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Abstract 
Recent climatic changes, anthropogenic impacts and new infrastructure development 
across the Arctic may increase risks for terrestrial ecosystems. A wide range of anthro-
pogenic impact factors are reported for the Arctic, such as air and marine pollution in-
cluding plastic, black carbon deposition on snow, remnants from oil, gas, and mining 
operations, increased land use due to expanding industrial activities leading to habitat 
loss, and, last but not least, waste and pollution from tourism. Recently, satellite data has 
revealed the expansion of infrastructure and growing anthropogenic impacts throughout 
the Arctic. Regarding the effect of warming on plant biodiversity, both responses are 
reported, i.e. decreases and increases in the number of plant species forming commu-
nities. Air pollution may affect tundra environments and its vegetation in different ways. 
Black carbon from diesel engines, fires, and other combustion processes can settle on 
snow, decreasing its ability to reflect sunlight which causes faster melting and changes in 
water availability for plants. In areas close to settlements, the direct effects of anthropo-
genic pollutants on vegetation may play a role. In Svalbard, local anthropogenic sources 
of emission, such as burning fossil fuels in local coal power plants, vehicle exhaust and 
mining activities contribute to the pollution of the environment and interact with plants. 
Moreover, wastewater discharged by Longyearbyen into the fjords delivers heavy metals 
and other pollutants that represent a potential risk to marine algae. 
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Introduction 
 
     The anthropogenic impacts on terres-
trial, fresh water and marine arctic ecosys-
tems on Svalbard have been studied, espe-
cially over the last few decades. Local, 
regional and global anthropogenic impacts 
on the ecosystem were identified, both his-
torical issues (the effects of mining) and 
more recent issues related to global warm-
ing. Regarding terrestrial vegetation, his-
torical anthropogenic effects were investi-
gated by Kruse et al. (2021) who focused 
on changes in vegetation caused by mining-
related environmental change in the neigh-
bourhood of Advent city (Svalbard). The 
study reports a reduction in the patchiness 
of vegetation, beneficial growth of some 
vascular species on newly formed areas   
of bare soil caused by construction work, 
and, last but not least, a limitation in the 
microenvironments needed for the suc-
cessful growth of liverworts and lichens. 
     Recent changes in vegetation cover, 
caused by anthropogenic impacts, are stud-
ied using a wide variety of methods. 
Among them, the analysis of satellite data 

vegetation indices, in particular normal-
ized difference vegetation index (NDVI), 
is a promising and effective approach to 
evaluate changes. Bartsch et al. (2021) pro-
vided a panarctic satellite-based record of 
the expansion of infrastructure and anthro-
pogenic impacts and reported that the area 
of detectable human-impacts in the Arctic 
coastal region has increased by 15% since 
2000. The same approach (NDVI changes 
in Arctic) provides basic information about 
ecosystem responses to climatic trends, var-
iability, ecological disturbance, and suc-
cessional processes, in particular the phe-
nomenon of Arctic greening. A recent 
study by Frost et al. (2025) published data 
on greening dynamics and attribute it to 
high spatial-temporal variability caused by 
complex interactions with climate warm-
ing, ecological disturbance, and other fac-
tors. Arctic greening is apparent across 
large regions and is connected to long-
term shifts in the structure of the vegeta-
tion.  

 
Anthropogenic impact on the Arctic 
 
     Recently, the Arctic has been heavily 
impacted by global human activities, main-
ly through: (1) increased greenhouse gas 
emissions that drives accelerated warming 
of Arctic ecosystems, (2) melting sea ice, 
and the destabilization of permafrost, which 
in turn may affect local terrestrial ecosys-
tems. Long-range pollution is also consid-
ered to be among global environmental 
issues. On a local scale, a significant role 
is played by the construction of infrastruc-
ture and its operation (pollution caused by 
plants and industries), the development of 
transportation, and deposits of waste. The 
local anthropogenic impact on Arctic veg-
etation mainly includes the physical distur-
bances that come from human infrastruc- 

ture (roads, mines, residences), which cre-
ate persistent patches of altered vegetation 
due the to slow recovery rate toward its 
original composition and structure. Moreo-
ver, an increase in vehicle traffic on local 
roads brings road dust generated by mov-
ing vehicles that dries out the area and 
covers the vegetation with dust which has 
a negative effect on local ecosystems 
(Walker et al. 2015). Apart from roads, 
vehicle tracks over open Arctic tundra is a 
factor that affects vegetation. On tracks 
which area were used repeatedly over mul-
tiple times the vegetation cover is signifi-
cantly reduced (Kevan et al 1995). Natural 
regeneration after such anthropogenic dis-
turbances to tundra vegetation cover is slow, 
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however, assisted regeneration treatments 
have recently been tested in Svalbard with 
promising results (Neby et al. 2022). 
     Numerous studies have focused on the 
potential effects of oil pollution (crude oil 
and refined products) on wildlife (inverte-
brates, fish, birds, and marine mammals) 
and coastal communities within the Arctic 
and Subarctic regions (for review, see Bi 
et al. 2025). For terrestrial ecosystems, it is 
mainly pipeline ruptures caused by corro-
sion that represents a major risk (Law et 
al. 2010[3]). The leaking oil enters the snow 
and soil subsurface and may affect tundra 
ecosystems (Arnold 2006[1]). For marine 
and coastal ecosystems, the risk of an oil 
leak from a ship that results in a massive 
oil spill on the sea and/or the coast line has 
major negative effects on sea and coastal 
biota as was seen after the Exxon Valdez 

accident in 1989 (Piatt et al. 1990). A sec-
ondary negative effect on coastal vegeta-
tion may be caused by the in-situ burning 
(ISB) of oil along the coast line. This is 
rarely used in the remediation of oil spills 
but brings the risk of smoke and soot dep-
osition to terrestrial ecosystems (Wang et 
al. 2022). It was observed by Wegeberg   
et al. (2021) that ISB had long-term effects 
at a high littoral level, probably due to the 
high degree of heat generated by the burn-
ing processes. For remediation of oil spills 
along the shore, surface washing agents 
(SWAs) are commonly applied to enhance 
oil removal by altering the oil and inter-
facial properties at the oil/water interface. 
Since SWA substances are toxic (Fingas 
2013[2]) negative effects on sea algae and 
costal line vegetation have been reported.

