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Abstract: Glaciers are important fresh-water reservoirs for our planet. Although they are often
located at high elevations or in remote areas, glacial ecosystems are not pristine, as many pollutants
can undergo long-range atmospheric transport and be deposited on glacier surface, where they
can be stored for long periods of time, and then be released into the down-valley ecosystems.
Understanding the dynamics of these pollutants in glaciers is therefore important for assessing their
environmental fate. To this aim, it is important to study cryoconite holes, small ponds filled with
water and with a layer of sediment, the cryoconite, at the bottom, which occur on the surface of
most glaciers. Indeed, these environments are hotspots of biodiversity on glacier surface as they host
metabolically active bacterial communities that include generalist taxa able to degrade pollutants.
In this work, we aim to review the studies that have already investigated pollutant (e.g., chlorpyrifos
and polychlorinated-biphenyls (PCBs)) degradation in cryoconite holes and other supraglacial
environmental matrices. These studies have revealed that bacteria play a significant role in pollutant
degradation in these habitats and can be positively selected in contaminated environments. We will
also provide indication for future research in this field.
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1. Introduction

For more than 40 years, we have known that inorganic and organic pollutants are present in
cold remote areas, such as polar and mountain regions, far from their emission sources. Early studies
were conducted in Arctic regions and reported high concentrations of radionuclides in layers
corresponding to nuclear test periods [1] and the presence of chlorinated compounds in Arctic
and Antarctic regions [2,3]. The organic contaminants in these remote areas are referred to as
persistent organic pollutants (POPs), which consist of several groups of chemicals with similar
structures and physical-chemical properties that are extensively used worldwide in agriculture
(pesticides), industrial and health applications. Recent studies have revealed that alpine environments
are affected by the presence of POPs [4–6]. These chemicals are ubiquitous, show long-range
transport potential, and many of them are hydrophobic. In addition, they bio-accumulate in
organisms via respiration, dermal contact, and through diet [7]. Some classes of contaminants
comprised in the POPs are polychlorinated-biphenyls (PCBs), -dioxins (PCDDs), -furans (PCDFs),
polybrominated-diphenyl ethers (PBDEs), -biphenyls (PBBs), perfluorinated compounds (PFCs) and
other halogenated hydrocarbons, used as pesticides [8].
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PCBs are one of the classes of compounds that have been studied in the context of pollutant
biodegradation on glaciers [9]. They are toxic chemicals that the chemical treaty is trying to abolish by
2025, because of their persistence and difficult degradation. Their use is very heterogeneous (from the
industry to agriculture) [10]. PCB biodegradation can occur either through anaerobic reductive
dechlorination (mostly in soil and sediment) or through aerobic oxidative degradation (preferably
in water) and a wide range of different bacterial genera are able to perform these degradative
pathways [10,11]. PCB degradation rate, measured in lab experiments, varies according to the number
of the chlorine atoms, slowing down as the number of Cl− atoms increases. This is the reason why the
range of the degradation rate varied from approximately 90% to approximately 20% [12].

Atmospheric medium- and long-range transport has been identified as a major source of
semivolatile and persistent organic contaminants in polar and alpine ecosystems. Cold areas act
as condensers [13], interfering with the atmospheric transport and global cycling of semi volatile
organic compounds (SVOCs) [14–18], thus promoting the scavenging of these molecules from
the atmosphere [19]. Indeed, PCB concentrations in snow increase with altitude, especially for
more-volatile, less-chlorinated di- and tri-chlorobiphenyl congeners [4]. High altitude environments
may also be more prone than polar ones to contamination by those compounds that are not suitable
for long latitudinal transport because mountain ranges can be relatively close to source sites of
contaminants [20].

