time periods. Climate change is also expected to have a significant impact on complex global contaminants pathways, distribution processes into and within the Arctic, and storage [20,97].




6. Conclusions and Perspectives


Arctic freshwater ecosystems are quite varied in terms of their type, physicochemical characteristics, including proximity to the ocean and geology, their associated biota, and type of terrestrial vegetation in the surrounding catchment, as well as anthropogenic pollution [1]. Due to this, the impact of climate change, accumulation of persistent organic pollutants, and increased UV radiation levels will be variable and highly specific to particular freshwater reservoirs. These water bodies are particularly sensitive to many climatic alterations due to numerous hydro-ecological processes. The occurring processes may gradually adjust to changes in climate, or abruptly as environmental or ecosystem thresholds are exceeded. This is particularly the case for cryospheric components that significantly affect the water cycle of lakes, rivers, and ponds, the habitat characteristics of these freshwater systems, and the flora and fauna that occupy them. Prior to considering the specific effects of climate change on the Arctic freshwater systems, it is useful to place the climate projections generated by the five ACIA-designated atmosphere-ocean general circulation models (AOGCMs) for the Arctic as a whole into a more suitable freshwater context. For the most part, this requires focusing on model projections for the major Arctic terrestrial landscapes, including freshwater systems [104].



Freshwater reservoirs, including lakes, rivers, streams, ponds, wetlands etc., contain a wide range of POPs, as described in this review article. These pollutants, although under considerable restrictions and even banned for decades, still appear at significant concentration levels in polar regions. Monitoring of POPs originating from long-range atmospheric transport should be considered a versatile tool for the evaluation and assessment of the compound-specific distribution and transport processes and recognised by the international scientific community as well as by regulatory authorities [20]. Furthermore, along with the continuous development of new technologies and techniques for ultra-trace quantitative analysis of POPs, a lot of new chemicals are classified as compounds of emerging concern and introduced into the list of priority substances to be evaluated as potentially persistent, toxic, and bioaccumulative. For this reason, the research focus is slowly moving from the ‘legacy POPs’ towards ‘new POPs’ of emerging concern in polar freshwater ecosystems. Moreover, the impact of climate change on the transformation patterns of POPs in the Arctic is developing into a priority research for polar environmental scientists. Local investigations on POPs distribution patterns reveal expected changes in source strength, distribution, and deposition pathways in Northern environments [104]. Moreover, while emphasising the ecotoxicological risk of POPs the Arctic is continuously exposed to, it should be mentioned that international research efforts and funding priorities are urgently needed today to explicate this risk [97]. Arctic studies on persistent organic pollutants can also be expected to provide a new scientific insight that can be extended to understanding climate change impacts on contaminants in lower-latitude regions [104].



Even after more than 50 years of research, monitoring of POPs and compounds of emerging concern is still a crucial research topic for scientists worldwide. Long-term monitoring data sets from national and international Arctic monitoring programmes will continue to allow for in-depth interdisciplinary research on contaminants pattern profiles, temporal and spatial trend studies, environmental distribution and fate modelling, as well as an understanding of regional transport pathways in the future [20]. Many environmental scientists are hopefully encouraged to contribute their knowledge and expertise to the persisting substantial scientific gaps identified for this research area.







Author Contributions


Writing—original draft preparation, K.K. and M.R.; writing—review and editing, K.K. and M.R. All authors have read and agreed to the published version of the manuscript.




Funding


The authors’ research presented and cited in this review article has been funded by the National Science Centre, Poland, research grant number 2017/25/N/NZ9/01506. Publication co-financed by the funds granted under the Research Excellence Initiative of the University of Silesia in Katowice.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank the Institute of Geophysics, PAS, the staff and other scientists living in the Polish Polar Station, Hornsund during several expeditions, and the scientists from the Gdansk University of Technology and the University of Silesia in Poland, for supporting the field sampling in Hornsund and Longyearbyen areas. Moreover, the authors thank the Kings Bay AS for supporting field sampling in the Ny-Ålesund area.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Ruman, M.; Kosek, K.; Koziol, K.; Ciepły, M.; Kozak-Dylewska, K.; Polkowska, Ż. A High-Arctic flow-through lake system hydrochemical changes: Revvatnet, southwestern Svalbard (years 2010–2018). Chemosphere 2021, 275, 130046. [Google Scholar] [CrossRef] [PubMed]

	



ACIA. Impacts of a Warming Arctic: Arctic Climate Impact Assessment; Cambridge University Press: Cambridge, UK, 2005.

