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Abstract. Recently, very active studies have been undertaken on the response and stability of permafrost
carbon pool and key biogeochemical processes in permafrost regions to climate warming. By observing the
significant differences in microbial community structure in regions of seasonal frost and permafrost, it is
evident that microbes play key roles in the conversion of permafrost carbon. This paper reviews research
progress at the cutting edges on the conversion and decomposition of permafrost carbon to climate warming
and subsequent changes in microbial activities over the past decade. Findings indicated that: (1) Freeze-
thaw cycles of soils in the active layer in permafrost regions showed an increasing annual trend and the
existing survival patterns of permafrost microbes may be altered by the increasing freeze-thaw frequency;
and (2) Soil microbes are an essential part of the cold-regions ecosystem and they play vital roles in soil
carbon and nitrogen cycling, the mineralization and decomposition of soil organic matter. Thus, climate
warming and subsequent permafrost degradation affect the conversion and decomposition of permafrost
carbon, resulting in changes in CO; and CH4 emissions, soil environmental factors, and soil microbial
community structures. The laws for governing permafrost carbon conversion and the self-regulation
mechanisms of soil microbes are important for natural ecosystems and environments in cold regions, and
affect the strengths of greenhouse gas sources and sinks in permafrost regions.
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Introduction

Frozen soil generally refers to all kinds of rocks and soils with a temperature of 0°C or
below and is mainly found in high-latitude or high-altitude regions (Brown et al., 2002).
Depending on its geographical distribution, pedogenesis, and diagnostic characteristics,
frozen soil can be classified into tundra and frozen desert soil. Considering its geological
history and impacts from climate change, permafrost is a geological entity formed
through surface-atmosphere material and energy exchanges under the combined effect of
geological structures, lithology, regional geographical environments, and other factors. It
is also an essential component of the earth's cryosphere (Feng et al., 2004; Schmitt et al.,
2008; Lawrence et al., 2015), covering about 24% of the exposed surface areas of the
Northern Hemisphere. With its extensive distribution and unique hydrothermal
properties, permafrost has become a very important environmental factor in regulating
land surface processes (Bracho et al., 2016).

The occurrence conditions of permafrost are very fragile. Due to the strong influence
of human activities such as climate warming and forest logging over the past century,
most of the permafrost has begun to degrade, mainly manifested in the continuous
northward movement of the south boundary of the permafrost, the gradual regression
from south to north, the continuous reduction of the total area, the thinning of the
thickness of the permafrost, the thickening of the active layer, the increase of the
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maximum seasonal melting depth The trend of melting and shrinking also intensifies. The
original permafrost becomes seasonal permafrost, the continuous permafrost becomes
discontinuous, and the multi-year Island permafrost disappears. It is estimated that the
global permafrost area will decrease significantly in the next century (Camill and Clark,
2000). With the continuous warming of the climate, the area and speed of permafrost
degradation may further increase in the next century. Subsequently, it will cause a series
of ecological and hydrological changes, which will lead to changes in vegetation
succession and productivity, and may also bring severe ecological and environmental
problems in cold areas, that is, the common degradation of frozen soil, wetland and forest
(Camill, 1999; Camill and Clark, 2000).

Climate warming has known effects on high-latitude permafrost zones (Natali et al.,
2012; Song et al., 2014). According to the latest assessment, the global mean annual
ground surface temperature rose by roughly 0.85°C from 1880-2012 (IPCC, 2013). In the
past century, the mean annual air temperature of the northern high-latitude region
increased by more than 1°C, changing climatic, hydrological, and mass cycles in
permafrost zones (Anisimov and Nelson, 1996; Feng et al., 2020). Permafrost degradation
causes the decomposition of the soil organic carbon (SOC) stored in permafrost zones,
accounting for 50% of the global SOC, which in turn feeds back and accelerates climate
warming (Luo et al., 2007; Haeberli and Hohmann, 2008; Bracho et al., 2016; Guo et al.,
2018; Feng et al., 2020). Studies have shown that very short-term climate warming of
only 1.5 years can stimulate rapid decomposition of SOC in permafrost zones (as
mediated by microbes), but does not affect soil microbial communities. However,
experimental winter warming for a five-year period in the same place showed altered
microbial communities (Zhou and Yang, 2020). There are intense interactions between
thawing depth, community aggregation and interaction networks, which means that the
climate-warming-induced acceleration of permafrost thawing has fundamentally
reconstructed microbial communities (Huntington, 2006; Schmitt et al., 2008; Deane-Coe
etal., 2015; Guo et al., 2018).

