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Abstract: Climate change is having a profound impact on Arctic microbiomes and their living en-
vironments. However, we have only incomplete knowledge about the seasonal and inter-annual
variations observed among these microbes and about their methane regulation mechanisms with
respect to glaciers, glacial melting, snow lakes and coastal marine water. This gap in our knowledge
limits our understanding of the linkages between climate and environmental change. In the Arctic,
there are large reservoirs of methane which are sensitive to temperature changes. If global warming
intensifies, larger quantities of methane stored in deep soil and sediments will be released into the
atmosphere, causing irreversible effects on the global ecosystem. Methane production is mainly medi-
ated by microorganisms. Although we have some knowledge of microbial community structure, we
know less about the methane-correlated microbes in different land types in the Svalbard archipelago,
and we do not have a comprehensive grasp of the relationship between them. That is the main reason
we have written this paper, in which current knowledge of microorganisms and methane-correlated
types in High Arctic Svalbard is described. The problems that need to be addressed in the future are
also identified.

Keywords: climate change; High Arctic Svalbard; different landforms; microbial community;
methane production and consumption; distribution and correlation

1. General Description of Microorganisms

Microorganisms (i.e., organisms <200 µm, mainly prokaryotes, archaea, microalgae,
fungi, protozoa, etc.) are ubiquitous in the ecosystem, playing multiples roles as producers,
consumers and decomposers. They are not only the providers of food sources for medium
and large animals, but also responsible for many important processes, such as nutrient
mineralization. They are the basis of ecosystems and are the main components of the marine
microbial food loop (Figure 1). Autotrophic microorganisms—chiefly phytoplankton
and some photosynthetic bacteria, such as cyanobacteria—absorb carbon dioxide (CO2).
Microorganisms adapted to cold conditions are called psycrophiles. Most microorganisms
in the high Arctic are psychrophiles. Examples include ice algae and phytoplankton, such
as some Phaeocystis, which produce dimethylsulfoniopropionate (DMSP) and thereby have
a negative effect on global warming [1–3]. By contrast, some species of archaea, bacteria,
microalgae and protozoa can produce methane (CH4) [4–8] and greenhouse gases, such
as CO2 (through biological respiration), which contributes to global warming. So even
though these organisms are small, their functions are not insignificant. However, as more
than 99% of these organisms are unculturable, our knowledge of them is inadequate [9].
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Figure 1. Microbial food loop and classic food chain. 

Baas Becking and Beijerinck said of these microorganisms that they are “Everything 
in Everywhere, but, the environment selects [10,11].” Microorganisms are sensitive to en-
vironmental changes and can reflect these changes in variations in community composi-
tion, biomass and functions [5]. They are present in the soils of the Arctic, in the atmos-
phere, seawater and sediments, freshwater lakes and sediments, glaciers and melting 
streams, sea ice and surface melting pools and subsea ice seawater. However, the struc-
tures and functions of microbial communities are different in different mediums 
[3,4,12,13].  

2. General Information about High Arctic Svalbard 
The Yellow River Station is located in High Arctic Ny-Ålesund (Figure 2), Svalbard 