	



AMAP. Snow, Water, Ice and Permafrost in the Arctic (SWIPA); Arctic Monitoring and Assessment Programme: Oslo, Norway, 2017; 269p. [Google Scholar]

	



Gardner, A.; Moholdt, G.; Cogley, J.G.; Wouters, B.; Arendt, A.; Wahr, J.; Berthier, E.; Hock, R.; Pfeffer, W.T.; Kaser, G.; et al. A reconciled estimate of glacier contributions to sea level rise: 2003 to 2009. Science 2013, 340, 852–857. [Google Scholar] [CrossRef]

	



Frey, K.E.; McClelland, J.W. Impacts of permafrost degradation on arctic river biogeochemistry. Hydrol. Process. 2009, 23, 169–182. [Google Scholar] [CrossRef]

	



Kosek, K.; Luczkiewicz, A.; Kozioł, K.; Jankowska, K.; Ruman, M.; Polkowska, Ż. Environmental characteristics of a tundra river system in Svalbard. Part 1: Bacterial abundance, community structure and nutrient levels. Sci. Total Environ. 2019, 653, 1571–1584. [Google Scholar] [CrossRef] [PubMed]

	



Dynesius, M.; Nilsson, C. Fragmentation and flow regulation of river systems in the northern third of the world. Science 1994, 266, 753–762. [Google Scholar] [CrossRef] [PubMed]

	



Brittain, J.E.; Bogen, J.; Khokhlova, L.G.; Melvold, K.; Stenina, A.S.; Gíslason, G.M.; Brørs, S.; Kochanov, S.K.; Ólafsson, J.S.; Ponomarev, V.I.; et al. Chapter 9—Arctic Rivers. In Rivers of Europe; Academic Press: Cambridge, MA, USA, 2009; pp. 337–379. [Google Scholar]

	



Power, G.; Power, M. Ecotones and fluvial regimes in arctic lotic environments. Hydrobiologia 1995, 303, 111–124. [Google Scholar] [CrossRef]

	



Kosek, K.; Polkowska, Ż.; Żyszka, B.; Lipok, J. Phytoplankton communities of polar regions—Diversity depending on environmental conditions and chemical anthropopressure. J. Environ. Manage. 2016, 171, 243–259. [Google Scholar] [CrossRef] [PubMed]

	



Kosek, K.; Jankowska, K.; Polkowska, Ż. Bacterial presence in polar regions associated with environment modification by chemical compounds including contaminants. Environ. Rev. 2017, 25, 481–491. [Google Scholar] [CrossRef]

	



Kosek, K.; Kozak, K.; Kozioł, K.; Jankowska, K.; Chmiel, S.; Polkowska, Ż. The interaction between bacterial abundance and selected pollutants concentration levels in an arctic catchment (southwest Spitsbergen, Svalbard). Sci. Total Environ. 2018, 622–623, 913–923. [Google Scholar] [CrossRef] [PubMed]

	



Kosek, K.; Polkowska, Ż. Determination of selected chemical parameters in surface water samples collected from the Revelva catchment (Hornsund fjord, Svalbard). Monatsh. Chem. 2016, 147, 1401–1405. [Google Scholar] [CrossRef]

	



Mueller, D.R.; Van Hove, P.; Antoniades, D.; Jeffries, M.O.; Vincent, W.F. High Arctic lakes as sentinel ecosystems: Cascading regime shifts in climate, ice cover, and mixing. Limnol. Oceanogr. 2009, 54, 2371–2385. [Google Scholar] [CrossRef]

	



Kozak, K.; Ruman, M.; Kosek, K.; Karasiński, G.; Stachnik, Ł.; Polkowska, Ż. Impact of volcanic eruptions on the occurrence of PAHs compounds in the aquatic ecosystem of the southern part of west Spitsbergen. Water 2017, 9, 42. [Google Scholar] [CrossRef]

	



Szumińska, D.; Szopińska, M.; Lehmann-Konera, S.; Franczak, L.; Kociuba, W.; Chmiel, S.; Kalinowski, P.; Polkowska, Ż. Water chemistry of tundra lakes in the periglacial zone of the Bellsund Fiord (Svalbard) in the summer of 2013. Sci. Total Environ. 2018, 624, 1669–1679. [Google Scholar] [CrossRef]

	



Bidleman, T.F.; Christensen, E.J.; Billings, W.N.; Leonard, R. Atmospheric transport of organochlorines in the North-Atlantic Gyre. J. Mar. Res. 1981, 39, 443–464. [Google Scholar]

	



Oehme, M.; Ottar, B. The long-range transport of polychlorinated hydrocarbons to the Arctic. Geophys. Res. Lett. 1984, 11, 1133–1136. [Google Scholar] [CrossRef]

	



Hung, H.; Kallenborn, R.; Breivik, K.; Su, Y.; Brorstrom-Lunden, E.; Olafsdottir, K.; Thorlacius, J.M.; Leppanen, S.; Bossi, R.; Skov, H.; et al. Atmospheric monitoring of organic pollutants in the Arctic under the Arctic Monitoring and Assessment Programme (AMAP): 1993–2006. Sci. Total Environ. 2010, 408, 2854–2873. [Google Scholar] [CrossRef]

	



Kallenborn, R.; Hung, H.; Brorström-Lundén, E. Atmospheric Long-Range Transport of Persistent Organic Pollutants (POPs) into Polar Regions. Compr. Anal. Chem. 2015, 67, 411–432. [Google Scholar]

	



Wania, F.; Mackay, D. Peer reviewed: Tracking the distribution of persistent organic pollutants. Environ. Sci. Technol. 1996, 30, 390–396. [Google Scholar] [CrossRef]

	



Simonich, S.L.; Hites, R.A. Global distribution of persistent organochlorine compounds. Science 1995, 269, 1851–1854. [Google Scholar] [CrossRef] [PubMed]

	