Under a warming climate, there is an increase in both the decomposition of carbon and
the relative abundance of methanogenic genes, and their functional structures are closely
related to ecosystem respiration or methane emission. This suggests that carbon cycling-
related microbial responses may have produced positive feedbacks, thus accelerating the
decomposition of SOC in permafrost zones. However, in most cases, the loss of SOC
incurred by changes in the composition of microbial communities is unlikely to subside.
This result is of great significance for the conversion of permafrost carbon and the
interactive mechanisms of soil microbes (Jin et al., 2000; Friedlingstein et al., 2006;
Shannon et al., 2010; Song et al., 2013). Microbes play a vital role in the biogeochemical
cycling in permafrost regions, and can serve as early warning and sensitive bio-indicators
of ecosystem changes in cold regions (Song et al., 2004; Bracho et al., 2016; Guo et al.,
2018). In the context of global warming, the degradation of permafrost is bound to
directly or indirectly affect soil microbial community structures and microbe-regulated
soil ecological processes, further changing the structures and functions of permafrost
ecosystems.

Based on the Science Citation Expanded (SCIE) database of the Web of Science
platform, a quantitative analysis was carried out on the literature of SCI in the field of soil
animals from 2010 to 2020, most geocryological studies have focused on soil microbial
and environmental changes, a total of 883 relevant literatures (Fig. 1). As temperatures
continuously rise, the active layer deepens. In this case, the large amount of SOC
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sequestered in permafrost may be released. On the other hand, as metabolic activity of
the soil microbes is enhanced, the decomposition efficiency of organic carbon increases,
resulting in large effluxes of greenhouse gases, such as CO2, CHs, and N20O. This further
enhances the positive feedback of permafrost degradation to climate warming, impacting
all ecosystems in cold regions (Jin et al., 2007; Feng et al., 2007; Zhu et al., 2016). Thus,
investigating permafrost microbes is scientifically relevant for further understanding of
the degradation of biodiversity and permafrost ecosystems. In addition, studying the
changes in soil microbial community structures and response mechanisms between them
and various soil environmental factors in permafrost zones will further our ability to
comprehensively and accurately predict and assess the impacts of future climate change
on the functions and stability of permafrost ecosystems.
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Figure 1. Hotspot distribution of the geocryology research field. Notes: Each circle represents
a technical term. The distribution of these terms is based on their occurrence frequency in titles
and abstracts. Two terms co-occurring at a higher frequency are closer in the diagram. Each
color represents a theme, and the size of a circle is directly proportional to the number of
corresponding studies

As one of the extreme environments in the cryosphere, frozen soil covers a large area
and is widely distributed. It is sensitive to global climate change. Compared with the
traditional terrestrial and aquatic ecosystems of forests, farmland, oceans, lakes, rivers
and atmosphere, there are few studies on soil microbial communities in the frozen soil
extreme environment that is sparsely populated and not polluted by modern industry
(Simth et al., 1998; Dobbie and Simth, 2003). Permafrost distribution area is a sensitive
area of global climate change. Permafrost degradation leads to the shrinkage of
permafrost area, the decline of soil biodiversity function and the damage of ecological
function, which has become one of the important ecological problems at present. The
study of frozen soil microorganisms has become a hot field of international research. Over
the years, the research on frozen soil in China has made great progress and has been in
the leading position in the world. However, the research on frozen soil microorganisms
has just started (Puser et al., 2006).

Due to the huge soil carbon storage in the multi-year frozen soil area and its
vulnerability to climate warming, microorganisms are considered to be the key to regulate
the effect of climate warming on soil carbon. Therefore, the microbial decomposition
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function of soil carbon is enhanced under the condition of global warming, which leads
to the increase of soil respiration and methane emission, which in turn accelerates the loss
of carbon in the tundra. since the soil temperature during the growing season remains
unchanged, these observations may be caused by changes caused by winter warming
treatment. For many years, it has been believed that thawing of frozen soil area has a
profound influence on local hydrology, heat and dynamics. And found that warming
increases the depth of thawing, which is associated with fine the most important factors
associated with bacterial phylogeny, community composition, and network topology.