 
Risks related to contaminants from local industry and mining sites 
 
     The natural resources found in the Arc-
tic have led to industrialization oriented to-
wards mining of copper, nickel, titanium, 
diamonds, coal, and numerous rare earth 
minerals. As a consequence of extensive 
mining, waste bearing environmental con-
taminants have been produced and dis-
posed of near to mine sites. The contami-
nants are not only in stores and disposal 
tanks but are also located close to the sites. 
They are drilling muds and fluids, mine 
tailings that contain toxic metals, radioac-
tive material that has been dug up and then 
dumped and spilled fuel. Such contami-
nants are located in the substrate, tailing 
deposits, or frozen in the permafrost. Re-
cent warming thus leads to the risk that the 
warming and thaw of formerly stable per-
mafrost near the surface may unlock fro-
zen disposal sites, and destabilize founda-
tions and containment structures. As a con-
sequence of this, contaminants may be re-
leased into the surrounding environment 
(Langer et al. 2023). The aging of fuel 
tanks also leads to the risk of an accidental 

release of contaminants as demonstrated 
by the diesel fuel that poured into the 
Ambarnaya and Daldykan rivers near No-
rilsk after a tank collapse in 2021. This 
huge diesel fuel spill negatively affected 
the vegetation of the floodplains (Telyatni-
kov 2022). 
     Tailing deposits are also a source of se-
rious contaminants. Holm et al. (2003) re-
ported high concentrations of heavy met-
als and sulphate in acid mine drainage that 
caused damage to the local tundra vegeta-
tion close to a coal mining site in Sval-
bard. Heavy metals accumulate in soils 
and vegetation near mine sites, as shown 
by Wojtuń et al. (2019) for the Sanionia 
uncinata moss and the Salix polaris dwarf 
shrubs in the Longyearbyen area. A recent 
study by Samecka-Cymerman et al. (2025) 
revealed harmful levels of Cr, Mn, Ni and 
Zn in Sanionia uncinata in samples from 
Longyearbyen but not Hornsund (Polish 
Arctic station, SW Svalbard) and Iceland. 
Mosses are frequently used as bioindica-
tors for heavy metal contamination in par-



J. HÁJEK et al. 

113 

ticular environments. In Svalbard, they 
have been successfully used by Wei et al. 
(2022) as bioaccumulators to allow the 
evaluation of heavy metal transport by air-
borne dust carried by the wind and by sur-
face runoff from snow meltwater (study of 
Dicranum angustum, London Island, Sval-
bard). Bioaccumulation of heavy metals by 
mosses and vascular plants could be used 

for the phytoremediation of polluted Arc-
tic terrestrial ecosystems, as suggested by 
Karnaeva et al. (2021), to remediate his-
torical petroleum pollution at a site on the  
Yamal Peninsula (plant in scope: Eriopho-
rum scheuchzeri). Heavy metals represent 
a risk for freshwater habitats (Rajaram et 
al. 2023). 

 
Black carbon deposits 
 
     Local emission, long-range transport, 
and combustion generated aerosols such as 
black carbon (BC) can influence the radi-
ative ability of the Arctic atmosphere and. 
In particular, the impact of atmospheric 
aging on the mixing state of BC particles 
(Zanatta et al. 2023). When deposited on 
snow, numerous types of aerosols cause an 
increase in the amount of solar radiation 
absorbed by the snowpack, thus acceler-
ating snow-aging processes and a decrease 
in the snow albedo (Skiles et al. 2018, Mori 

et al. 2019, Kang et al. 2020).  
     At Svalbard, the effects of BC have 
recently been reviewed by Bertó et al. 
(2021). The study provides an overview of 
BC interaction with Arctic ecosystem com-
partments. BC particles are aerosols and 
are most effective in absorbing visible   
and near-infrared solar radiation. These pri-
mary insoluble, refractory and carbona-
ceous particles are emitted by both natural 
and anthropogenic sources, such as open 
fires or diesel engine exhausts. 

 
POPs in Arctic Ecosystems  
 
     Persistent organic pollutants (POPs) are 
an emerging problem in Arctic ecosystems 
(Li et al. 2023). It is well established that 
POPs mainly enter the Arctic through long-
range transport, i.e. through atmospheric 
and ocean/river currents. Local sources of 
POPs also exist. They are related to local 
contaminants from industrial, municipal, 
or infrastructure-related environmental re-
leases (see e.g. Gabov et al. 2024 for the 
Vorkuta power plant). POPs have a nega-
tive impact on the health of the indigenous 
populations and represent an environmen-
tal risk for Arctic ecosystems (Li et al. 
2023). 
     POPs in Arctic environments are linked 
to human activity. However, the origin of 
POPs and other chemical pollutants in the 
atmosphere of the Arctic is still considered 
to be ambiguous, with new sources occur-
ring due to the ongoing industrialization 