Kosek, K.; Kozioł, K.; Luczkiewicz, A.; Jankowska, K.; Chmiel, S.; Polkowska, Ż. Environmental characteristics of a tundra river system in Svalbard. Part 2: Chemical stress factors. Sci. Total Environ. 2019, 653, 1585–1596. [Google Scholar] [CrossRef] [PubMed]

	



Kozak, K.; Polkowska, Ż.; Ruman, M.; Kozioł, K.; Namieśnik, J. Analytical studies on the environmental state of the Svalbard Archipelago provide a critical source of information about anthropogenic global impact. TrAC 2013, 50, 107–126. [Google Scholar] [CrossRef]

	



De Wit, C.A.; Muir, D.C.G. An overview of temporal trends of legacy and emerging contaminants in the Arctic and possible implications for top predators and humans. Organohalogen Compd. 2010, 72, 1392–1395. [Google Scholar]

	



Wenning, R.J.; Martello, L. Chapter 8—POPs in Marine and Freshwater Environments. In Environmental Forensics for Persistent Organic Pollutants; Elsevier: Amsterdam, The Netherlands, 2014; pp. 357–390. [Google Scholar]

	



Vorkamp, K.; Rigét, F.F. A review of new and current-use contaminants in the Arctic environment: Evidence of long-range transport and indications of bioaccumulation. Chemosphere 2014, 111, 379–395. [Google Scholar] [CrossRef]

	



Wania, F.A.; Axelman, J.; Broman, D. A review of processes involved in the exchange of persistent organic pollutants across the air-sea interface. Environ. Pollut. 1998, 102, 2–23. [Google Scholar] [CrossRef]

	



Koziol, K.; Ruman, M.; Pawlak, F.; Chmiel, S.; Polkowska, Ż. Spatial Differences in the Chemical Composition of Surface Water in the Hornsund Fjord Area: A Statistical Analysis with a Focus on Local Pollution Sources. Water 2020, 12, 496. [Google Scholar] [CrossRef]

	



Schwarzenbach, R.P.; Gschwend, P.M.; Imboden, D.M. Environmental Organic Chemistry, 2nd ed.; Wiley-Interscience: Hoboken, NJ, USA, 2003. [Google Scholar]

	



Ruman, M.; Kozak, K.; Lehmann, S.; Kozioł, K.; Polkowska, Ż. Pollutants present in different components of the Svalbard archipelago environment. Ecol. Chem. Eng. S 2012, 19, 571–584. [Google Scholar]

	



Pawlak, F.; Koziol, K.; Ruman, M.; Polkowska, Ż. Persistent organic pollutants (POPs) as in indicator of surface water quality in the vicinity of the Polish Polar Station, Hornsund. Monatsh. Chem. 2019, 150, 1573–1578. [Google Scholar] [CrossRef]

	



Kosek, K.; Ruman, M.; Koziol, K.; Sułowicz, S.; Jankowska, K.; Frankowski, M.; Szumińska, D.; Polkowska, Ż. Seasonal Differences in Chemical Composition of a High-Arctic River Catchment and Exploration of Bacterial Development, Southwestern Svalbard. 2021. in preparation. [Google Scholar]

	



Lehmann-Konera, S.; Ruman, M.; Franczak, Ł.; Polkowska, Ż. Contamination of Arctic Lakes with Persistent Toxic PAH Substances in the NW Part of Wedel Jarlsberg Land (Bellsund, Svalbard). Water 2020, 12, 411. [Google Scholar] [CrossRef]

	



Lehmann-Konera, S.; Franczak, Ł.; Kociuba, W.; Szumińska, D.; Chmiel, S.; Polkowska, Ż. Comparison of hydrochemistry and organic compound transport in two non-glaciated high Arctic catchments with a permafrost regime (Bellsund Fjord, Spitsbergen). Sci. Total Environ. 2018, 613–614, 1037–1047. [Google Scholar] [CrossRef]

	



Lehmann-Konera, S.; Kociuba, W.; Gajek, G.; Franczak, Ł.; Polkowska, Ż. Dynamics of changes in the concentration levels of organic pollutants in the proglacial waters of the Scott River (Spitsbergen, SW Svalbard). In New Perspectives in Polar Research; University of Wrocław: Wrocław, Poland, 2014; pp. 111–121. [Google Scholar]

	



Lehmann-Konera, S.; Kociuba, W.; Chmiel, S.; Franczak, Ł.; Polkowska, Ż. Concentrations and loads of DOC, phenols and aldehydes in a proglacial arctic river in relation to hydro-meteorological conditions. A case study from the southern margin of the Bellsund Fjord—SW Spitsbergen. Catena 2019, 174, 117–129. [Google Scholar] [CrossRef]

	



Jiao, L.; Zheng, G.J.; Minh, T.B.; Richardson, B.; Chen, L.; Zhang, Y.; Yeung, L.W.; Lam, J.C.W.; Yang, X.; Lam, P.K.S.; et al. Persistent toxic substances in remote lake and coastal sediments from Svalbard, Norwegian Arctic: Levels, sources and fluxes. Environ. Pollut. 2009, 157, 1342–1351. [Google Scholar] [CrossRef] [PubMed]

	