Effects of a warming climate on the conversion of permafrost carbon

Due to the effects of rising temperature on carbon cycling processes in terrestrial
ecosystems (Ping et al., 2015), warming will exert a tremendous influence on global
carbon cycling (Xu et al., 2007; Schaefer et al., 2014; Turetsky et al., 2020). Climate
warming can affect terrestrial carbon cycling processes through the following
mechanisms: affecting surface plant growth and community structures through changing
the duration of phenological and growth periods (Walther et al., 2002; Nemani, 2003);
influencing soil respiration and nutrient cycling through modifying the activity of soil
microbial and the decomposition rate of SOC (Grogan et al., 2000; Johnson et al., 2000;
Melillo et al., 2002; Singh et al., 2010) and ultimately impacting the growth and pattern
of surface vegetation (Rustad et al., 2001; Walther et al., 2002; Welker et al., 2004); The
carbon balance of the terrestrial ecosystem is mainly determined by two processes:
photosynthesis and respiration of surface vegetation and soil (Nakatsubo et al., 2005;
Grosse et al., 2016). The modification of the carbon cycling processes of the terrestrial
ecosystem by warming will promote the above mentioned processes and change the initial
carbon balance, creating a positive feedback to the warming process (Grosse et al., 2016).
Such feed backs may accelerate the process of climate warming (Natali et al., 2015). Soil
is also the largest carbon pool in the terrestrial ecosystem (Post et al., 1982; Wan et al.,
2002), and any minor change to the soil carbon pool due to warming may end up a
significant impact on the carbon balance of the terrestrial ecosystem. Climate warming
accelerates the decomposition of SOC (Hayes et al., 2014) and soil respiration (Natali et
al., 2015) (Fig. 2).
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Figure 2. Mechanism of carbon exchange between microbial community and soil
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Existing earth system models mainly focus on how a warming climate affects the
thickness and hydrological status of the active layer above the permafrost. Driven by
warming, the thickness of the active layer in permafrost region sathigh-latitudes gradually
increases. However, in regions with excess ground ice, ground surface settlement occurs
during the degradation of permafrost, resulting in thermokarsting and modified hydrology
(Merritt et al., 2020). The thickness of active layer in permafrost region is significantly
correlated with soil temperature and moisture, thus affecting the carbon emission process
of ecosystem (Fig. 3). When thawed soil is flooded, its carbon mineralization rate is
inhibited, but its CH4 yield is increased. Thus, ground thawing changes the permafrost
carbon balance, leading to ecological succession (Merritt et al., 2020). On the millennial
scale, thermokarst lakes can change from atmospheric carbon sources into sinks (Cox et
al., 2000; Elberling et al., 2013; Webb et al., 2016; Pries et al., 2016).

CcO: COz CO: CO:2 CO2C0O:

Active layer
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Figure 3. A schematic diagram of effects of permafrost on ecosystem respirations

As a warming climate continues to promote emissions of soil carbon, permafrost zones
are likely to become huge carbon sources (Zak et al., 1999; Grosse et al., 2016). The huge
carbon pools in high-latitude depermafrost ecosystems are susceptible to climate
warming. This has always been a hotspot in research on climate change. The rapid
warming of high-latitude and high-altitude regions is accelerating the decomposition of
permafrost carbon and releasing large quantities of greenhouse gases into the atmosphere
(Turetsky et al., 2020). Permafrost carbon is affected by ground thawing, and the resulting
emissions load can be enormous. In fact, this has become focal point in climate
negotiations (Merritt et al., 2020). Continuous monitoring showed that thermal melt
slump resulted in enhanced respiration of exposed bare soil, and the ecosystem in the
region changed from carbon sink to carbon source (Mu et al., 2017) (Fig. 4). At the same
time, the transport of water, dissolved organic carbon and minerals due to thermal melt
slump enhanced the methanogenic process and denitrification ability, which further
accelerated and nitrous oxide emissions (Yang et al., 2018). Some of the soil carbon is
converted into greenhouse gases and the other is released as surface runoff flows into
rivers and lakes.

