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ABSTRACT
In this study, we conducted an incubation experiment on a frozen soil core collected from a black
spruce forest in Interior Alaska, in order to investigate potential changes in greenhouse gaseous (GHG)
and microbial dynamics during thawing of frozen soil. The soil thawing is an important environmental
process determining the annual GHG balance in the northern high-latitude ecosystem. A core spanning
the ground surface to upper permafrost with a depth of 90 cm was vertically grouped into three layers
(top, middle, and bottom layers). Then, 12 soil samples from 3 layers (i.e., 4 soil samples per layer) were
incubated for 3 weeks, and net carbon dioxide (CO2) and methane (CH4) release/uptake rates were
estimated. During the incubation, temperature was changed weekly from 0 to 5, then 10°C. The net
amounts of CO2 released by six of the eight soil samples from the top and middle layers were 1.5–19.2-
fold greater at 5°C than at 0°C, while the release at 10°C was reduced in the cases of three of these six
soil samples. Net CH4 release was the greatest in bottom-layer soil samples incubated at 0°C. Then, low
but apparent CH4 release was observed in top and middle-layer soil samples incubated at 0°C. At 5 and
10°C, net CH4 release from bottom-layer soil samples was decreased. Then, net CH4 uptake was
observed in the top and the middle-layer soil samples. Both net uptake and release of CH4 were
reduced upon the addition of a chemical inhibitor (i.e., 2-bromoethane sulfonate) of anaerobic metha-
notrophic and methanogenic activity. The bacterial and archaeal community structures based on 16S
rRNA amplicon analysis were changed along the depth, while they were less changed during thawing.
Thus, it was found that soil GHG dynamics responded sensitively and variously to thawing, while there
was less change in 16S rRNA-based microbial community structures during the thawing progress.
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1. Introduction

During the onset of the spring season (i.e., the thawing season) in
northern high-latitude ecosystems underlain with permafrost
and a seasonally frozen active layer, many researchers (e.g.,
Friborg et al. 1997; Kim et al. 2007, 2012; Tokida et al. 2007)
have observed episodic release of methane (CH4), a greenhouse
gas (GHG) with the second largest contribution to the global
warming behind carbon dioxide (CO2) (IPCC 2013). Such episodic
CH4 release can contribute significantly to the annual CH4 bud-
gets of these ecosystems (Friborg et al. 1997). The major origin of
episodic release of CH4 is the CH4 trapped in the frozen active
layer soils and permafrost (Friborg et al. 1997; Kim et al. 2007).

Soil thawing affects soil microbial processes associated with
GHG production and consumption (Kim et al. 2012). The thawing
of frozen soil enhances various soil environmental conditions,
such as substrate availability, temperature, moisture, and aera-
tion (Kim et al. 2012). These changes, in turn, directly affect
microbial activity (Chen et al. 2003; Kim et al. 2012). In general,
as thawing progresses, soil organic matter decomposition (i.e.,
CO2 production) and CH4 oxidation are expected to occur in the
upper aerobic layer, while CH4 production is to occur in the
deeper anaerobic layer. Consequently, whether a northern

ecosystem soil becomes a GHG sink or a source during thawing
depends on the microbial activity along the soil profile.

Byun et al. (2017) recently found a sharp increase in CH4

concentration (from 1 to 200 μmol L−1) along the depth of a
frozen soil core collected from a poorly drained black spruce
(Pinus mariana) forest in Interior Alaska. The CH4 entrapped in
deep frozen soils was likely produced by anaerobic microbial
processes during or before the soils froze (Byun et al. 2017).
Then, the vertical profile of the bacterial and archaeal com-
munities in this soil core was investigated by Tripathi et al.
(2018). However, the response of frozen soils in this forest to
thawing was not investigated. Mackelprang et al. (2011)
observed rapid changes in the carbon and nitrogen cycling,
as well as various microbial gene abundances, in response to
soil thawing in another Alaskan forest.