Kosek, K.; Ruman, M. Occurrence of Polycyclic Aromatic Hydrocarbons in Outflows from Austre Brøggerbreen and Vestre Brøggerbreen, Ny-Ålesund, Svalbard. 2021. in preparation. [Google Scholar]

	



Kosek, K.; Koziol, K.; Ruman, M.; Polkowska, Ż. Hydrochemical Characteristics, Including Concentration Levels of Organic Pollutants in Longyearelva River in 2015, Longyearbyen, Svalbard. 2021. in preparation. [Google Scholar]

	



Evenset, A.; Christensen, G.N.; Skotvold, T.; Fjeld, E.; Schlabach, M.; Wartena, E.; Gregor, D. A comparison of organic contaminants in two Arctic lake ecosystems, Bjørnøya (Bear Island), Norway. Sci. Total Environ. 2004, 318, 125–141. [Google Scholar] [CrossRef]

	



Evenset, A.; Christensen, G.N.; Carroll, J.; Zaborska, A.; Berger, U.; Herzke, D.; Gregor, D. Historical trends in persistent organic pollutants and metals recorded in sediment from Lake Ellasjoen, Bjørnøya, Norwegian Arctic. Environ. Pollut. 2007, 146, 196–205. [Google Scholar] [CrossRef]

	



Birks, H.J.B.; Jones, V.J.; Rose, N.L. Recent environmental change and atmospheric contamination on Svalbard as recorded in lake sediments—Synthesis and general conclusions. J. Paleolimnol. 2004, 31, 531–546. [Google Scholar] [CrossRef]

	



Sapota, G.; Wojtasik, B.; Burska, D.; Nowiński, K. Persistent Organic Pollutants (POPs) and Polycyclic Aromatic Hydrocarbons (PAHs) in surface sediments from selected fjords, tidal plains and lakes of the North Spitsbergen. Pol. Polar Res. 2009, 30, 59–76. [Google Scholar]

	



Stern, G.A.; Braekevelt, E.; Helm, P.A.; Bidleman, T.F.; Outridge, P.M.; Lockhart, W.L.; McNeeley, R.; Rosenberg, B.; Ikonomou, M.G.; Hamilton, P.; et al. Modern and historical fluxes of halogenated organic contaminants to a lake in the Canadian Arctic, as determined from annually laminated sediment cores. Sci. Total Environ. 2005, 342, 223–243. [Google Scholar] [CrossRef]

	



Muir, D.C.G.; Grift, N.P.; Lockhart, W.L.; Wilkinson, P.; Billeck, B.N.; Brunskill, G.J. Spatial trends and historical profiles of organochlorine pesticides in Arctic lake sediments. Sci. Total Environ. 1995, 160/161, 447–457. [Google Scholar] [CrossRef]

	



Muir, D.C.G.; Omelchenko, A.; Grift, N.P.; Savoie, D.A.; Lockhart, W.L.; Wilkinson, P.; Brunskill, G.J. Spatial trends and historical deposition of polychlorinated biphenyls in Canadian midlatitude and Arctic lake sediments. Environ. Sci. Technol. 1996, 30, 3609–3617. [Google Scholar] [CrossRef]

	



Diamond, M.L.; Bhavsar, S.P.; Helm, P.A.; Stern, G.A.; Alaee, M. Fate of organochlorine contaminants in arctic and subarctic lakes estimated by mass balance modelling. Sci. Total Environ. 2005, 342, 245–259. [Google Scholar] [CrossRef]

	



Balmer, J.E.; Hung, H.; Vorkamp, K.; Letcher, R.J.; Muir, D.C.G. Hexachlorobutadiene (HCBD) contamination in the Arctic environment: A review. Emerg. Contam. 2019, 5, 116–122. [Google Scholar] [CrossRef]

	



Hartwell, S.I.; Lomax, T.; Dasher, D. Characterization of sediment contaminants in Arctic lagoons and estuaries. Mar. Pollut. Bull. 2020, 152, 110873. [Google Scholar] [CrossRef] [PubMed]

	



Rawn, D.F.K.; Lockhart, W.L.; Wilkinson, P.; Savoie, D.A.; Rosenberg, G.B.; Muir, D.C.G. Historical contamination of Yukon Lake sediments by PCBs and organochlorine pesticides: Influence of local sources and watershed characteristics. Sci. Total Environ. 2001, 280, 17–37. [Google Scholar] [CrossRef]

	



Landers, D.H.; Simonich, S.L.; Jaffe, D.A.; Geiser, L.H.; Campbell, D.H.; Schwindt, A.R.; Schreck, C.B.; Kent, M.L.; Hafner, W.D.; Taylor, H.E.; et al. The Fate, Transport, and Ecological Impacts of Airborne Contaminants in Western National Parks (USA); EPA, EPA/600/R-07/138; US Environmental Protection Agency: Washington, DC, USA, 2008. [Google Scholar]

	



Skotvold, T.; Savinov, V. Regional distribution of PCBs and presence of technical PCB mixtures in sediments from Norwegian and Russian Arctic Lakes. Sci. Total Environ. 2003, 306, 85–97. [Google Scholar] [CrossRef]

	