The increase of temperature has significantly degraded the frozen soil, mainly
manifested in the deepening of the thickness of the active layer and the increasing
frequency of freeze-thaw alternation. Freeze thaw alternation can promote the
decomposition of organic debris and the mineralization of carbon and nitrogen, enhance
the respiration of soil animals, plants and microorganisms, and increase the emission
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fluxes of CO2, CH4 and N2O. The increase of temperature changes the physical and
chemical characteristics of soil and enhances the activity of soil microorganisms, so as to
enhance soil respiration and emit more CO.. However, the CO, emission intensity caused
by warming shows great differences due to different climatic conditions, surface
vegetation, soil organisms and warming range (Yu et al., 2009; Li et al., 2011). Under the
influence of temperature change, no matter whether the emission of CO2, CH4 and N2O
in frozen soil increases or decreases, its mechanism is mainly that the soil temperature
change caused by climate warming changes the activity of key microbial flora (mainly
including methanogens, methane oxidizing bacteria, nitrifying bacteria and denitrifying
bacteria) in the process of carbon and nitrogen transformation, and promotes or inhibits
the decomposition of soil nutrients by microorganisms, Then affect the fluxes of COp,
CHs4 and N20. In addition, temperature changes can regulate soil physical, chemical and
biological properties, delay or shorten the growth period of soil plants, and indirectly
affect the changes of CO2, CH4 and N20O fluxes (Wang et al., 2002; Geng et al., 2013).
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Figure 4. Impacts of permafrost degradation on soil moisture, dissolved organic carbon and the
release of greenhouse gases (CO2, CHa, N>O) and the arrows indicate the direction and
potential of ecosystem greenhouse gas exchange during the growing seasons

Water conditions mainly affect the change of CHa4 flux from two aspects: CHs
production and oxidation. In some studies, five gradients of 30%, 45%, 60%, 75% and
90% (field capacity) were set in to study the effects of different water conditions on CHa
emission from alpine meadow (Wang et al., 2016). It was found that the soil water content
was between 30% ~ 60% of field capacity, and the alpine meadow showed a sink of
methane. At this time, the absorption of CHs was greater than the emission, but the
absorption decreased gradually with the increase of water. This is because water filling
the soil gap makes the gas difficult to diffuse and the CH4 absorption flux decreases. At
the same time, the increase of water affects the activity of soil microorganisms, gradually
changing it from a good gas process to a bad gas process, and CH4 oxidizing bacteria are
limited (Wu et al., 2010; Wang et al., 2016). The soil water content is between 60% ~
90% of the field water capacity, the CHs4 emission rate increases, and its emission
increases with the increase of water content. The alpine meadow is the source of CHa.

Soil is the main emission source of N2O. Soil moisture directly affects nitrification and
denitrification by affecting the content of O in soil, and indirectly affects the production
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and emission of N2O. When the water content is lower than the critical value of water and
the soil permeability is strong, N2O mainly comes from chemical action, and N.O
emission increases with the increase of water content. When the soil has accumulated
water for a long time, the denitrification process is the main source of N.O (Mikan and
Schimel, 2002; Wu et al., 2010; Wang et al., 2016), but the O. supply decreases and the
N2 proportion increases, resulting in the reduction of N2O emission with the increase of
water content. Therefore, too low or too high soil water content is not conducive to N>O
emission. In forest ecosystem, the response of soil N2O emission range to water content
varies with forest type, which may be due to the different organic matter and other
nutrients contained in different types of litter, resulting in different substrates in
biochemical process (Wu et al., 2010; Geng et al., 2013; Wang et al., 2016). During the
growing season, the alpine meadow ecosystem has abundant precipitation, enhanced
microbial activities and promoted N.O emission; The cold temperature in the non-
growing season leads to the reduction of microbial activity, and part of N2O is frozen in
the soil and difficult to release to the outside world, inhibiting N.O emission (Wu et al.,
2010; Wang et al., 2016).

There are large differences in the response sensitivity of different ecosystem
components to climate change (Vishnivetskaya et al., 2006; Hassan et al., 2016). Climate
change affects the carbon cycle of Arctic terrestrial ecosystems by changing temperatures,
precipitation, snow cover and growth season length. In the future trend of increasing
temperature and precipitation, the biomass of most Arctic vegetation will increase, so that
more carbon will enter the Arctic terrestrial ecosystem. and higher temperature usually
accelerates SOC microbial decomposition and greenhouse gas release. This feedback can
accelerate climate change, but the scale of greenhouse gas emissions and their impact on
climate change remain uncertain (Wang et al., 2002; Geng et al., 2013; Wang et al., 2016).
Some research temperature and moisture are considered to be the main drivers of organic
carbon mineralization (Bergero et al., 1999; Hassan et al., 2016). However, some studies
have suggested that the sensitivity of SOC to temperature is not strong, and the effect of
temperature increase is mainly the soil inert organic carbon component (Wang et al.,
2002; Geng et al., 2013; Wang et al., 2016; Hassan et al., 2016). However, the intensity
of the effect of temperature and water content on SOC mineralization rate is still poorly
understood. in addition, the multi-year frozen soil carbon loss associated with wildfire,
river and coastal erosion may not be well addressed in the global model.