and urbanization of the Arctic (Weber et 
al. 2017), global warming-induced shifts 
in shipping routes, and increased car and 
snowmobile use (Reimann et al. 2009). 
     Recent research activities have mainly 
focused on clarifying the sources and path-
ways of POPs to the Arctic, as well as 
assessments of individual contaminants. 
Several studies evaluated two hexachloro-
cyclohexane (HCH) isomers, that enter the 
Arctic through long-range atmospheric 
transport (α-HCH, e.g. Becker et al 2008), 
and long-range ocean transport (β-HCH). 
The atmospheric transport and deposition 
in Arctic terrestrial ecosystems play a ma-
jor role with HCH accumulation found in 
the snowpack (Hansen et al. 2008), how-
ever, α-HCH concentrations in the snow-
pack were found to be highly dynamic 
with large and rapid fluctuations through-
out the winter months. A recent study 
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(Pawlak et al. 2024) showed that the at-
mospheric transport of HCH might be com-
bined with remobilization from the ocean 
or snowpack resulting in high peak HCH 
concentrations in Arctic ecosystem (study 
performed at Hornsund, Svalbard). Atmos-
pherically transported POPs deposited in 
ice, moreover, may undergo photochemi-
cal transformation that changes the toxic-
ity of photoproducts found in ice and melt-
water (Klán et al. 2003).  
     Svalbard terrestrial ecosystems are re-
cipients of POPs and a lot of research has 

been done into the interaction between 
POPs and ecosystem components, espe-
cially over the last two decades. Recently, 
a long-term study by Gebru et al. (2023) 
that analysed eight years of monitoring 
data from Svalbard, described the temporal 
trend of levels of polychlorinated naph-
thalene (PCN) in the Arctic atmosphere. 
PNCs are an increasing concern not only 
for the biota forming polar terrestrial eco-
systems but also for human health (for 
review see Domingo 2004), and the envi-
ronment (Fernandes et al. 2020). 

 

 
 
Fig. 1. Pollutants in the Arctic that may be considered to be POPs (adopted from Kosek and 
Ruman 2021, with permission from Water MDPI). 

 
Effects of POPs on vegetation  
 
     POPs and PCNs in particular, were 
found in snow (Herbert et al. 2005), soils 
and plants from Svalbard (Dong et al. 
2022). The latter study focused on a vari-
ety of species, ranging from Arctic willow 
to several species of herb, fern and moss. 
The study confirmed the presence of PNCs 
in samples from Ny-Ålesund, London Is-
land, and Longyearbyen. However, the con-
centration of PNCs in the samples were 
found to be rather low and the toxicity 
risks were much lower when compared to 

PCN contamination worldwide. In general, 
POPs accumulate in plants in relatively 
high quantities, as shown by Franzaring 
and van der Eerden (2000) for subarctic 
vegetation. The capacity for POPs accumu-
lation is, however, species specific. Within 
Arctic ecosystems, several studies focused 
on the accumulation of POPs in soils (Zou 
et al. 2024), however, the actual content of 
POPs in terrestrial plants and their eco-
physiological effects has barely been stud-
ied (Dong et al. 2022). 
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     Even though POPs are toxic for marine 
phytoplankton (Echeveste et al. 2016), al-
gae are important ecosystem compartment 
for the metabolization of POPs in polar 
regions. Their accumulation in phytoplank-
ton brings the possibility of contaminant 
transfer to higher trophic levels (Kosek et 
al. 2016). Marine microalgae are especial-
ly sensitive to the phototoxic effects of py-
rene (Petersen et al. 2008, Tomar et al. 
2023). Similarly, freshwater algae, show 
high, but species-specific sensitivity to   
the toxic effects of PAHs (Ben Othman    
et al. 2023). Freshwater reservoirs within   
the Arctic are particularly vulnerable to  
the accumulation of POPs as shown for 
Hornsund, Longyearbyen, and Ny-Ålesund, 
Svalbard by Kosek and Ruman (2021). A 
recent study by Shaji et al. (2024) demon-
strated the presence of POPs in freshwater 
lakes near Kongsfjorden. Hydro-terrestrial 
(wetlands, seepages etc.) and terrestrial 
(soils, permafrost) ecosystems are consid-
ered to be important sinks of POPs and 
recent warming could release significant 
POP amounts to the environment (Johan-
sen et al. 2021). Particularly in nutrient-
rich conditions, wetland cyanobacteria and 
microalgae could contribute significantly 
to their sequestration (Berríos-Rolón et al. 
2025).  
     The effects of POPs on cyanobacteria 
and algae are dependent on the compound 
under consideration, its concentration, me-
dium composition, the organisms used for 
testing and may range from stimulation    
to inhibition (e.g. Touliabah et al. 2022). 
Chlorophycean algae are capable of effec-
tive POP removal up to 100% (Yang et   
al. 2025). The ability to remove POPs   
was also observed in cyanobacteria (Cepoi      
et al. 2016) and diatoms (Paniagua-Michel 
and Banat 2024). Therefore, the local algal 
or cyanobacterial strains could be suitable 
in the remediation of polluted areas in the 
Polar Regions as part of a microbial con-
sortia, as they are used in warmer regions 
(Touliabah et al. 2022). For Polar regions, 
the following soil remediation technolo-