A relevant fraction of the contaminants reaching cold areas is deposited on glaciers,
where pollutants undergo post-depositional processes of partitioning among different environmental
matrices (e.g., snow, ice, water, interstitial atmospheric gases and supraglacial sediments) and
alteration processes. Post-depositional alteration consists of both physical-chemical processes,
such as photodegradation, hydrolysis, revolatilization [21,22], and biological ones, particularly
biodegradation [6]. The balance of these partition and alteration processes defines the amount of
pollutants that can either enter the food-chain or be released into the environment by meltwater,
which, in turn, can impact the downstream environments [23,24]. The current and foreseen increase of
glacier retreat and melting will therefore likely lead to an increase of the release of pollutants from
glaciers. Indeed, it has been already reported that high retreat episodes of glaciers correspond to high
fluxes of pollutants in the melting water [25]. A recent model showed that the glacier melting due to
global warming will lead to an earlier and more concentrated release of pollutants (e.g., PCBs, DDT,
PCDD/Fs) stored in glacier bodies, than if the climate were stable [26].

Among post-depositional alteration processes that lead to the net reduction of the contaminant
mass on the glacier, the biodegradation of organic molecules by microorganisms has been rather
overlooked so far [6]. However, it is well known that microorganisms inhabit glaciers and have
the metabolic abilities to degrade complex organic compounds even at low temperatures [27].
Among the glacial environments, supraglacial ones are the most biodiverse, and host rich bacterial
communities [28]. In these environments, the cryoconite, a wind-borne fine debris deposited on
glacier surfaces, represents a potential sink for organic and inorganic pollutants because of its high
content of organic matter [29]. When heated by solar radiation, the cryoconite can promote ice
melting and form small ponds filled by meltwater, called cryoconite holes, which are considered
the most microbiologically active supraglacial habitats. Indeed, different studies report bacterial
abundance in cryoconite in the order of 108–109 cells·g−1 [30,31], similar to these in other type of
soils (e.g., agricultural soils, marsh or mountain soils) [32]. Cryoconite holes therefore represent ideal
environments to investigate the processes that determine pollutant accumulation and degradation on
glaciers [29].

In this work, we review the current literature about the accumulation of contaminants in the
cryoconite and other supraglacial matrices and the microbiological processes affecting their fate, and
we provide suggestions and direction for future research.
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2. Accumulation of Pollutants and Microbiological Response in Cryoconite

Cryoconite is a granular sediment found on glacier surfaces. Owing to its dark color, cryoconite
absorbs solar radiation and promotes the formation of quasi-cylindrical holes, called cryoconite
holes, through differential ablation rates compared to the surrounding ice [33]. Cryoconite is
composed of both inorganic and organic material. The former is mainly composed by mineral
fragments, often dominated by phyllosilicate, tectosilicate and quartz with differences due to the
geological source of the debris [33]; the latter is composed of a wide variety of living and dead
microscopic organisms, the products of their autotrophic activity, and allochthonous organic material of
wind-borne particles [34]. Cryoconite in holes has higher concentration of organic matter and inorganic
nutrients (nitrogen, phosphorus...) than the surrounding ice and supraglacial sediments [35,36].
This characteristic leads, on the one hand, to the incorporation of hydrophobic compounds such
as POPs into the cryoconite organic matter [6] and, on the other hand, it promotes the presence of
biodiverse and active microbial communities [37], which can biodegrade the contaminants.

In the last five years, some studies investigated the origin and the accumulation of pollutants
in cryoconite and their post-depositional fate, including the biodegradation processes. Polycyclic
Aromatic Hydrocarbons (PAHs) are among these pollutants. They are found in the environment as
consequence of combustion or processing of hydrocarbon fuels. Their biodegradation can occur in
different environments thanks to bacteria, fungi or algae and the efficiency depends on the number
of benzene rings [38]. PAHs are known to be better biodegraded in water, but Kuppusamy and
colleagues showed new consortia of bacteria able to perform PAH degradation in soil with good
performances [39].