(74°~81° N, 10°~35° E). Svalbard has more than 2100 glaciers covering nearly 60% of its 
land surface. The archipelago is one of the most significant warming areas in the Arctic: 
local observations show that the average annual temperature in 2006 was −6.7 °C. Com-
paratively, it jumped to −1.8 °C ten years later. The average annual temperature has in-
creased by nearly 5 °C in 14 years. The ice-free period increased by 3.3 days per year and 
the surface temperature increased by 0.5 °C during 1980–2010. In western Svalbard, there 
was a high temperature of 4.9 °C and rainfall higher than 65 mm recorded in January 2018 
in Ny-Ålesund. This is very unusual. Continued warming has led to rapid glacial melting 
and glacial retreat, with an area reduction of about 512 km2 between 1961 and 1993. An 
inflow glacier in Ny-Ålesund named Kongsbreen Glacier has retreated by 5 km or 166 m 
per year in the past 30 years (Figure 3; [14]). Melting glaciers lead to large amounts of fresh 
water flowing into the Kongsfjorden, an Atlantic coastal water. The fresh water flow into 
Kongsfjorden is estimated to be as high as 130 m3/s in melting seasons, and the annual 
inflow is 1.4 km3 [15]. In addition, the land glacier front has also retreated with an increas-
ing surface runoff. This has carried large amounts of terrigenous materials into the sea, 
which has exerted great and far-reaching effects on the coastal marine ecosystem. Glacial 
melting, seawater temperatures rising and the permafrost thawing may exacerbate green-
house gas emissions, resulting in changes to the environment and the community struc-
tures and functions of microbes living there [16]. 
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Baas Becking and Beijerinck said of these microorganisms that they are “Everything
in Everywhere, but, the environment selects [10,11]”. Microorganisms are sensitive to envi-
ronmental changes and can reflect these changes in variations in community composition,
biomass and functions [5]. They are present in the soils of the Arctic, in the atmosphere,
seawater and sediments, freshwater lakes and sediments, glaciers and melting streams,
sea ice and surface melting pools and subsea ice seawater. However, the structures and
functions of microbial communities are different in different mediums [3,4,12,13].

2. General Information about High Arctic Svalbard

The Yellow River Station is located in High Arctic Ny-Ålesund (Figure 2), Svalbard
(74◦~81◦ N, 10◦~35◦ E). Svalbard has more than 2100 glaciers covering nearly 60% of
its land surface. The archipelago is one of the most significant warming areas in the
Arctic: local observations show that the average annual temperature in 2006 was −6.7 ◦C.
Comparatively, it jumped to −1.8 ◦C ten years later. The average annual temperature has
increased by nearly 5 ◦C in 14 years. The ice-free period increased by 3.3 days per year
and the surface temperature increased by 0.5 ◦C during 1980–2010. In western Svalbard,
there was a high temperature of 4.9 ◦C and rainfall higher than 65 mm recorded in January
2018 in Ny-Ålesund. This is very unusual. Continued warming has led to rapid glacial
melting and glacial retreat, with an area reduction of about 512 km2 between 1961 and
1993. An inflow glacier in Ny-Ålesund named Kongsbreen Glacier has retreated by 5 km or
166 m per year in the past 30 years (Figure 3; [14]). Melting glaciers lead to large amounts
of fresh water flowing into the Kongsfjorden, an Atlantic coastal water. The fresh water
flow into Kongsfjorden is estimated to be as high as 130 m3/s in melting seasons, and the
annual inflow is 1.4 km3 [15]. In addition, the land glacier front has also retreated with
an increasing surface runoff. This has carried large amounts of terrigenous materials into
the sea, which has exerted great and far-reaching effects on the coastal marine ecosystem.
Glacial melting, seawater temperatures rising and the permafrost thawing may exacerbate
greenhouse gas emissions, resulting in changes to the environment and the community
structures and functions of microbes living there [16].
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Figure 2. The world’s northernmost scientific research town. Airscape at Ny-Ålesund (from Kings 
Bay AS). 
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Figure 3. The glacier front in Svalbard has retreated significantly in the past 80 years. (a,b) Glacier 
front 80 years ago (c,d). The present glacier front. Source: (https://im-
age.so.com/i?src=360pic_strong&z=1&i=0&cmg=154; 25 February 2018). 

3. General Study of Microbes and the Environment in Kongsfjorden, Ny-Ålesund  
The Arctic Kongsfjorden (79° N, 12° E) (Figure 4), the most studied fjord in the region, 

is an inner bay on the northwest coast of Svalbard. Kongsfjorden is influenced by both the 
North Atlantic Current and glacial melt water (Figure 5; [17]). The warm Atlantic current 
has increased significantly in recent years [17]; its presence is detected even in winter [18]. 
It has been non-icebound in winter in the past decade [19]. In addition, stratification and 
salinity at the bottom of Kongsfjorden is increasing, which has a great impact on the biota 
there [20–22]. The sensitivity of Kongsfjorden to climatic changes makes it an ideal place 
to study climatic effects on Arctic coastal ecosystems [20,23–25]. 