Fuoco, R.; Giannarelli, S. Integrity of aquatic ecosystems: An overview of a message from the South Pole on the level of persistent organic pollutants (POPs). Microchem. J. 2019, 148, 230–239. [Google Scholar] [CrossRef]

	



Torres, M.A.; Barros, M.P.; Campos, S.C.G.; Pinto, E.; Rajamani, S.; Sayre, R.T.; Colepicol, P. Biochemical biomarkers in algae and marine pollution: A review. Ecotox. Environ. Safe 2008, 71, 1–15. [Google Scholar] [CrossRef]

	



Rodriguez, S.J.J.; Sanz, P.C. Fluorescence techniques for the determination of polycyclic aromatic hydrocarbons in marine environment: An overview. Lumin. Spectrosc. 2000, 28, 710–717. [Google Scholar]

	



Skupińska, K.; Misiewicz, I.; Kasprzycka-Guttman, T. Polycyclic aromatic hydrocarbons: Physicochemical properties, environmental appearance and impact on living organisms. Acta Pol. Pharm. Drug Res. 2004, 61, 233–240. [Google Scholar]

	



Stout, S.A.; Uhlern, A.D.; Emsbo-Mattingly, S.D. Comparative evaluation of background anthropogenic hydrocarbons in surficial sediments from nine urban waterways. Environ. Sci. Technol. 2004, 38, 2987–2994. [Google Scholar] [CrossRef] [PubMed]

	



Kosek, K.; Luczkiewicz, A.; Fudala-Książek, S.; Jankowska, K.; Szopińska, M.; Svahn, O.; Tränckner, J.; Kaiser, A.; Langas, V.; Björklund, E. Implementation of advanced micropollutants removal technologies in wastewater treatment plants (WWTPs)—Examples and challenges based on selected EU countries. Environ. Sci. Policy 2020, 112, 213–226. [Google Scholar] [CrossRef]

	



Jayaraj, R.; Megha, P.; Sreedev, P. Organochlorine pesticides, their toxic effects on living organisms and their fate in the environment. Interdiscip. Toxicol. 2016, 9, 90–100. [Google Scholar] [CrossRef]

	



Brown, T.N.; Wania, F. Screening chemicals for the potential to be persistent organic pollutants: A case study of arctic contaminants. Environ. Sci. Technol. 2008, 42, 5202–5209. [Google Scholar] [CrossRef] [PubMed]

	



Muir, D.C.G.; Howard, P.H. Are there new persistent organic pollutants? A challenge for environmental chemists. Environ. Sci. Technol. 2006, 40, 7157–7166. [Google Scholar] [CrossRef] [PubMed]

	



Muir, D.C.G.; de Wit, C.A. Trends of legacy and new persistent organic pollutants in the circumpolar arctic: Overview, conclusions, and recommendations. Sci. Total Environ. 2010, 408, 3044–3051. [Google Scholar] [CrossRef] [PubMed]

	



Zuiderveen, E.; Slootweg, J.C.; de Boer, J. Novel brominated flame retardants—A review of their occurrence in indoor air, dust, consumer goods and food. Chemosphere 2020, 255, 126816. [Google Scholar] [CrossRef]

	



EFSA. Scientific opinion on emerging and novel brominated flame retardants (BFRs) in food. EFSA J. Off. J. Eur. Union 2012, 10, 1–133. [Google Scholar]

	



ECHA. Substance Information Page (Chemical Database). In European Chemicals Agency; European Union: Brussels, Belgium, 2019. Available online: https://echa.europa.eu (accessed on 22 June 2021).

	



Kissa, E. Fluorinated Surfactants and Repellents (Second Edition Revised and Expanded); Surfactant Science Series 97; Marcel Dekker: New York, NY, USA, 1994; p. 469. [Google Scholar]

	



Armitage, J.M.; MacLeod, M.; Cousins, I.T. Comparative assessment of the global fate and transport pathways of long-chain perfluorooctanoic acid (PFOA) and perfluorooctanoate (PFO) emitted from direct sources using a multispecies mass balance model. Environ. Sci. Technol. 2009, 43, 1134–1140. [Google Scholar] [CrossRef] [PubMed]

	



Stemmler, I.; Lammel, G. Pathways of PFOA to the Arctic: Variabilities and contributions of oceanic currents and atmospheric transport and chemistry sources. Atmos. Chem. Phys. 2010, 10, 9965–9980. [Google Scholar] [CrossRef]

	



Ternes, T.A.; Joss, A.; Siegrist, H. Scrutinizing pharmaceuticals and personal care products in wastewater treatment. Environ. Sci. Technol. 2004, 38, 393–399. [Google Scholar] [CrossRef]

	



Balmer, J.E.; Morris, A.D.; Hung, H.; Jantunen, L.; Vorkamp, K.; Rigét, F.; Evans, M.; Houde, M.; Muir, D.C.G. Levels and trends of current-use pesticides (CUPs) in the arctic: An updated review, 2010–2018. Emerg. Contam. 2019, 5, 70–88. [Google Scholar] [CrossRef]

	



FAO. Pesticides Use Database; Food and Agriculture Organisation: Rome, Italy, 2020; Available online: https://www.fao.org/faostat/en/#data/RP (accessed on 22 June 2021).