Li and colleagues identified 15 PAHs containing 3–7 rings in 61 cryoconite samples collected
from seven glaciers on the Tibetan Plateau (TP) [40]. The average concentration of total PAHs in
cryoconite samples was in the range of 6.67–3906.66 ng·g−1 dry weight. The highest average total PAH
concentration was found in the southeastern TP, followed by the northern TP. The central TP contained
the lowest number of PAHs. Moreover, correlation analysis showed that total organic carbon (TOC)
and grain size were only minor determinants of the accumulation of PAHs in cryoconite of the TP.
Factor analysis and diagnostic ratios indicated that PAHs were produced mainly from the incomplete
combustion of coal, fossil fuels and biomasses. The exhaust gas of locomotives also contributed to the
accumulation of PAHs on glaciers. Toxicity Equivalent Quantity (TEQ) of cryoconite was calculated for
all the glaciers and results showed that cryoconite had a low biological risk regarding PAHs in all the
investigated glaciers, except for YL Snow Mountain, which is a touristic area where shuttle vehicles
are widely used and five-seven ring PAHs accounted for more than half of total PAHs. Overall results
showed that long-range atmospheric transport was the main source of PAHs deposited on glaciers.

Similarly, Dong and colleagues reported that the higher ratio of anthropogenic particles in the
southern TP is likely caused by atmospheric pollutant transport from southern Asia, whereas cryoconite
in the northern locations of the TP, containing higher dust and salt particle ratio, is influenced by the
large deserts in central Asia [41]. Therefore, the transport and deposition of cryoconite is significant
for understanding the regional atmospheric environment and circulation. A large amount of material
such as biological particles, NaCl, and mixed cation sulfate particles, was also found in the cryoconite,
implying that, in addition to dust and black carbon, many types of light absorbing impurities combined
could influence the glacier albedo change and enhance ice melting in the mountain glaciers of the TP.

The anthropogenic impact on cryoconite was also studied in the Alps and Arctic where high
concentrations of radionuclides were found in two independent studies [42,43]. Both studies attributed
the origin of these contaminants to long-range transport and anthropogenic activities. The extremely
high concentration of metal and radioactive compounds was explained by the capability of extracellular
substances excreted by microorganisms to bind these compounds and remove them from the meltwater.
A recent study [44] investigated anthropogenic radionuclides in cryoconite from the Adishi glacier
(Georgia) and found activity concentrations varying from 0.37 ± 0.04 Bq·Kg−1 for 238Pu (238Pu activity
concentrations in the first centimeter of soil in an undisturbed area in Korea was in the range of
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0.006–0.062 Bq·Kg−1 [45]) to a maximum of 4940 ± 610 for 137Cs (137Cs activity concentration detected
after Fukushima nuclear accident at soil depth of 0.5–1 cm was 5610 ± 40.8 Bq·Kg−1 [46]).

Interactions between radionuclides and bacteria can be very different: among them there are,
noteworthy, biotransformation, bioprecipitation and also biosorption, depending on the characteristics
of the radionuclides [47]. These compounds can be naturally present in the environment or
due to human activity (e.g., nuclear weapons, uranium mining and milling, commercial fuel
reprocessing) [48].

Due to the limited knowledge about glacial biology, how these high amounts of radionuclides
and heavy metals affect biota and how these contaminants are transferred along food web remain
open questions to be addressed in the future investigations.

To the best of our knowledge, only six studies characterized the microbial communities and
their metabolisms associated to the contamination, besides addressing the presence of pollutants in
cryoconite and other supraglacial environments

The metabolic potential of the culturable fraction of cryoconite bacteria toward pollutants was
pioneeringly investigated by Margesin in 2002. In this study they estimated the abundance of
bacteria able to grow on natural and anthropogenic recalcitrant substrates [49]. Results showed
that cold-adapted bacteria were able to degrade carbohydrates (starch), fats (tributyrin), mineral oil
hydrocarbons (diesel oil) and PAHs as sole carbon sources. (Table 1, Figure 1).

Table 1. Summary of the published studies addressing both the presence of pollutants and the microbial
processes related to them in cryoconite and other supraglacial environmental matrices.