gies have been proposed: bioremediation 
including biostimulation and bioaugmen-
tation, landfarming, biopiles, phytoremedi-
ation and electrokinetic remediation (Ca-
menzuli and Freidman 2015). 
     Besides POPS, heavy or trace metals 
are another important anthropogenic factor 
in the Arctic. The highest heavy metal 
concentrations in Svalbard are associated 
with former mining activities (Dallmann 
2015), and they are strongly positively cor-
related with POPs (Marquès et al. 2017). 
Similar to POPs, the effects of heavy met-
als could be positive, especially at lower 
concentrations, or negative at higher con-
centrations (Danouche et al. 2022, Xiao et 
al. 2023). Since the heavy metal concen-
tration in some localities could approach 
the known EC50 (e.g. Lukavský et al. 
2003), they represent a serious environ-
mental risk to microbial communities. In-
creasing temperatures could release depos-
its of heavy metals thus increasing their 
concentration in the environment (Perryman 
et al. 2020). 
     Due to increased weathering caused by 
temperature rise in the Arctic, the rise of 
pollutant concentrations (Perryman et al. 
2020, Johansen et al. 2021) as well as nu-
trients (nitrogen and phosphorus) lead to eu-
trophication (Ayala-Borda et al. 2021). Nu-
trient surpluses could cause cyanobacterial 
water bloom development (Sivarajah et al. 
2021). Moreover, a warmer and prolonged 
vegetation season and milder winters could 
support the survival of non-native spe-  
cies that potentially could be invasive, for 
instance Vaucheria cf. compacta, which 
might affect local species composition and 
endanger the local microbial communities 
(Elster et al. 2023).  
     Apart from soils and plants, PNCs were 
also found in Arctic cod (Sinkkonen and 
Paasivirta 2000), polar bears (Corsolini et 
al. 2002) and marine mammals (Rotander 
et al. 2012, Vorkamp and Muir 2016). Oth-
er POP pollutants, such as e.g. organochlo-
rine pesticides, PCBs, PBDEs, and PFASs, 
accumulate in the Arctic food chain and 
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are transferred to humans through the con-
sumption of marine mammals and fish. 
Inuit populations in the Arctic, due to their 
reliance on traditional marine-based diets, 
face higher exposure to persistent organic 
pollutants than non-native populations. The 
high levels of POPs found in Inuit com-
munities may be linked to various health 

issues, including disruptions to the im-
mune and endocrine systems and an in-
creased risk of cardiovascular diseases. 
The level of POPs found in Inuit commu-
nities in Greenland who follow a tradi-
tional lifestyle, was positively correlated 
with inflammation markers (Schæbel et al. 
2017). 

 
Concluding remarks 
 
     Pollutants originating from distant, and 
recently even local, sources are an increas-
ing threat to Arctic terrestrial ecosystems. 
The issue of the transport and fate of per-
sistent pollutants has been the subject of 
increased attention over the last decade. 
Many studies have addressed anthropo-
genic pollution in Arctic ecosystems and 
suggested that further detailed studies be 
carried out into sources of emissions, their 
transport routes and fate in Arctic terres-

trial environments. Special attention should 
be given to an evaluation of where they ac-
cumulate and whether they only accumu-
late in specific elements of the ecosystem, 
including non-vascular and vascular plants. 
In follow-up studies, special attention 
might be devoted to both pollutants that 
have traditionally been monitored and new-
ly emerging risks such as e.g. microplastics 
(Pakhmonova et al. 2024). 

 

 
References 
 
AYALA-BORDA, P., LOVEJOY, C., POWER, M. and RAUTIO, M. (2021): Evidence of eutrophication in 

Arctic lakes. Arctic Science, 7(4): 859-871. 
BARTSCH, A., POINTNER, G., NITZE, I., EfiMOVA, A., JAKOBER, D., LEY, S., HÖGSTRÖM, E., GROSSE, 

G. and SCHWEITZER, P. (2021): Expanding infrastructure and growing anthropogenic impacts 
along Arctic coasts. Environmental Research Letters, 16: 115013. doi: 10.1088/1748-9326/ 
ac3176 

BECKER, S., HALSALL, C. J., TYCH, W., KALLENBORN, R., SU, Y. and HUNG, H. (2008): Long-term 
trends in atmospheric concentrations of α- and γ-HCH in the Arctic provide insight into the 
effects of legislation and climatic fluctuations on contaminant levels. Atmospheric 
Environment, 42(35): 8225-8233. doi: 10.1016/j.atmosenv.2008.07.058 

BEN OTHMAN, H., PICK, F. R., SAKKA HLAILI, A. and LEBOULANGER, C. (2023): Effects of 
polycyclic aromatic hydrocarbons on marine and freshwater microalgae - A review. Journal of 
Hazardous Materials, 441: 129869. doi: 10.1016/j.jhazmat.2022.129869 

BERRÍOS-ROLÓN, P. J., COTTO, M. C. and MÁRQUEZ, F. (2025): Polycyclic Aromatic Hydrocarbons 
(PAHs) in freshwater systems: A comprehensive review of sources, distribution, and 
ecotoxicological impacts. Toxics, 13(4): 321. 

BERTÒ, M., CAPPELLETTI, D., BARBARO, E., VARIN, C., GALLET, J.-C., MARKOWICZ, K., 
ROZWADOWSKA, A., MAZZOLA, M., CROCCHIANTI, S., POTO, L., LAJ, P., BARBANTE, C. and 
SPOLAOR, A. (2021): Variability in black carbon mass concentration in surface snow at 
Svalbard. Atmospheric Chemistry and Physics, 21: 12479-12493. doi: 10.5194/acp-21-12479-
2021 

BI, H., WANG, Z., YUE, R., SUI, J., MULLIGAN, C. N., LEE, K., PEGAU, S., CHEN, Z. and AN, C. 
(2025): Oil spills in coastal regions of the Arctic and Subarctic: Environmental impacts, 
response tactics, and preparedness. The Science of the Total Environment, 958: 178025. doi: 
10.1016/j.scitotenv.2024.178025 



J. HÁJEK et al. 

117 

CAMENZULI, D., FREIDMAN, B. L. (2015): On-site and in situ remediation technologies applicable 
to petroleum hydrocarbon contaminated sites in the Antarctic and Arctic. Polar Research, 
34(1): 24492. 