	



OECD (Organisation for Economic Cooperation and Development). The 2007 OECD List of High Production Volume Chemicals; Organisation for Economic Cooperation and Development: Paris, France, 2009. [Google Scholar]

	



US EPA. Pesticide Chemical Search. January 2018. Available online: https://iaspub.epa.gov/apex/pesticides/f?p=chemicalsearch (accessed on 22 June 2021).

	



EC (European Commission). EU Pesticides. 2018. Available online: https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/public/?event=homepage&language=EN (accessed on 22 June 2021).

	



Health Canada. Pesticide Product Information Database. 2018. Available online: https://pr-rp.hc-sc.gc.ca/pi-ip/index-eng.php (accessed on 22 June 2021).

	



UNEP. Proposal to List Dicofol in Annexes A, B and/or C to the Stockholm Convention on Persistent Organic Pollutant; Meeting Document, UNEP/POPS/POPRC.10/4; UN Environment Programme: Nairobi, Kenya, 2014. [Google Scholar]

	



UNEP. Decision: POPRC-13/1, Dicofol; UN Environment Programme: Nairobi, Kenya, 2017. [Google Scholar]

	



UNECE. Options for Adding New Substances to the Protocol on Persistent Organic Pollutants. Report by the Co-Chair of the Task Force on Persistent Organic Pollutants; Meeting Document, ECE/EB.AIR/WG.5/2010/8; The United Nations Economic Commission for Europe: Geneva, Switzerland, 2010. [Google Scholar]

	



Pućko, M.; Stern, G.A.; Burt, A.E.; Jantunen, L.M.; Bidleman, T.F.; Macdonald, R.W.; Barber, D.G.; Geilfus, N.-X.; Rysgaard, S. Current use pesticide and legacy organochlorine pesticide dynamics at the ocean-sea ice-atmosphere interface in Resolute Passage, Canadian Arctic, during winter-summer transition. Sci. Total Environ. 2017, 580, 1460–1469. [Google Scholar] [CrossRef]

	



Muir, D.C.G.; Teixeira, C.; Wania, F. Empirical and modeling evidence of regional atmospheric transport of current-use pesticides. Environ. Toxicol. Chem. 2004, 23, 2421–2432. [Google Scholar] [CrossRef]

	



Muir, D.; Zheng, J. Environmental trends monitoring of new chemical contaminants in the Canadian High Arctic via ice and snow cores. In Synopsis of Research Conducted under the 2006–2007, Northern Contaminants Program; Smith, S.L., Stow, J., Eds.; Indian and Northern Affairs Canada: Ottawa, ON, Canada, 2007; pp. 194–202. [Google Scholar]

	



Huot, Y.; Brown, C.A.; Potvin, G.; Antoniades, D.; Baulch, H.M.; Beisner, B.E.; Bélanger, S.; Brazeau, S.; Cabana, H.; Cardille, J.A.; et al. The NSERC Canadian Lake Pulse Network: A national assessment of lake health providing science for water management in a changing climate. Sci. Total Environ. 2019, 695, 133668. [Google Scholar] [CrossRef]

	



Lescord, G.L.; Kidd, K.A.; De Silva, A.; Spencer, C.; Williamson, M.; Wang, X.; Muir, D.C.G. Perfluorinated and polyfluorinated compounds in lake food webs in the Canadian high arctic. Environ. Sci. Technol. 2015, 49, 2694–2702. [Google Scholar] [CrossRef] [PubMed]

	



Vorkamp, K.; Balmer, J.; Hung, H.; Letcher, R.J.; Rigét, F.F.; de Wit, C.A. Current-use halogenated and organophosphorus flame retardans: A review of their presence in Arctic ecosystems. Emerg. Contam. 2019, 5, 179–200. [Google Scholar] [CrossRef]

	



Bigot, M.; Hawker, D.W.; Cropp, R.; Muir, D.C.G.; Jensen, B.; Rossi, R.; Nash, B.S.M. Spring melt and the redistribution of organochlorine pesticides in the sea-ice environment: A comparative study between Arctic and Antarctic regions. Environ. Sci. Technol. 2017, 51, 8944–8952. [Google Scholar] [CrossRef]

	



Alexeeva, L.; Strachan, W.; Shlychkova, V.; Nazarova, A.; Nikanorov, A.; Korotova, L.; Koreneva, V. Organochlorine pesticide and trace metal monitoring of Russian rivers flowing to the Arctic Ocean: 1990–1996. Mar. Pollut. Bull. 2001, 43, 71–85. [Google Scholar] [CrossRef]

	



Carroll, J.; Savinov, V.; Savinova, T.; Dahle, S.; McCrea, R.; Muir, D.C.G. PCBs, PBDEs and pesticides released to the Arctic Ocean by the Russian rivers Ob and Yenisei. Environ. Sci. Technol. 2008, 42, 69–74. [Google Scholar] [CrossRef] [PubMed]

	



Kimstach, V.; Dutchak, S. Chapter 4. Persistent toxic substances (PTS) sources and pathways. In Persistent Toxic Substances, Food Security and Indigenous People of the Russian North. Final Report; Arctic Monitoring and Assessment Programme (AMAP): Oslo, Norway, 2004; pp. 33–80. [Google Scholar]