Figure 2. The world’s northernmost scientific research town. Airscape at Ny-Ålesund (from Kings
Bay AS).

Water 2021, 13, x FOR PEER REVIEW 3 of 14 
 

 

 
Figure 2. The world’s northernmost scientific research town. Airscape at Ny-Ålesund (from Kings 
Bay AS). 

. 

Figure 3. The glacier front in Svalbard has retreated significantly in the past 80 years. (a,b) Glacier 
front 80 years ago (c,d). The present glacier front. Source: (https://im-
age.so.com/i?src=360pic_strong&z=1&i=0&cmg=154; 25 February 2018). 

3. General Study of Microbes and the Environment in Kongsfjorden, Ny-Ålesund  
The Arctic Kongsfjorden (79° N, 12° E) (Figure 4), the most studied fjord in the region, 

is an inner bay on the northwest coast of Svalbard. Kongsfjorden is influenced by both the 
North Atlantic Current and glacial melt water (Figure 5; [17]). The warm Atlantic current 
has increased significantly in recent years [17]; its presence is detected even in winter [18]. 
It has been non-icebound in winter in the past decade [19]. In addition, stratification and 
salinity at the bottom of Kongsfjorden is increasing, which has a great impact on the biota 
there [20–22]. The sensitivity of Kongsfjorden to climatic changes makes it an ideal place 
to study climatic effects on Arctic coastal ecosystems [20,23–25]. 
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strong&z=1&i=0&cmg=154; 25 February 2018).

3. General Study of Microbes and the Environment in Kongsfjorden, Ny-Ålesund

The Arctic Kongsfjorden (79◦ N, 12◦ E) (Figure 4), the most studied fjord in the region,
is an inner bay on the northwest coast of Svalbard. Kongsfjorden is influenced by both the
North Atlantic Current and glacial melt water (Figure 5; [17]). The warm Atlantic current
has increased significantly in recent years [17]; its presence is detected even in winter [18].
It has been non-icebound in winter in the past decade [19]. In addition, stratification and
salinity at the bottom of Kongsfjorden is increasing, which has a great impact on the biota
there [20–22]. The sensitivity of Kongsfjorden to climatic changes makes it an ideal place to
study climatic effects on Arctic coastal ecosystems [20,23–25].

https://image.so.com/i?src=360pic_strong&z=1&i=0&cmg=154
https://image.so.com/i?src=360pic_strong&z=1&i=0&cmg=154
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Figure 4. Distribution of various fjords on Svalbard. 

 
Figure 5. Map of the Svalbard archipelago, showing Atlantic water in the West Spitsbergen Current 
(red arrows), and Arctic water forming an Arctic coastal current (blue arrows). Dotted line indicates 
mixing between the two currents. ISK = Isfjorden; KB3 = Kongsfrorden; SME = Smeerenburgfroden; 
HIN = Hinlopen [15]. 