CEPOI, L., DONŢU, N., ŞALARU, V. and ŞALARU, V. (2016): Removal of organic pollutants from 
wastewater by cyanobacteria. In: I. Zinicovscaia, L. Cepoi (eds.): Cyanobacteria for 
bioremediation of wastewaters. Cham: Springer International Publishing, pp. 27–43. 

CORSOLINI, S., KANNAN, K., IMAGAWA, T., FOCARDI, S. and GIESY, J. P. (2002): 
Polychloronaphthalenes and other dioxin-like compounds in Arctic and Antarctic marine food 
webs. Environmental Science & Technology, 36(16): 3490-3496. doi: 10.1021/es025511v 

DALLMANN, W. K. (2015): Geoscience atlas of Svalbard. Rapport (Norsk polarinstitutt), no. 148. 
292 p., ISBN: 9788276663129. http://hdl.handle.net/11250/2580810 

DANOUCHE, M., EL GHATCHOULI, N. and ARROUSSI, H. (2022): Overview of the management of 
heavy metals toxicity by microalgae. Journal of Applied Phycology, 34(1): 475-488. 

DOMINGO, J. L. (2004): Polychlorinated naphthalenes in animal aquatic species and human 
exposure through the diet: A review. Journal of Chromatography A, 1054(1–2): 327-334. doi: 
10.1016/j.chroma.2004.03.072 

DONG, C., XIONG, S., YANG, R., PEI, Z., LI, Y., ZHANG, Q. and JIANG, G. (2022): Polychlorinated 
naphthalenes (PCNs) in soils and plants from Svalbard, Arctic: Levels, distribution, and 
potential sources. The Science of the Total Environment, 849: 157883. doi: 10.1016/j.scitotenv. 
2022.157883 

ECHEVESTE, P., GALBÁN-MALAGÓN, C., DACHS, J., BERROJALBIZ, N. and AGUSTÍ, S. (2016): 
Toxicity of natural mixtures of organic pollutants in temperate and polar marine phytoplankton. 
The Science of the Total Environment, 571: 34-41. doi: 10.1016/j.scitotenv.2016.07.111 

ELSTER, J., SOUQUIERES, C. E., JADRNÁ, I., ŠKALOUD, P., SØREIDE, J. E. and KVÍDEROVÁ, J. (2023): 
Invasive Vaucheria aff. compacta (Xanthophyceae) and its distribution over a high Arctic tidal 
flat in Svalbard. Estuarine, Coastal and Shelf Science, 281: 108206. 

FERNANDES, A., FALANDYSZ, J. and OLIVERO-VERBEL, J. (2020): A new focus on legacy pollutants: 
Chlorinated paraffins (CPs) and polychlorinated naphthalenes (PCNs). Chemosphere, 238: 
124580. doi: 10.1016/j.chemosphere.2019.124580 

FRANZARING, J., VAN DER EERDEN, L. J. M. (2000): Accumulation of airborne persistent organic 
pollutants (POPs) in plants. Basic and Applied Ecology, 1(1): 25-30. doi: 10.1078/1439-1791-
00003 

FROST, G. V., BHATT, U. S., MACANDER, M. J., BERNER, L. T., WALKER, D. A., RAYNOLDS, M. K., 
MAGNÚSSON, R. Í., BARTSCH, A., BJERKE, J. W., EPSTEIN, H. E., FORBES, B. C., GOETZ, S. J., 
HOY, E. E., KARLSEN, S. R., KUMPULA, T., LANTZ, T. C., LARA, M. J., LÓPEZ-BLANCO, E., 
MONTESANO, P. M., NEIGH, C. S. R., NITZE, I., ORNDAHL, K. M., PARK, T., PHOENIX, G. K., 
ROCHA, A. V., ROGERS, B. M., SCHAEPMAN-STRUB, G., TØMMERVIK, H., VERDONEN, M., 
VEREMEEVA, A., VIRKKALA, A.-M. and WAIGL, C. F. (2025): The changing face of the Arctic: 
four decades of greening and implications for tundra ecosystems. Frontiers in Environmental 
Science, 13: 1525574. doi: 10.3389/fenvs.2025.1525574 

GABOV, D., VASILEVICH, M., YAKOVLEVA, E. and VASILEVICH, R. (2024): Effect of changes in the 
fuel type of thermal power plants on the spatial distribution and levels of PAH pollution in the 
Vorkuta agglomeration beyond the Arctic Circle. Atmospheric Environment, 329: 120543. doi: 
10.1016/j.atmosenv.2024.120543 

GEBRU, T. B., LI, Y., DONG, C., YANG, Y., YANG, R., PEI, Z., ZHANG, Q. and JIANG, G. (2023): 
Spatial and temporal trends of polychlorinated naphthalenes in the Arctic atmosphere at Ny-
Ålesund and London Island, Svalbard. The Science of the Total Environment, 878: 163023. doi: 
10.1016/j.scitotenv.2023.163023 

HANSEN, K. M., HALSALL, C. J., CHRISTENSEN, J. H., BRANDT, J., FROHN, L. M., GEELS, C. and 
SKJØTH, C. A. (2008): The role of the snowpack on the fate of alpha-HCH in an atmospheric 
chemistry-transport model. Environmental Science & Technology, 42(8): 2943-2948. doi: 
10.1021/es7030328 

HERBERT, B. M., HALSALL, C. J., VILLA, S., FITZPATRICK, L., JONES, K. C., LEE, R. G. and 
KALLENBORN, R. (2005): Polychlorinated naphthalenes in air and snow in the Norwegian 