	



Kwok, K.Y.; Yamazaki, E.; Yamashita, N.; Taniyasu, S.; Murphy, M.B.; Horii, Y.; Petrick, G.; Kallenborn, R.; Kannan, K.; Murano, K.; et al. Transport of Perfluoroalkyl substances (PFAS) from an arctic glacier to downstream locations: Implications for sources. Sci. Total Environ. 2013, 447, 46–55. [Google Scholar] [CrossRef] [PubMed]

	



Usenko, S.; Landers, D.H.; Appleby, P.G.; Simonich, S.L. Current and historical deposition of PBDEs, pesticides, PCBs, and PAHs to Rocky Mountain national park. Environ. Sci. Technol. 2007, 41, 7235–7241. [Google Scholar] [CrossRef] [PubMed]

	



Mast, M.A.; Foreman, W.T.; Skaates, S.V. Current-use pesticides and organochlorine compounds in precipitation and lake sediment from two high-elevation national parks in the Western United States. Arch. Environ. Contam. Toxicol. 2007, 52, 294–305. [Google Scholar] [CrossRef] [PubMed]

	



Maclnnis, J.J.; Lehner, I.; Muir, D.C.G.; Quinlan, R.; De Silva, A.O. Characterization of perfluoroalkyl substances in sediment cores from high and low arctic lakes in Canada. Sci. Total Environ. 2019, 666, 414–422. [Google Scholar] [CrossRef]

	



Macinnis, J.J.; French, K.; Muir, D.C.G.; Spencer, C.; Criscitiello, A.; De Silva, A.O.; Young, C.J. Emerging investigator series: A 14-year depositional ice record of perfluoroalkyl substances in the High Arctic. Environ. Sci. Process. Impacts 2017, 19, 22–30. [Google Scholar] [CrossRef] [PubMed]

	



Huber, S.; Remberger, M.; Kaj, L.; Schlabach, M.; Jörundsdóttir, H.Ó.; Vester, J.; Arnórsson, M.; Mortensen, I.; Schwartson, R.; Dam, M. A first screening and risk assessment of pharmaceuticals and additives in personal care products in waste water, sludge, recipient water and sediment from Faroe Island, Iceland and Greenland. Sci. Total Environ. 2016, 562, 13–25. [Google Scholar] [CrossRef]

	



Chaves-Barquero, L.G.; Hoang Luong, K.; Mundy, C.J.; Knapp, C.W.; Hanson, M.L.; Wong, C.S. The release of wastewater contaminants in the Arctic: A case study from Cambridge Bay, Nunavut, Canada. Environ. Pollut. 2016, 218, 542–550. [Google Scholar] [CrossRef]

	



Kallenborn, R. Persistent organic pollutants (POPs) as environmental risk factors in remote high-altitude ecosystems. Ecotoxicol. Environ. Saf. 2006, 63, 100–107. [Google Scholar] [CrossRef]

	



Ojala, A.E.K.; Arpe, L.; Luoto, T.P.; Wacker, L.; Kurki, E.; Zajączkowski, M.; Pawłowska, J.; Damrat, M.; Oksman, M. Sedimentary environment, lithostratigraphy and dating of sediment sequences from Arctic lakes Revvatnet and Svartvatnet in Hornsund, Svalbard. Pol. Polar Res. 2016, 37, 23–48. [Google Scholar] [CrossRef]

	



Rosseland, B.O.; Massabuau, J.C.; Grimalt, J.; Hofer, R.; Lackner, R.; Rognerud, S.; Lien, L. The ecophysiology and ecotoxicology of fishes as a tool for monitoring and management strategy of high mountain lakes and lakes and rivers in acidified areas. Zool. Anal. Complex Syst. 2000, 102, 90–100. [Google Scholar]

	



Siroka, Z.; Drastichova, J. Biochemical Marker of Aquatic Environment Contamination—Cytochrome P450 in Fish. A Review. Acta Vet. Brno 2004, 73, 123–132. [Google Scholar] [CrossRef]

	



Kozioł, K.; Kozak, K.; Polkowska, Ż. Hydrophobic and hydrophilic properties of pollutants as a factor influencing their redistribution during snowpack melt. Sci. Total Environ. 2017, 596–597, 158–168. [Google Scholar] [CrossRef]

	



Pawlak, F.; Koziol, K.; Polkowska, Ż. Chemical hazard in glacial melt? The glacial system as a secondary source of POPs (in the Northern Hemisphere). A systematic review. Sci. Total Environ. 2021, 778, 145244. [Google Scholar] [CrossRef]

	



Lyons, K.; Adams, D.H.; Bizzaro, J.J. Evaluation of muscle tissue as a non-lethal proxy for liver and brain organic contaminant loads in an elasmobranch, the Bonnethead Shark (Sphyrna tiburo). Mar. Pollut. Bull. 2021, 167, 112327. [Google Scholar] [CrossRef] [PubMed]

	



Prowse, T.D.; Wrona, F.J.; Reist, J.D.; Gibson, J.J.; Hobbie, J.E.; Lévesque, L.M.J.; Vincent, W.F. Climate Change Effects on Hydroecology of Arctic Freshwater Ecosystems. Ambio 2006, 35, 347–358. [Google Scholar] [CrossRef]