Microplankton are the basis of the food web in Kongsfjorden. There are obvious sea-
sonal variations: diatom or haptophyte (Phaeocystis) blooms usually occur in spring (April 
to May) [26], and chlorophytes and cryptophytes may become dominant populations later 
in the year [27]. The dominant species in the community fluctuated greatly in summer: 
diatoms, chlorophyta, dinoflagellates, cryptoflagellates and ciliates could each be the 
dominant species [28–30]. Prokaryotes in both water and sediments in summer were 
mainly represented by Proteobacteria, Bacteroidetes, Verrucomicrobia and Actinobacteria 
[13,31]. Chlorophyta, Prymnesiophyta (Phaeocystis) and heterotrophic dinoflagellates may 
become dominant species in the early autumn community [27]. Increases in both glacial 
melting and land surface runoff affect the timing and community structure of spring algal 
blooms [27]. Large amounts of glacial melting leads to lower primary and secondary 
productivities [21] and also changes the community structure in the peak melting period 
[27,32], as glacial melt water brings quantities of glacial and terrestrial organic and inor-
ganic substances into Kongsfjorden. This leads to a significant decrease of water temper-
ature, salt, transmittance and thinning of the euphotic layer and an increase of stratifica-
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Figure 5. Map of the Svalbard archipelago, showing Atlantic water in the West Spitsbergen Current
(red arrows), and Arctic water forming an Arctic coastal current (blue arrows). Dotted line indicates
mixing between the two currents. ISK = Isfjorden; KB3 = Kongsfrorden; SME = Smeerenburgfroden;
HIN = Hinlopen [15].

Microplankton are the basis of the food web in Kongsfjorden. There are obvious
seasonal variations: diatom or haptophyte (Phaeocystis) blooms usually occur in spring
(April to May) [26], and chlorophytes and cryptophytes may become dominant popula-
tions later in the year [27]. The dominant species in the community fluctuated greatly in
summer: diatoms, chlorophyta, dinoflagellates, cryptoflagellates and ciliates could each be
the dominant species [28–30]. Prokaryotes in both water and sediments in summer were
mainly represented by Proteobacteria, Bacteroidetes, Verrucomicrobia and Actinobacte-
ria [13,31]. Chlorophyta, Prymnesiophyta (Phaeocystis) and heterotrophic dinoflagellates
may become dominant species in the early autumn community [27]. Increases in both
glacial melting and land surface runoff affect the timing and community structure of
spring algal blooms [27]. Large amounts of glacial melting leads to lower primary and
secondary productivities [21] and also changes the community structure in the peak melt-
ing period [27,32], as glacial melt water brings quantities of glacial and terrestrial organic
and inorganic substances into Kongsfjorden. This leads to a significant decrease of water
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temperature, salt, transmittance and thinning of the euphotic layer and an increase of
stratification which reduces nutrient inputs. All these lead to negative effects on individual
plankton and the original plankton community structures in the fjord [12,13]. We observed
a large number of freshwater Chrysophyta (Poterioochromonas malhamensis) in Kongsfjorden
in the summer of 2013 (Figure 6; [33]). In addition, the increase of warm Atlantic water
also changes the planktonic ecosystem. For example, we observed a large number of
warm water dinoflagellates in the summer of 2015. In addition, Caroppo et al. (Figure 7)
observed a rare harmful dinoflagellate bloom in the late summer [34]. Little difference
was observed in the distribution of dinoflagellates between the inner and outer reaches
of Kongsfjorden. This is significantly different from the microalgal dominant community
and the relationship between the community and environmental factors in the year of 2012
(Figure 8; [12,31]).
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As shown in Figure 8, the structure of the prokaryote community in 2012 [13] was
mainly composed of ß- and γ-Proteobacteria, Actinobacteria and Bacteroidetes, while the
eukaryotes were mainly composed of Mamiellophyceae, Spirotrichea and Telonemea [12].
The main ciliates were of the genus Tintinnopsis, mainly Tintinnopsis parvula, Parafavella
edentata, Tintinnopsis spp and Leprotintinnus pellucidus [35]. However, the prokaryotes were
almost all α-proteobacteria and the main genus of ciliates, Tintinnopsis, was not found
when P. malhamensis was dominant in 2013 (Figure 6). One can see, then, the competitive or
interdependent relationships among microorganisms [31].