PLANTS UNDER POLLUTION 

118 

Arctic: A local source or an Eastern Arctic phenomenon? The Science of the Total Environment, 
342(1-3): 145-160. doi: 10.1016/j.scitotenv.2004.12.029 

HOLM, E. B., BRANDVIK, P. J. and STEINNES, E. (2003): Pollution in acid mine drainage from mine 
tailings in Svalbard, Norwegian Arctic. Journal de Physique IV, 107: 625-628. doi: 10.1051/ 
jp4:20030381 

JOHANSEN, S., POSTE, A., ALLAN, I., EVENSET, A. and CARLSSON, P. (2021): Terrestrial inputs 
govern spatial distribution of polychlorinated biphenyls (PCBs) and hexachlorobenzene (HCB) 
in an Arctic fjord system (Isfjorden, Svalbard). Environmental Pollution, 281: 116963. 

KANG, S., ZHANG, Y., QIAN, Y. and WANG, H. (2020): A review of black carbon in snow and ice 
and its impact on the cryosphere. Earth-Science Reviews, 210: 103346. doi: 10.1016/j.earscirev. 
2020.103346 

KARNAEVA, A., KULIKOVA, O., MAZLOVA, E. and BURYAK, A. (2021): Aged diesel and heavy 
metal pollution in the Arctic tundra (Yamal Peninsula, Russia). The Science of the Total 
Environment, 792: 148471. doi: 10.1016/j.scitotenv.2021.148471 

KEVAN, P. G., FORBES, B. C., KEVAN, S. M. and BEHAN-PELLETIER, V. (1995): Vehicle tracks on 
high Arctic tundra: Their effects on the soil, vegetation, and soil arthropods. Journal of Applied 
Ecology, 32(3): 655-667. doi: 10.2307/2404660 

KLÁN, P., KLÁNOVÁ, J., HOLOUBEK, I. and ČUPR, P. (2003): Photochemical activity of organic 
compounds in ice induced by sunlight irradiation: The Svalbard project. Geophysical Research 
Letters, 30(6): 1313. doi: 10.1029/2002GL016385 

KOSEK, K., POLKOWSKA, Ż., ŻYSZKA, B. and LIPOK, J. (2016): Phytoplankton communities of polar 
regions--Diversity depending on environmental conditions and chemical anthropopressure. 
Journal of Environmental Management, 171: 243-259. doi: 10.1016/j.jenvman.2016.01.026 

KOSEK, K., RUMAN, M. (2021): Arctic freshwater environment altered by the accumulation of 
commonly determined and potentially new POPs. Water, 13(13): 1739. doi: 10.3390/w13131739 

KRUSE, F., NOBLES, G. R., DE JONG, M., VAN BODEGOM, R. M. K., VAN OORTMERSSEN, G. J. M. 
(GERT), KOOISTRA, J., VAN DEN BERG, M., KÜCHELMANN, H. C., SCHEPERS, M., LEUSINK, E. H. 
P., CORNELDER, B. A., KRUIJER, J. D. and DEE, M. W. (2021): Human–environment interactions 
at a short-lived Arctic mine and the long-term response of the local tundra vegetation. Polar 
Record, 57: e3. doi: 10.1017/S0032247420000418 

LANGER, M., VON DEIMLING, T. S., WESTERMANN, S., ROLPH, R., RUTTE, R., ANTONOVA, S., 
RACHOLD, V., SCHULTZ, M., OEHME, A. and GROSSE, G. (2023): Thawing permafrost poses 
environmental threat to thousands of sites with legacy industrial contamination. Nature 
Communications, 14(1): 1721. doi: 10.1038/s41467-023-37276-4 

LI, Y. F., KALLENBORN, R. and ZHANG, Z. (2023): Persistent organic pollutants and chemicals of 
emerging Arctic concern in the Arctic environment. Environmental Science and Ecotechnology, 
18: 100332. doi: 10.1016/j.ese.2023.100332 

LUKAVSKÝ, J., FURNADJIEVA, S. and CEPÁK, V. (2003): Toxicity of metals, Al, Cd, Co, Cr, Cu, 
Fen, Ni, Pb, and Zn on microalgae, using microplate bioassay 1: Chlorella kessleri, 
Scenedesmus quadricauda, Sc. subspicatus and Raphidocelis subcapitata (Selenastrum 
capricornutum). Algological Studies, 110: 127-141. 

MARQUÈS, M., SIERRA, J., DROTIKOVA, T., MARI, M., NADAL, M. and DOMINGO, J. L. (2017): 
Concentrations of polycyclic aromatic hydrocarbons and trace elements in Arctic soils: A case-
study in Svalbard. Environmental Research, 159: 202-211. 

MORI, T., GOTO-AZUMA, K., KONDO, Y., OGAWA-TSUKAGAWA, Y., MIURA, K., HIRABAYASHI, M., 
OSHIMA, N., KOIKE, M., KUPIAINEN, K., MOTEKI, N., OHATA, S., SINHA, P. R., SUGIURA, K., 
AOKI, T., SCHNEEBELI, M., STEFFEN, K., SATO, A., TSUSHIMA, A., MAKAROV, V., OMIYA, S., 
SUGIMOTO, A., TAKANO, S. and NAGATSUKA, N. (2019): Black carbon and inorganic aerosols in 
Arctic snowpack. Journal of Geophysical Research: Atmospheres, 124(23): 13,325-13,356. 
doi: 10.1029/2019JD030623 

NEBY, M., SEMENCHUK, P., NEBY, E. and COOPER, E. J. (2022): Comparison of methods for 
revegetation of vehicle tracks in High Arctic tundra on Svalbard. Arctic Science, 8(3): 1006-
1025. doi: 10.1139/as-2021-0016 



J. HÁJEK et al. 

119 

PAKHOMOVA, S., BEREZINA, A., ZHDANOV, I. and YAKUSHEV, E. (2024): Microplastic fate in Arctic 
coastal waters: Accumulation hotspots and role of rivers in Svalbard. Frontiers in Marine 
Science, 11: 1392680. doi: 10.3389/fmars.2024.1392680 

PANIAGUA-MICHEL, J., BANAT, I. M. (2024): Unravelling diatoms’ potential for the bioremediation 
of oil hydrocarbons in marine environments. Clean Technologies, 6(1): 93-115. 