Microbial mechanisms of permafrost carbon conversion under a warming climate
Microbial activities under a warming climate

Permafrost not only contains a huge amount of organic carbon matter, it is also
inhabited by a rich variety of microbial communities. As survivors, microorganisms can
engage in metabolism and reproduction under harsh living conditions, such as
oligotrophic status, low temperature, freeze-thaw cycles, ultraviolet and polar radiation
(Deng et al., 2015; Zhang et al., 2015). Permafrost is also inhabited by large quantities of
microbial communities of various kinds, which can metabolize and reproduce under
similarly harsh conditions (Xue et al., 2016; Salmon et al., 2016). In the biogeochemical
cycling in permafrost regions, soil microbes play vital roles. As key bonds in ecosystems,
they are highly sensitive to climate change; they are capable of linking underground soil
nutrient systems with surface vegetation, and; thus, they are sensitive biological
indicators for early warning of ecosystem changes in cold regions. A significant positive
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correlation was observed between the NPP and atmospheric CO2 concentration. The
impact of permafrost degradation on NPP differed with regional environment. The NPP
had a significant positive correlation with the mean annual ground temperature, but a
negative correlation with the annual maximum permafrost depth (Mao et al., 2012; Hao
et al., 2018; Feng et al., 2019).

Soil freezing and thawing occurs when the soil temperature changes around 0 °C, and
temperature is the dominant factor in the occurrence of freezing and thawing. Most
studies show that there is a good correlation between forest soil respiration rate and soil
surface temperature (Wu et al., 2010; Geng et al., 2013; Wang et al., 2016). Repeated
freezing and thawing and a series of complex processes caused by it. The quantitative
change of "living" microorganisms in frozen soil is consistent with the change
characteristics of melting and freezing of frozen soil due to climate change. Many studies
used pure culture method, selected two typical frozen soil soils of high latitude and high
altitude frozen soil for bacterial isolation and culture, preliminarily obtained the
community structure and diversity of culturable bacteria in the soil of high latitude and
high altitude frozen soil areas in China, and compared the similarities and differences
between them. The number of colonies isolated from soil in different frozen soil areas is
different. The reason may be that the material basis necessary for the growth of soil
microorganisms includes carbon source, nitrogen source, inorganic salt, growth factor
and water (Mikan and Schimel, 2002; Puser et al., 2006), and the amount affects the
number and species of soil microorganisms (Puser et al., 2006).

Seasonal freeze-thaw processes and soil physicochemical properties affect both the
microbial quantities and species. Soil microbes are one of the most active components of
soil system, and their biomass, activity, and community structures are strongly affected
by changes in soil temperature, humidity, and micro-environment. Investigating the
responses of soil microbes to a warming climate is crucial for predicting changes in the
carbon stock of terrestrial ecosystems (Yao et al., 2006; Zhang et al., 2015; Das et al.,
2017). Permafrost is featured by stable low temperature, low nutrient and continuous
exposure to low level radiation. The metabolism of microorganisms in permafrost is at a
relatively low level, with low frequency of gene mutation. Studying the characteristics of
the microbial community structure in permafrost helps better understand the adaptive
characteristics and genetic indicators of microorganisms in cold environment (Table 1).

Since the 1950s, researchers have studied mold in polar snow, mainly from
Thyronectria antarctica var.hyperantarctica, Coleroa turfosorum, Bryosphaeria
megaspora, Epibryon chorisodontii, Microdochium nivale, Sclerotinia borealis
belonging to Ascomycetes. Trichoderma polysporum; Typhula ishikariensis,
Microbotryum bistortarum, Polygonum viviparum; attributable to the Basidiomycetes
Rhizopus, Bryum antarcticum; attributable to the Oomycetes comnium palustre,
Calliergon stramineum and Tomenthypnum nitens. These fungi are mostly cold resistant
species and have a variety of cold adaptation mechanisms (Tojo and Newsham, 2012).
Up to now, fungal activities of fungi have been found in various elements of the
cryosphere (Table 2). Hassan et al. (2016) conducted a comprehensive review of this
research field.