[image: Water 13 01739 g001 550] 





Figure 1. Parameters favouring the potential accumulation of pollutants in the Arctic [20]. All photographs appearing in the article come from the authors’ private archive. 
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Figure 2. Examples of a wide variety of pollutants that may be considered as POPs. 
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Figure 3. Location of areas where the authors of this review article have been conducting their research on POPs (mainly PAHs concentrations in freshwater). All photographs appearing in the article come from the authors’ private archive. 
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Figure 4. Expected effects of climate change on environmental processes related to transport and distribution of POPs [20,104]. 
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Table 1. Examples of commonly detected organic pollutants in the freshwater environment of the Arctic.
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Freshwater

Receiver of POPs

	
Location/Area

	
Polycyclic Aromatic Hydrocarbons

	
Polychlorinated Biphenyls

	
Organochlorine Pesticides

	
Dioxins/

Furans

	
Other

Organic Pollutants

	
Reference






	
Svalbard




	
lake water

	
Hornsund

	
+

	
+

	

	

	
+

(HCHO,

∑Phenols)

	
[1,11,12,13,23,29,31,32,33]




	
river/stream water

	
Hornsund

	
+

	
+

	

	

	
+

(HCHO,

∑Phenols)

	
[11,12,13,15,23,29,31,32,33]




	
lake water

	
Bellsund

	
+

	

	

	

	
+

(HCHO, ∑Phenols)

	
[34]




	
river/stream water

	
Bellsund

	
+

	

	

	

	
+

(HCHO, ∑Phenols)

	
[35,36,37]




	
lake

sediments

	
Ny-Ålesund

	
+

	
+

	
+

	
+

	

	
[38]




	
river/stream water

	
Ny-Ålesund

	
+

	

	

	

	

	
[39]




	
river/stream water

	
Longyearbyen

	
+

	

	

	

	
+

(HCHO, ∑Phenols)

	
[40]




	
lake

sediments

	
Bjørnøya

	

	
+

	
+

	
+

	

	
[41,42]




	
several lakes

sediments

	
West coast of Svalbard

	
+

	
+

	

	

	

	
[43]




	
several lakes

sediments

	
Coast of Wijdefjorden

	
+

	
+

	
+

	

	

	
[44]




	
The other Arctic regions




	
lake

sediments

	
Canadian Arctic

	
+

	
+

	
+

	
+

	

	
[45,46,47,48]




	
lake water

	
Northern Sweden

	

	

	

	

	
+

(HCBDs)

	
[49]




	
lake

sediments

	
Alaska

	
+

	
+

	
+

	

	

	
[50,51,52]




	
lake

sediments

	
Northern Norway

	

	
+

	

	

	

	
[53]




	
lake

sediments

	
Northern Russia

(Siberia)

	

	
+

	

	

	

	
[53]
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Table 2. Examples of potentially new classes of POPs detected in the freshwater environment of the Arctic.
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Freshwater

	
Location/Area

	
Potentially New POPs

	
Reference






	
lake water

	
Canadian Arctic

	
CUPs: Chlorpyrifos, Chlorothalonil, Dacthal, α-Endosulfan, PCNB, Trifluralin

	
[80,81,82,83]




	
PFASs: PFOA, PFNA, PFDA, PFOS, PFBS

	
[84]




	
PPCPs: Naproxen, Ramipril, Azithromycin, Ciprofloxacin, Sulfamethoxazole, Lincomycin, Trimethoprim, Anhydro erythromycin A, Ceftiofur, Sulfamethazine, Carbamazepine, Oxcarbazepine, Venlafaxine, Desvenlafaxine, Diphenhydramine, Fexofenadine, Ibuprofen, Salicylic acid, Acetaminophen, Docusate, Atorvastatin, Levothyroxine, Amlodipine

	
[83]




	
NBFRs. NCFRs

	
[85]




	
Greenland

	
CUPs: Chlorpyrifos, α-Endosulfan, β-Endosulfan, Endosulfan sulfate, Dicofol, Methoxychlor

	
[86]




	
Northern Russia

(Siberia)

	
CUPs: Lindane, α-Endosulfan

	
[87,88,89]




	
Svalbard

	
PFASs: PFBA, PFOA, PFNA, PFDA, PFOS

	
[90]




	
river/stream water

	
Svalbard




	
lake

sediments

	
Canadian Arctic

	
CUPs: Endosulfan sulfate

	
[91,92]




	
PFASs: PFOA, PFDA, PFBS, PFOS

	
[93,94]




	
PFASs: PFOA, PFNA, PFDA, PFOS, PFBS

	
[84]




	
NBFRs. NCFRs

	
[85]




	
Greenland

	
PPCPs: Salicylic acid, Ibuprofen, Diclofenac, Naproxen, Lidocaine, Paracetamol, Metformin, Metoprolol, Atenolol, Furosemide, Amiloride, Dipyridamole, Citalopram, Venlafaxine

	
[95]




	
wetland

	
Canadian Arctic

	
PPCPs: Atenolol, Carbamazepine, Sulfamethoxazole, Trimethoprim

	
[96]
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