Zooplankton biomass in Kongsfjorden has increased significantly in the past decade [23]
and contains many Atlantic as well as more widespread species [32,36]. In addition, our
own study also showed that in 2018 (Figure 9), the biomass of micro-protozoa can account
for more than 93% of the total biomass, and that their distribution was closely related to the
location of its food, i.e., prokaryotes and phytoplankton. Archaebacteria increased greatly.
This type of prokaryotes was mainly distributed in the warm currents of the Atlantic Ocean,
while the proportion of dinoflagellates in warm water also greatly increased [25].
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As said before, 60% of Svalbard is covered by glaciers and Ny-Ålesund is called a
“glacier museum”. There are small active microcommunities at the bottom of the glacier
surface, where viruses, bacteria, fungi, algae, protozoa and even rotifers and copepods
have been detected (Figure 10; [37,38]). In addition, there are dust holes on the surface
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of glaciers which are formed by dust particles that gather on the surface of glaciers and
absorb solar energy. The existence of dust holes results in glacial melting and increases
amounts of meltwater in summer. Glacial dust pits are important microhabitats [39,40].
For example, 57 species of cyanobacteria and microalgae were found in five glacial dust
pits near Kongsfjorden. Dust pits, as special habitats for microorganisms, are impor-
tant for carbon sequestration and nutrient cycling [39,40]. The primary productivity
is 0.34–10.56 mg C L−1 h−1. Cyanobacteria dominate the dust pit bottom with a high pho-
tosynthetic rate of 0.63–156.99 mg C L−1 h−1. In addition, there are abundant bacteria on
the ice surface, in the ice and on the ice floor, ranging from 104 to 107 cells mL−1 [25,41,42].
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4. Effects of Glacial Collapse and Melting on Microbes

The ancient microbes hidden in ice layers will be released when the glaciers collapse.
At the same time, the retreat of glaciers will expose large areas of soil. The original tundra
would gradually melt with the rapid Arctic warming. This will release the ancient microbes
buried in frozen soil and further change the biological communities there [43,44]. Although
the soil contains the most abundant microbes on earth, the diversity and metabolism of
these microbes are largely unknown [45]. In the process of glacial meltwater running
into coastal waters, the water flows through different tundra carrying different soil mi-
crobes. This changes the composition of the microbial community in the coastal waters [25].
For example, cyanobacteria were discovered in Kongsfjorden in 2017. This is a type of
ice algae which can be found in glaciers. Different microbes have different environmen-
tal correlations [25]. Prokaryotes are more affected by phosphate and nitrogen than by
temperature [13]. By contrast, eukaryotes are most affected by temperature. In general,
prokaryotes have a higher sensitivity to environmental factors than eukaryotes. Eukaryotes
in surface water are affected by temperature, and those in deep water are mainly affected
by nutrients. By comparison, Chrysophyceae from fresh water and the γ-Proteobacteria
are almost unaffected by temperature, salinity and macronutrients. Our study shows that
the impact of the Atlantic warm current on the microbial community has been exacerbated
since 2017. Compared with the mixed water masses, the effects of temperature, salinity
and macronutrients in the Atlantic Current are more pronounced in 2019. Environmental
change will lead to variations in the interactions among small organisms [31].