PAWLAK, F., KOZIOL, K., WILCZYŃSKA-MICHALIK, W., WOROSZ, M., MICHALIK, M., LEHMANN-
KONERA, S. and POLKOWSKA, Ż. (2024): Characteristics of Anthropogenic Pollution in the 
Atmospheric Air of South-Western Svalbard (Hornsund, Spring 2019). Water, 16(11): 1486. 
doi: 10.3390/w16111486 

PERRYMAN, C. R., WIRSING, J., BENNETT, K. A., BRENNICK, O., PERRY, A. L., WILLIAMSON, N. and 
ERNAKOVICH, J. G. (2020): Heavy metals in the Arctic: Distribution and enrichment of five 
metals in Alaskan soils. PLoS One, 15(6): e0233297. 

PETERSEN, D. G., REICHENBERG, F. and DAHLLÖF, I. (2008): Phototoxicity of pyrene affects benthic 
algae and bacteria from the Arctic. Environmental Science & Technology, 42(4): 1371-1376. 
doi: 10.1021/es071854n 

PIATT, J. F., LENSINK, C. J., BUTLER, W., KENDZIOREK, M. and NYSEWANDER, D. R. (1990): 
Immediate Impact of the “Exxon Valdez” Oil Spill on Marine Birds. The Auk, 107(2): 387-397. 
doi: 10.2307/4087623 

RAJARAM, R., GANESHKUMAR, A. and CHARLES, P. E. (2023): Ecological risk assessment of metals 
in the Arctic environment with emphasis on Kongsfjorden Fjord and freshwater lakes of Ny-
Ålesund, Svalbard. Chemosphere, 310: 136737. 

REIMANN, S., KALLENBORN, R. and SCHMIDBAUER, N. (2009): Severe aromatic hydrocarbon 
pollution in the Arctic town of Longyearbyen (Svalbard) caused by snowmobile emissions. 
Environmental Science & Technology, 43(13): 4791-4795. doi: 10.1021/es900449x 

ROTANDER, A., VAN BAVEL, B., RIGÉT, F., AUÐUNSSON, G. A., POLDER, A., GABRIELSEN, G. W., 
VÍKINGSSON, G., MIKKELSEN, B. and DAM, M. (2012): Polychlorinated naphthalenes (PCNs) in 
sub-Arctic and Arctic marine mammals, 1986-2009. Environmental Pollution, 164: 118-124. 
doi: 10.1016/j.envpol.2012.01.035 

SAMECKA-CYMERMAN, A., WOJTUŃ, B., RAJSZ, A., MRÓZ, L., KOLON-JAREMCZAK, M., KOPEĆ, M., 
WASOWICZ, P., KOSIBA, P. and RUDECKI, A. (2025): Sanionia uncinata as a metal bioindicator 
in the European Arctic.  Polar Biology, 48: 74. doi: 10.1007/s00300-025-03394-6 

SHAJI, A., GOPINATH, A., HUSSAIN, M. S., PRABHAKARAN, S. and KRISHNAN, A. (2024): Pesticides 
under the category of persistent organic pollutants and emerging contaminants in surface 
sediments of an Arctic Fjord and nearby lakes. Marine Pollution Bulletin, 208: 117010. doi: 
10.1016/j.marpolbul.2024.117010 

SCHÆBEL, L. K., BONEFELD-JØRGENSEN, E. C., VESTERGAARD, H. and ANDERSEN, S. (2017): The 
influence of persistent organic pollutants in the traditional Inuit diet on markers of 
inflammation. PloS one, 12(5): e0177781. doi: 10.1371/journal.pone.0177781 

SINKKONEN, S., PAASIVIRTA, J. (2000): Polychlorinated organic compounds in the Arctic cod liver: 
Trends and profiles. Chemosphere, 40(6): 619-626. doi: 10.1016/s0045-6535(99)00309-4 

SIVARAJAH, B., SIMMATIS, B., FAVOT, E. J., PALMER, M. J. and SMOL, J. P. (2021): Eutrophication 
and climatic changes lead to unprecedented cyanobacterial blooms in a Canadian sub-Arctic 
landscape. Harmful Algae, 105: 102036. 

SKILES, S. M., FLANNER, M., COOK, J. M., DUMONT, M. and PAINTER, T. (2018): Radiative forcing 
by light-absorbing particles in snow. Nature Climate Change, 8: 964-971. doi: 10.1038/s41558-
018-0296-5 

TELYATNIKOV, M. Y. (2022): Dynamics of the phytodiversity of natural ecosystems affected by oil 
products in the Norilsk industrial district. Contemporary Problems of Ecology, 15: 160-179. 
doi: 10.1134/S1995425522020093 

TOMAR, R. S., ATRE, R., SHARMA, D., RAI-KALAL, P. and JAJOO, A. (2023): Light intensity affects 
tolerance of pyrene in Chlorella vulgaris and Scenedesmus acutus. Photosynthetica, 61(SI): 
168-176 (Special issue on Recent advances in photomodulation in higher plants, algae, and 
bryophyte). doi: 10.32615/ps.2022.044 



PLANTS UNDER POLLUTION 

120 

TOULIABAH, H. E. S., EL-SHEEKH, M. M., ISMAIL, M. M. and EL-KASSAS, H. (2022): A review of 
microalgae-and cyanobacteria-based biodegradation of organic pollutants. Molecules, 27: 1141. 