In permafrost ecosystems, soil microbes promote the decomposition of organic matter
and the conversion of soil nutrients, link underground soil nutrient systems with surface
vegetation, and are highly sensitive to climate change (Yakushev et al., 2014; Zhou et al.,
2017). So far, existing studies on permafrost microbes mainly concentrate on the
following two aspects: 1) Effects of freeze-thaw action on soil microbes under a warming

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 20(1):265-283.
http://www.aloki.hu @ ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/acer/2001_ 265283
© 2022, ALOKI Kft., Budapest, Hungary



Yu et al.: Studies on microbial mechanisms of permafrost carbon conversion to climate warming: retrospect and prospect
-273 -

climate, and; 2) Correlations of the structures and diversity of permafrost microbial
communities with various environmental factors. Facilitated by the rise of culture-
independent molecular biological methods, researchers have made extensive and
profound inquiries for exploring microbial communities in frozen soils. The structures
and diversity of permafrost microbial communities have been found to be influenced by
many diverse factors. For example, Fierer et al. (2006) found that across a wide area, soil
pH was the primary influencing factor for microbial communities. This was further
confirmed by Chu et al. (2010) after the investigations of the soil bacterial community
structures at 29 tundra sites in Alaska and other Arctic regions.

Table 1. Diversity and number of culturable microorganisms in permafrost

Type Microbe totality Dominant microflora Reference
(Arctic)
Kolyma lowland|  103~108cell-gdw'! - Gillchinsky et al., 1989
Spitsbergen, 1.7x10%+2.4x108 Cellulomonas Hansen et al., 2007
Northern cell-gdw!
Norway 1.7x10°+2.4x108 Arthrobacter
cell-gdw!
Eureka 10'~10%cell-gdw! | Acidobacteria, Gemmatimonadetes, Seven et al., 2007
10'~10%*cell-gdw! Bacteroidetes, Plantomycetes,
10'~10%*cell-gdw! Firmicutess, Proteobacteria
(Antarctica)
Marble Point 7.8x107+1.3x108 Bacteroidetes, Aislabie et al., 2006
cell-gdw!
7.8x107+1.3x108 Acidobacteria
cell-gdw!
Bull pass 10~2.3x107 cell-gdw! Bacteroidetes,
Vanda 3.6x107 ~1.2x108 Bacteroidetes,
cell-gdw!
Mt.Fleming < 10°cell-gdw! Arthrobacter,
< 10°cell-gdw! y-proteobacteria
South Shetland - Bacteroidetes, Ganzert et al., 2011
Archipelago -- Acidobacteria
103~108 cell- gdw! Actinobacteria, Horowitz et al., 1972
103~108 cell-gdw! Firmicutess Cowan et al., 2002
(Tibetan
Palteau)
Beilu River ND Arthrobacter, Zhang et al., 2007
Basin Pseudomonas
Beilu River 1.0x107 ~3.8x10° - Fang et al., 2004
Basin cell-gdw!
(Tianshan
Mountains)
Tianshan 2.5~6x10° CUF-gdw'! Arthrobacter Bai et al., 2006
Mountains

The continuous warming increases the thawing depth of the soil, resulting in a
significant difference between the warming and the soil environment on the same ground,
so the microbial community is unlikely to adapt to the warming. Because the temperature
sensitivity of soil inert organic carbon is higher than that of unstable soil organic carbon,
the higher microbial function of inert soil organic carbon decomposition under warming
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conditions will aggravate the soil carbon instability related to ecosystem respiration;
while for deep soil, the warming effect of frozen soil area is often more significant, which
contributes to ecosystem respiration. therefore, we predict that these microbial
communities will continue to provide positive feedback for climate warming. Overall, the
warming experiments significantly changed the bacterial composition and functional
structure of the microbial community in the permafrost region and revealed its sensitivity
to warming (Tables 1, 2). soil thawing depth is the most important factor affecting
bacterial taxonomic composition, carbon decomposition potential and network
topological properties, indicating that warming-induced thawing of permafrost regions
basically reconstructs the associated bacterial communities. Therefore, we believe that
the response of microorganisms to long-term warming will lead to positive feedback in
the tundra region to promote carbon decomposition.

Table 2. Fungal genus/species distributed in permafrost

Type Fungal genus/species Reference
Franz Joseph Land Geomyces, Phialophora, Phoma, Bergero et al., 1999
Acremonium, Thelebolus, Mortierella.

Northern Fennoscandia Anthracoiedea echinospora, Anthracoidea Scholler et al., 2003
Arctic heterospora.