All the above studies indicate that the increase of glacial meltwater and input to the At-
lantic Warm Current have changed the original plankton community in Kongsfjorden. This
has led to great changes in the structure and ecological functions of the entire community.
The influences are different in different years (Figure 11) [25].
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Environmental factors accounted for 24.11% of the prokaryotic–environmental corre-
lation in different years in summer (Figure 11a). The first two axes accounted for 20.10%.
Among these environmental factors, phosphate is the most influential, followed by total
nitrogen (the sum of nitrate, nitrite and ammonia), silicates and salinity. Temperature is
the least influential. Community structure in 2019 was obviously affected by the interac-
tion of the five environmental factors. Comparatively, communities in all the other years
were slightly affected by temperature or nutrients, with the least influence in 2013. The
effects of environmental factors in different water masses are also different (Figure 11b).
Temperature is the most influential factor, followed by total nitrogen, phosphate, salinity
and silicates. Temperature is the dominant factor influencing the bacterial community in
surface water (SW), middle water (IW) and Atlantic warm water mass (TW). Nutrients and
salinity gradually become the dominant factors in Atlantic variant water mass (TAW), with
slight temperature effects observed in some species [31].
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Environmental factors accounted for 20.10% of the prokaryotic–enviromental corre-
lation in different years in summer (Figure 11c). The first two axes accounted for 17.38%.
Among these environmental factors, temperature is the most influential, followed by total
nitrogen, phosphate, salinity and silicates. The structures of microeukaryotic communities
in different years were affected by different interactions of the five environmental factors,
except for 2013, where community structure was only slightly affected by temperature, and
2016, where it was mainly affected by temperature. The influence of nutrients and salinity
gradually increased from 2015, and the influence of temperature gradually decreased.
The environmental effects in different water masses were also different (Figure 11d). The
temperature of SW and IW was the dominant factor; nutrients and salinity of TAW gradu-
ally became the dominant factors. Different phylotypes in AW were affected by different
environmental factors: some were influenced by temperature; some were more influenced
by nutrients and salinity. Some were not obviously affected by any environmental factors
in Figure 11 [31].

5. General Studies of CH4-Correlated Microbes in Svalbard

CH4 is second only to CO2 as a greenhouse gas that accelerates global warming [44–48].
Arctic high-latitude glaciers, tundra, permafrost and seafloor hydrates are large reservoirs
of CH4. CH4 is highly sensitive to temperature [44,49–51]. Once global warming causes
glacial collapse and permafrost melting, large amounts of stored CH4 will be released into
the atmosphere, causing irreversible effects on the global ecosystem [39,42,52]. CH4 is
usually formed by a microbiome-mediated process [40,44,53–55] and is buried in subsea
sediments and deep permafrost through long-term fermentation [44]. As well as spreading
upward, CH4 is also formed in local anaerobic microenvironments, such as the guts of
zooplankton and in particles of copepod feces in surface seawater. These are also important
sources of CH4 in seawater and in the atmosphere [56]. In addition, phytoplankton
have regulatory effects on CH4. For example, the widely distributed coccolithophores
and Phaeocystis can produce CH4 [6]. In contrast, some bacteria can consume CH4 [57].
Therefore, plankton communities have significant influences on the source–sink dynamics
of CH4 in seawater. There are complex patterns of “competition” or “cooperative” survival
in microbial communities [58].

This complicates community structure, function and interactions. It also complicates
the study of the main methanogens—from influencing factors to contributions to microbial
interactions [59]. Luckily, bioomics studies, especially macrotranscriptomics, provide
effective tools to solve these problems. Metagenomic and metatranscriptome analysis are
used to study community structure and functions in glacial cores and their melts, soils,
lakes, seawater and sediments [40,44]. However, these studies have hardly been carried
out in Svalbard. Biological omics combined with isotopic analysis [54] are useful tools in
analyzing the source and sink dynamics of CH4 in Svalbard.

6. Unanswered Questions about Microbial Correlations with CH4 in Svalbard
Needing to Be Addressed

To sum up, despite the importance of microbes in the production and consumption of
methane, we still don’t know much about the composition of methanogens and their con-
tribution to methane cycling in different land types in High Arctic Svalbard. Consequently,
the following scientific questions that need to be answered are as follows:

(1) How will the microbial community in Svalbard change along with rapid Arctic
warming and the environmental change? How does the microbial relationship change
alongside?

(2) How does the microbial relationship affect the realization of the ecological functions
of microbiomes?

(3) Is Svalbard a source or sink for CH4 in the future? What are the contributions of
glacial/permafrost melting, meltwater, soil and microbial mediation to the whole
concentration of CH4 in Svalbard?
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(4) What is the influence of microbiome changes in different media in CH4 cycling?
(5) Does CH4 cycling changes in Svalbard greatly influence global CH4 change?
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