VORKAMP, K., MUIR, D. C. G. (2016): A circumarctic review of contaminants in ringed seals. In: R. 
Kallenborn (eds.): Implications and Consequences of Anthropogenic Pollution in Polar 
Environments. From Pole to Pole. Springer, Berlin, Heidelberg, pp. 229–251. doi: 10.1007/ 
978-3-642-12315-3_12 

WALKER, D. A., KOFINAS, G., RAYNOLDS, M., KANEVSKIY, M., SHUR, Y., AMBROSIUS, K., 
BUCHHORN, M., MATAYSHAK, G., ROMANOVSKY, V. and WIRTH, L. (2015): Cumulative effects 
of infrastructure and climate in the permafrost landscapes of the Prudhoe Bay oilfield, Alaska’ 
in Rapid Arctic Transitions due to Infrastructure and Climate (RATIC): A contribution to 
ICARP III, eds DAP Walker & JL Peirce, University of Alaska, Fairbanks, Alaska, pp. 2–11.  

WANG, Z., AN, C., LEE, K., OWENS, E., BOUFADEL, M. and FENG, Q. (2022): Dispersion modeling 
of particulate matter from the in-situ burning of spilled oil in the northwest Arctic area of 
Canada. Journal of Environmental Management, 301: 113913. doi: 10.1016/j.jenvman.2021. 
113913 

WEBER, R., RASMUSSEN, R. O., ZALKIND, L., KARLSDÓTTIR, A., JOHANSEN, S. T. F., TERRÄS, J. and 
NILSSON, K. (2017): Urbanisation and land use management in the Arctic: An investigative 
overview. In: G. Fondahl, G. Wilson (eds.): Northern Sustainabilities: Understanding and 
Addressing Change in the Circumpolar World. Springer Polar Sciences. Springer, Cham.,      
pp. 269–284. doi: 10.1007/978-3-319-46150-2_20 

WEGEBERG, S., FRITT-RASMUSSEN, J., GEERTZ-HANSEN, O., WIKTOR, J., JR, BOGØ-WILMS, L., 
LARSEN, M. B., RENVALD, L. and GUSTAVSON, K. (2021): Coastline in-situ burning of oil spills 
in the Arctic. Studies of the environmental impacts on the littoral zone community. Marine 
Pollution Bulletin, 173(Pt B): 113128. doi: 10.1016/j.marpolbul.2021.113128 

WOJTUŃ, B., POLECHOŃSKA, L., PECH, P., MIELCARSKA, K., SAMECKA-CYMERMAN, A., SZYMAŃSKI, 
W., KOLON, M., KOPEĆ, M., STADNIK, K. and KEMPERS, A. J. (2019): Sanionia uncinata and 
Salix polaris as bioindicators of trace element pollution in the High Arctic: A case study at 
Longyearbyen, Spitsbergen, Norway. Polar Biology, 42: 1287-1297. doi: 10.1007/s00300-019-
02517-0 

WEI, Y., HE, J., XUE, Y., NIE, Y., LIU, X. and WU, L. (2022): Spatial distribution of multi-elements 
in moss revealing heavy metal precipitation in London Island, Svalbard, Arctic. Environmental 
Pollution, 315: 120398. doi: 10.1016/j.envpol.2022.120398 

XIAO, X., LI, W., JIN, M., ZHANG, L., QIN, L. and GENG, W. (2023): Responses and tolerance 
mechanisms of microalgae to heavy metal stress: A review. Marine Environmental Research, 
183: 105805. 

YANG, Y., SUI, J., TIAN, Y., QIAO, R., HE, D. and LI, M. (2025): Comparison of polycyclic aromatic 
hydrocarbon removal efficiency, removal pathways, and biomass pyrolysis characteristics of 
seven microalgal strains. Journal of Water Process Engineering, 76: 108160. 

ZANATTA, M., MERTES, S., JOURDAN, O., DUPUY, R., JÄRVINEN, E., SCHNAITER, M., EPPERS, O., 
SCHNEIDER, J., JURÁNYI, Z. and HERBER, A. (2023): Airborne investigation of black carbon 
interaction with low-level, persistent, mixed-phase clouds in the Arctic summer. Atmospheric 
Chemistry and Physics, 23: 7955-7973. doi: 10.5194/acp-23-7955-2023 

ZOU, Q., ZHANG, Q., YANG, R., LI, Y., PEI, Z., LIU, M., ZHANG, G., JI, F., ZHANG, X., YANG, X. and 
JIANG, G. (2024): Non-negligible polyhalogenated carbazoles in arctic soils and sediments: 
Occurrence, target and suspect screening, and potential sources. Environmental Science & 
Technology, 58(52): 23169-23179. doi: 10.1021/acs.est.4c09194 

 
Web sources / Other sources 
 
[1] ARNOLD, E. (2006): Alaska Oil Spill Blamed on Poor Pipe Maintenance. NPR Environment. 
 

[2] FINGAS, M. (2013): Surface-washing Agents: An Update, Merv Fingas Spill Science,  
      Edmonton, Alberta.  
 

[3] LAW, W. H. (2010): Regulation, H., Unprotected, L.A. The BP Catastrophe.  