Western Beringia Acanthophysium, Mortierella, Bensingtonia, Lydolph et al., 2005
Cryptococcus

Arctic Sordaria Phanerochaete, Phialocephala. Lydolph et al., 2005

Tyrolean Alps Cenococcum geophilum, Sebacina sp, Cortinarius | Muhlmann and Peintner,
Sp. 2008
CIliff ledges Cenococcum geophilum, Thelephoraceae sp, Ryberg et al., 2009

Cortinarius sp.

High Arctic Cryptococcus, Rhizosphaera, Mycopaoous, Zhang and Yao, 2015
Melampsora, Mrakia, Tetracladium,
Phaeosphaeria, Venturia, Leptosphaeria.
G. Pannorum, Thelebolus microspores.
Mortierella sp.

Antarctic Peninsula Firmicutess. Goncalves et al., 2012
Thielavia Antarctica, Apiosordaria antarctica.

King George Island Mucor hiemalis, Mortierella alpina, Umbelopsis Stchigel et al., 2003
Antarctica isabellina, Penicillium chrysogenum.

Damma Glacier Lemonniera, Tetracladium nainitalense, Brunner et al., 2011
Thelebolus microspores.

Himalayan Glacier Phoma sclerotioides, P. antarctica, P. olivacea, P. Hassan et al., 2016
lutea, Pseudogymnoascus, T. Psychrophilum, T.
ellipsoideum, T. globosum.

Plateau Glacier Antrodia, Eupenicillium, Sporobolomyces, Wang et al., 2015
Candida, Cryptococcus, Trametes, Periconia,
Thelebolus, Trichoderma, Pueraria,
Kunlun Mountains Pseudogymnoascus, Beauveria, Pseudeurotium, Hassan et al., 2016

Glacier Fontanospora, Cordyceps,
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Microbial mediation in permafrost carbon conversion under a warming climate

As an important part of the ecosystem, soil microorganisms participate in the cycling
process of soil carbon elements and the mineralization process of soil organic matter,
which play an important role in the global carbon cycle and in the decomposition and
transformation of organic substance, the transformation and supply of nutrients. Fig. 5 is
a schematic diagram of the relationship between microorganisms and soil carbon cycle in
permafrost areas. Studies have revealed the viability of microorganisms is frozen or
greatly depressed/slowed in time, where the nutrients in unfrozen/liquid water films are
used for growth and proliferation. For instance, Nataliet al. (2015) found that bacterial
metabolism could still produce CO, at —39 °C. Thawing of permafrost is closely correlated
with the release of trace gases, and ground warming boosts the decomposition rate of
organic matter, particularly that from ancient times (Coolen and Orsi, 2015), resulting in
the enhanced production of CH4 and CO> (Romanovsky et al., 2008). A study on Alaskan
peatlands show that since thawing of permafrost beginning at 3 ka B. P., they are losing
carbon sources at an annual net rate of 26 g/m?. Although the carbon released from the
ancient permafrost increases the carbon offset by plant growth, permafrost has become a
giant carbon source (instead of carbon sink) in the biosphere under a warming climate.
The emission of large amounts of greenhouse gases in turn promotes climate warming,
positively feeding back to the climate system (Schuur et al., 2015; Natali et al., 2015).
Thus, permafrost microbes participate in carbon cycling through metabolizing
carbonaceous organic matter (Hultman et al., 2015).

Organic decomposition and Carbon dioxide
e R
Warming * ‘.""'-. ﬁ = Soll i
1

E Soil Water Content

ﬂ N

E soil erganic matter ‘r’ Microorganisms -~ *
\ 1

Permafrost Melt

Figure 5. Mechanism of carbon and nitrogen exchange between microbial community and soil.
Notes: A solid line with an arrow indicates positive feedback; The solid line of the flat arrow
indicates negative feedback, and; Dashed arrows indicate positive or negative feedback

Based on previous studies, Zhou and Yang (2020) proposed the hypothesis that five-
year warming Yyielded substantial changes in plant productivity, soil microclimate, and
soil microbial community structures. Their results showed that, under a warming climate,
the classification, composition, functional structures, and changes of soil microbial
communities were both potential driving factors and ecological results. It was also
discovered that climate warming greatly modified the composition and functional
structures of permafrost bacterial communities. The thawing depth was the most
significant influencing factor for bacterial classification and composition, carbon
decomposition potential, and network topological properties. Permafrost was induced by
climate warming fundamentally reconstructed those related bacterial communities. Thus,
responses of microbes to long-term climate warming would create positive feed backs
and promote carbon decomposition in permafrost zones.
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Conclusion and prospect