In this study, we conducted an incubation experiment invol-
ving thawing a frozen soil core (ground surface to upper perma-
frost; 90 cm long) collected from the black spruce forest
investigated by Byun et al. (2017) and Tripathi et al. (2018).
During incubation, we compared the changes in net CO2 and
CH4 release/uptake rate at three depths (top, middle, and bottom
layers) and thawing progress (0, 5, and 10°C). Then, we analyzed
the genomic information of the bacterial and archaeal community
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structures in the soil by using the next-generation sequencing
(NGS) technique for 16S rRNA amplicons (Caporaso et al. 2012;
Klindworth et al. 2013) to examine the changes in soil microbial
community structures during the thawing progress.

2. Materials and methods

2.1. Study site

The study site was the JICS (JAMSTEC-IARC Collaboration Study)
supersite (65°07′24″ N, 147°29′15″ W) in a black spruce forest
underlain by discontinuous permafrost within the property of
the Poker Flat Research Range of University of Alaska Fairbanks.
The landscape of this forest comprises a large fraction of
understory vegetation, such as mosses (Sphagnum fuscum and
Hylocomium splendens), shrubs (Ledum groenlandicum,
Vaccinium uliginosum, Rubus chamaemorus, Betula glandulosa,
and Betula nana), sedges (Eriophorum vaginatum), and lichen
(Cladina stellaris) (Ikawa et al. 2015). The JICS supersite is an
Ameriflux site (registered as US-Prr) established in 2009 with the
eddy covariance system for year-round CO2 and water
exchange observation (Ikawa et al. 2015; Nakai et al. 2013;
Nagano et al. 2018) to understand carbon and hydrological
cycling in boreal forest ecosystems (e.g., Byun et al. 2017;
Kobayashi et al. 2016; Miyazaki et al. 2015; Nagai et al. 2013;
Sueyoshi et al. 2015; Sugiura et al. 2011; Suzuki et al. 2015).

2.2. Soil core sampling

On 3 May 2013, a frozen soil core was collected at a sphagnum
moss regime underlain by discontinuous permafrost within
the JICS supersite (Byun et al. 2017). The soil core used in
this study was collected from a point adjacent to the sampling
point in Byun et al. (2017). After the removing of snow cover-
ing the frozen ground, a SIPRE coring auger (76.2 mm dia-
meter, 90 cm length; Jon’s Machine Shop, Fairbanks, AK, USA)
with an inner polyvinyl chloride liner (S-11362, 75 mm in
diameter, 900 mm in long, Uline, Seattle, WA, USA) was drilled
into the ground down to the upper permafrost layer at a
depth of 90 cm. In our soil core, the top of permafrost layer
was found around 70–80 cm depth. Then, the auger was
retrieved with soil core sample. The collected soil core was
maintained under freezing conditions both during the trans-
port to Japan and until its use in the experiments.

2.3. Preparation of soil samples

The frozen soil core was vertically grouped into three layers
(top, middle, and bottom layers), with each layer measuring
30 cm in depth. Then, the longitudinal core was cut into 32
subsamples at intervals of 2–3 cm along the depth. Four
subsamples per layer (Table 1) were incubated. The other
subsamples were stored at −20°C for future use. The incu-
bated subsamples were individually broken into small pieces
and placed in sterilized glass bottles (100 mL volume,
Nichiden-Rika Glass, Osaka, Japan). Bottles containing the soil
subsamples (2–15 g fresh weight equivalent to 0.2–5.5 g dry
weight) were sealed with sterilized butyl stoppers and flushed
with sterilized air + 10 ppm CH4 (top-layer soil subsamples) or
nitrogen gas (N2) + 10 ppm CH4 (middle and bottom-layer soil
subsamples). Six bottles per subsample were prepared for
incubation. All works during the preparation were conducted
on ice to keep the samples frozen.