Geographic Area Contaminants Matrices Reference

Italian Alps Chlorpyrifos (CPF) cryoconite Ferrario et al., 2017 [41]
Antarctica Synthetic oil surface ice and sediments Jarula et al., 2009 [38]
Greenland 2,4-Dichlorophenoxyacetic Acid surface ice Stibal et al., 2012 [40]
Svalbard Mercury snow (above soil) Larose et al., 2013 [35]

Austrian Alps PCBs cryoconite Weiland-Bräuer et al., 2017 [39]
Greenland PAHs, PCBs, mercury, lead cryoconite Hauptmann et al., 2017 [44]

Larose and colleagues [50] studied the impact of mercury, whose concentration is increasing in
the Arctic food web, on snow microbial communities. Despite the investigated snowpack was not
supraglacial, but consisted of seasonal snow accumulated above the soil, the study provides important
insights into the response of cold adapted communities to inorganic contaminants.

Mercury can be subjected to long-range atmospheric transport and can persist in the air for at
maximum one year: enough to reach also the most remote area of the planet [51]. Hg can be found in
different forms: elemental Hg (Hg0

(aq)) that is volatile but not reactive, mercuric species (Hg(II)) and
organic mercury (e.g., methyl-mercury, that is bioaccumulative) [51]. Bacteria can play an important
role reducing the soluble form Hg(II) to the precipitating Hg(0) and it has been demonstrated they can
perform this reaction with better results at Hg(II) concentrations lower than 6 mg/L in water [52].

In the study by Larose et al. [50] both forms of mercury resulted to influence the structure
of the snow microbial communities. Indeed, the microbiological analyses revealed the presence
of mercury-resistant taxa in Hg contaminated snow and, at molecular level, the abundance of the
merA gene, which confers resistance to the inorganic form of Hg, was positively correlated with Hg
concentration. merA codes for the mercuric reductase enzyme which catalyzes the reduction from
the water soluble Hg(II) to the volatile Hg(0) form. The presence of this metabolic activity might also
explain the observed reemission in the atmosphere of the Hg entrapped in the snow [53]. Further
studies are needed regarding mercury in glacial ecosystems, especially regarding Me–Hg that can
be bioaccumulated along the trophic chain [51]. Indeed Larose et al., found a negative correlation
between bioavailable Hg and Me–Hg indicating a probable Hg biotic methylation [50]; in fact, bacteria
can both cleave the bond or be responsible of methylation especially in anaerobic conditions [51,54].
Hg concentration in mountain firn core was found to be in the range of 2–35 ng·L−1 [55], and in
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freshwater from uncontaminated sites was in the range of 1–20 ng·L−1 [51], but a study by Moller and
colleagues found in snow/brine concentrations of 70–80 ng·L−1 [53].

The effect of organic molecule pollution was addressed in a work by Cappa and colleagues [56],
who investigated the impact of a summer ski resort on the structure of bacterial communities on
a glacier surface. Their findings revealed that the concentrations of PAHs and PCBs were significantly
higher close to the ski resort than in areas impacted only by long-range transport. They also observed
that the presence of pollutants can favor the selection of bacterial strains able to metabolize them.
In another study, after that an unexpected synthetic oil spilling happened in Taylor Valley (Antarctica)
because of a helicopter crash, biodegradation was detected preferentially in sediment rather than in
water and fluid-filled bubbles of an ice core [57].

These first evidences that organic pollution can select specific degrading microbial populations,
thus promoting the biodegradation of the same contaminants on glaciers, were further confirmed
by subsequent studies, which reported the actual biological removal under field conditions and
used molecular cultivation-independent methods to better characterize the microbial communities.
For instance, the study by Weiland-Brauer and colleagues found high concentrations of eighteen
different congeners of PCBs, 16 PAHs and 29 different organochlorine pesticides in the cryoconite
of an Alpine glacier [9]. In this study, microcosms containing cryoconite were set up with the
addition of PCBs to determine the bacteria responsible of PCB degradation. The results showed that
different genera, among which the most abundant were Pseudomonas, Shigella, Polaromonas, Variovorax,
Janthinobacterium, Subtercola, and Chitinophaga, were able to degrade PCBs. On a molecular basis,
the ability to aerobically biodegrade PCBs was identified in the presence of the gene bphA coding for
the enzyme biphenyl dioxygenase, which was found in both metagenomic DNA and in the genome of
the bacterial isolates.
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Figure 1. Geographic location of the studies addressing both the presence of pollutants and the
microbial processes related to them in cryoconite and other supraglacial environmental matrices.