Permafrost carbon conversion has currently become a research hot spot. Summarizing
latest research on the responses of permafrost carbon conversion to climate warming and
the related microbial mechanisms, there are still several key problems await further
investigations:

(1) Succession of vegetation communities in forest ecosystems: The degradation of
permafrost induced by climate change gives rise to a series of environmental changes,
such as increased activity layer thickness and hydrothermal instability, and alters forest
ecosystems. For instance, the timberline of the main original constructive species of the
Da Xing’anling Mountains in Northeast China (such as Larixgmelinii and Pinus
sylvestris) has been elevated, and coniferous forests have experienced a succession
towards deciduous mixed broad-leaved and coniferous forests. On account of in-situ
monitoring conditions in the field, existing studies on climate change mostly resort to
numerical simulations, which is fundamentally different from field in-situ experiments.
Thus, it is still necessary to strengthen the continuous, long-term observation of
permafrost experiment zones, especially in combination with changes in the
biogeochemical cycling of soil carbon under a warming climate. In addition, existing
studies have touched upon the effects of changing seasonal freeze-thaw processes on
SOC, especially soil carbon fractions and soil carbon conversion characteristics.

(2) Shrinking permafrost wetlands: There is a symbiotic relationship between
permafrost and wetlands, and the degradation of permafrost is accompanied by a rapid
loss of soil water. As a consequence, the original wetlands on permafrost gradually shrink
in areal extent due to the lack of water replenishment, and wetland ecosystems gradually
change to meadow and farmland ecosystems. However, the interactions between wetlands
and permafrost and the mechanisms by which they emit high levels of greenhouse gases
still remain poorly known, and the monitoring of the effective substrates of soil activity
is not adequately diversified. For this reason, efforts should be made to explore the
microbial community structures and effective substrates of permafrost peatlands, and to
analyze the structural characteristics and functional genes of the microbial communities
playing dominant roles in the decomposition of soil organic matter, methanogensis, and
other processes under a warming climate.

Due to the rapid expansion of human activities and industrialization process,
greenhouse effect changes forest ecosystems at different scales. Over the next 40~50
years, if air temperature rises by 1.5 °C, the southern/lower limit of permafrost will
continue to move northwards/upwards. With the degradation of permafrost, continuous
permafrost may degrade first into discontinuous permafrost, and then into seasonal frost,
resulting in the decomposition of carbon sources fixed by microbes. This degradation
process is also accompanied by the production of CO> through aerobic soil respiration or
the emission of CH4 under anaerobic microbial action. Jointly, these processes intensify
the greenhouse effect, producing positive feed backs to climate warming. To provide a
base line for accurately predicting the intensity of greenhouse gas sources and sinks in
permafrost regions and more effectively protect forest ecosystems under a changing
climate, it is necessary to explore the effects of global warming on the conversion of
permafrost carbon. and discuss the mediating mechanism of microbes in the responses of
the conversion of permafrost carbon to global warming.

Climate warming has led to significant degradation of permafrost as manifested by
increased active layer thickness and altered seasonal freeze-thaw processes. More
frequent seasonal freeze-thaw cycles promote the decomposition of fragmental organic
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matter and the mineralization of organic carbon and nitrogen, and strengthen the
respiration of soil animals, plants, and microbes, and increase CO2, N2O and CH4
effluxes. Ground warming also modifies soil physiochemical properties and enhances soil
microbial activity, resulting in enhanced soil respiration and CO2 emissions.

Frozen soil is a very important environmental factor on the earth's land surface. It is
widely distributed and has unique hydrothermal characteristics. It is an extremely
valuable natural resource. Bacteria account for a large proportion of many soil
microorganisms, and make a great contribution to soil material circulation and energy
flow. In the study of soil bacteria, there are many reports on agricultural areas, but there
are few reports on soil bacteria in permafrost areas, especially in permafrost areas at high
latitudes in China. As one of the extreme environments in the cryosphere, frozen soil
covers a large area and is widely distributed. It is sensitive to global climate change.
Compared with the traditional terrestrial and aquatic ecosystems of forests, farmland,
oceans, lakes, rivers and atmosphere, there are few studies on soil microbial communities
in the frozen soil extreme environment that is sparsely populated and not polluted by
modern industry. Permafrost distribution area is a sensitive area of global climate change.
The degradation of permafrost leads to the shrinkage of permafrost area, the decline of
soil biodiversity function and the damage of ecological function, which is one of the
important ecological problems we will study in the future.
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