2.4. Soil incubation

Soil samples were incubated for 3 weeks, and the incubation
temperature was changed weekly from 0 to 10°C in steps of 5°
C. This temperature change rate is similar warming rate in the
field, where changes in surface soil temperature (0–10°C) are
frequently observed for a month after the start of thawing.
Immediately before the start of incubation, 1 mL of 210 mM 2-
bromoethane sulfonate (BES) solution was added to one of the
six bottles. BES is a well-known inhibitor of anaerobic micro-
bial CH4 oxidation and production (Mackelprang et al. 2011).
The incubation of all bottles was initiated at 0°C. A week later,
ca. 30 mL of gas was collected from each bottle into
vacuumed glass vials (20 mL volume) for measuring net CO2

and CH4 release/uptake rates. Then, the bottle with BES and
one of the five bottles without BES were removed from the
incubator and stored at −20°C until they were used for analyz-
ing microbial DNA, soil carbon, soil nitrogen, and soil moisture.
After the flushing of air + 10 ppm CH4 (for top-layer soils) or
N2 + 10 ppm CH4 (for middle and bottom-layer soils) in all
remaining bottles and the addition of 1 mL BES solution to the
one remaining bottles, these bottles were incubated at 5°C. A
week later, gas collection, bottle removal, gas flushing, and
BES addition were conducted in the same manner as that at
the end of the incubation at 0°C. After incubation at 10°C for a

Table 1. Description† of soil subsamples used in incubation experiment involving thawing of frozen soil core (down to 90 cm depth) collected from a black spruce
forest in Interior Alaska.

Layer Subsample ID Range of depth (cm)
Water content

(g water g−1 dry soil)
Total carbon (C)
(mg g−1 dry soil)

Total nitrogen (N)
([mg g−1 dry soil) C/N ratio

Top 1 5–10 12.1 ± 1.5 445 ± 11 4.3 ± 0.6 105 ± 12
2 11–15 16.9 ± 1.8 429 ± 29 24.9 ± 0.5 17 ± 1
3 16–20 16.3 ± 1.9 111 ± 3 11.5 ± 0.0 10 ± 0
4 21–25 9.1 ± 1.1 429 ± 16 9.1 ± 0.2 47 ± 2

Middle 5 36–40 4.2 ± 0.5 436 ± 10 18.5 ± 1.9 24 ± 3
6 41–45 3.5 ± 0.2 476 ± 27 32.9 ± 11.4 16 ± 8
7 46–50 2.3 ± 1.1 413 ± 26 36.7 ± 1.4 11 ± 0
8 51–55 2.6 ± 1.6 28 ± 6 1.3 ± 0.2 21 ± 2

Bottom 9 66–70 6.2 ± 1.5 73 ± 54 16.9 ± 5.7 4 ± 2
10 71–75 6.2 ± 0.9 75 ± 16 1.2 ± 0.4 65 ± 8
11 76–80 1.0 ± 0.2 60 ± 4 1.0 ± 0.1 59 ± 10
12 81–85 0.6 ± 0.1 96 ± 5 19.8 ± 0.4 5 ± 0

†Water content, total carbon, total nitrogen, and carbon/nitrogen ratio are presented as mean ± standard deviation (n = 3).
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week, the gases in the bottles were collected, and these
bottles were stored with the other bottles stored previously
until the analyses.

2.5. Net GHG release/uptake rate measurement

In this study, net GHG release/uptake rate is presented as the
weekly rate of change in GHG concentration per gram of dry
soil (i.e., ppm or % g−1 dry soil week−1). GHG concentration in
the gas samples collected for incubation was determined
using a gas chromatograph (GC-14B, Shimadzu, Kyoto,
Japan) equipped with a thermal conductivity detector for
CO2 or a frame-ionized detector for CH4. Then, the release/
uptake rate was calculated by comparing GHG concentrations
between the collected gas samples and the flushed gases
(air + 10 ppm CH4 or N2 + 10 ppm CH4). Owing to procedural
limitations of the incubation experiment, in this study, net
release/uptake rate data of each subsample without BES addi-
tion were presented as mean values calculated from five
(incubation at 0°C) or three (incubation at 5°C) repetitions, or
as the value from a single repetition (incubation at 10°C).