The microcosm approach was also used in two other studies with the aims of simulating glacier
surface environments and estimating the biodegradation rates of pesticides [31,58]. In the first study,
the ability of supraglacial bacteria to degrade the pesticide 2,4-dichlorophenoxyacetic acid (2,4-D)
was investigated and, although no taxa related to known 2,4-D degraders were found, the authors
succeeded in estimating the biodegradation rate in simulated field conditions. There are no data about
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the presence of this pesticide in/on glaciers, and not surprisingly, the rates of 2,4-D mineralization were
lower than those observed in temperate environments. This work first demonstrated that anthropic
contamination on glaciers can be attenuated by the local natural microbial community.

Ferrario and colleagues [16,31] detected high concentrations (2–3 mg kg−1) of the pesticide
chlorpyrifos (CPF) in the cryoconite and meltwater of an Alpine glacier, while in agriculture and
termiticidal initial soils (i.e., in the application area) its concentrations vary from 10 to 1000 mg per
kg of soil respectively [59]. The authors estimated, by in situ microcosms, that the rate of pollutant
removal due to biodegradation was much higher than those of hydrolysis and photodegradation,
leading to a CPF half-life in cryoconite ranging from 35 to 65 days (Figure 2). In other environments
CPF half-life was reported to vary from 6 days (in aquatic aerobic conditions) to 128 days (in soil/slurry
anaerobic conditions) [60], showing that in cryoconite the biodegradation rate is not different from
others even if there are harsh conditions in this microhabitat. A whole shotgun metagenomics analysis
of the bacteria occurring in the cryoconite of the same glacier allowed the genome reconstruction of
a bacterial population that could be responsible of the pesticide biodegradation [31]. These putative
CPF-degrading bacteria resulted to be photoheterotrophic Burkholderiales, thus strengthening previous
findings on the metabolic versatility and the importance of Betaproteobacteria in the heterotrophic
metabolisms of cold environments [37,61,62].
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A metagenomics approach was used also in a recent work addressing the metabolic potential
of microbial communities in cryoconite collected on the Greenland ice sheet. Results disclosed the
potential for resistance to and degradation of contaminants, including polychlorinated biphenyls
(PCBs), polycyclic aromatic hydrocarbons (PAHs), and the heavy metals mercury and lead.
The presence of genes for contaminant resistance and degradation was spatially variable but present
in all samples across the ice sheet [63].

3. Conclusions and Future Perspectives

This short review of the studies that have addressed the biodegradation of pollutants on the
glacier surface reveals how this field has been investigated only very recently, and that there is therefore
a wide potential for future studies. New studies should investigate the biodegradation potential of
glacier microbes for further pollutants that are known to occur on glaciers (e.g., terbuthylazine [16]).
The review has also highlighted the importance of using microcosms to investigate degradation rates.
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A well-designed experimental setup of microcosms under different conditions (e.g., light and dark
conditions, sterilized and non-sterilized cryoconite, etc., see [16] for an example) can indeed allow for
the assessing of the relative contribution of different processes to pollutant degradation. We also stress
the importance of carrying out microcosm studies in situ, whenever this is logistically feasible, in order
to be as close as possible to natural conditions.

Another important feature emerging from this review is the potential of metagenomic studies to
improve our understanding of the metabolic processes that allow glacier bacteria to degrade pollutants.
Indeed, the identification of the microbial populations involved in these processes was critical in
most studies. With the decrease of costs of sequencing and the availability of new bioinformatic tools
that will ease these studies, we hope for further investigations of pollutant degradation on glaciers
combining microcosms and metagenomics.

We also hope that further studies will fill the large geographical gaps in these investigations,
for instance in South America. Finally, there is also a strong need for models of the environmental fate of
pollutants in cold areas, which incorporate also biological processes, as they will be pivotal to properly
forecast the future dynamics of contaminants released by glaciers in future warmer climatic conditions.
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