2.6. Microbial DNA analysis

Bacterial and archaeal community structures in soils incu-
bated without BES were analyzed using the NGS technique
(Caporaso et al. 2012; Klindworth et al. 2013) and an Illumina
MiSeq System (Illumina, CA, USA) for 16S rRNA amplicons.
Total genomic DNA in soils (0.5 g fresh weight) was extracted
using the FastDNA SPIN Kit for Soil (MP Biomedicals, CA,
USA) and purified with PowerClean DNA Clean-Up Kit (Mo
Bio Laboratories, CA, USA). Then, total genomic DNA samples
from the top- and the middle-layer soils were sent to TaKaRa
Bio (Shiga, Japan) for sequencing analysis. The bottom layer
was not subjected to sequencing analysis because the
amounts of DNA extracted from the bottom-layer soils were
thought to be insufficient for sequencing, based on the
results of agarose gel electrophoresis after DNA extraction.
Amplification of the V3–V4 region of the 16S rRNA genes in
the samples was conducted using the 16S (V3–V4)
Metagenomic Library Construction Kit for NGS (TaKaRa Bio)
coupling with the Nextera XT Index Kit (Illumina). Then, the
amplicons purified with AMPureXP (Beckman Coulter, CA,
USA) were sequenced with a MiSeq (Illumina) by using a
MiSeq Reagent Kit v3 (Illumina) for generating 2 × 250 bp
paired end reads. A total of 11.4 million reads with 2.9 Gb
(>90% of bases had quality score higher than 30, equivalent
to a 0.001 error rate) were obtained from 24 total genomic
DNA samples (2 layers × 4 subsamples × 3 temperature
levels). The obtained forward and reverse reads were
ensembled to 2.3 million pair-end sequences, and these
sequences were then binned into 1325 operational taxo-
nomic units (OTUs) by using CD-HIT-OUT (Li et al. 2012)
configured with a clustering threshold value of 0.97 and
per-base PCR error value of 0.01. The Illumina datasets
obtained in this study are available at NCBI (National Center
for Biotechnology Information) GenBank with the accession
numbers from SRR7012866 to SRR7012889.

Taxonomies of the OTUs were determined using
Quantitative Insights Into Microbial Ecoclogy (QIIME;
Caporaso et al. 2012), an open-source software pipeline for
analysis of microbial community sequence data. In the QIIME
analysis, OTU sequences were classified with the RDP classifier
(Wang et al. 2007) by using a 16S rRNA gene database,
GreenGenes (gg_13_18 ver.; DeSantis et al. 2006). Finally, rela-
tive abundances of a total of 32 phyla (30 for bacteria, 2 for
archaea) were obtained from the 1325 OTUs.

2.7. Soil water, carbon, and nitrogen contents

Portions of soils incubated without BES were used for the
measurement of water, carbon, and nitrogen contents in soil
(Table 1). Soil water contents were determined from differences
in soil weight before and after overnight drying at 100°C. Then,
carbon and nitrogen contents in soil samples were measured
using a carbon nitrogen analyzer (MT500, Yanaco New Science,
Kyoto, Japan). Because of the limited amounts of soil samples,
the samples dried after the measurement of the water content
were used for the analyses of carbon and nitrogen contents.

2.8. Statistical comparison

Statistical comparisons for examining significant effects of tem-
perature, soil sampling depth, and their interaction on net GHG
release/uptake rate and microbial community structure were
performed with R software ver. 3.2 (R Core Team 2017). The
two-way ANOVA test was applied for the comparison of net
GHG release/uptake rate data. The comparisons of net GHG
release/uptake rate were conducted separately for individual
layer because the scales of values were largely different among
three layers. Then, net GHG release/uptake rate data were nor-
malized separately for individual depth with average and stan-
dard deviation of the depth of interest, in order to remove the
effect of different scaling of values among depths. These normal-
ized data for all depths were compared to examining significant
differences in changing patterns of GHG release/uptake among
all sample depths. The comparison of 16S rRNA-based microbial
community structures among different soil sample depths and
incubation temperatures was conducted with the permutational
multivariate analysis of variance (perMANOVA, 9999 random
permutations) by adonis function in vegan package (Oksanen
et al. 2018). In the comparison by perMANOVA, read frequencies
of OTUs representing microbial community structures were con-
verted to pairwise Bray–Curtis dissimilarity matrices. Then, non-
metric multidimensional scaling (NMDS) technique was applied
for visualizing the pairwise Bray–Curtis dissimilarity matrices in
two-dimensional plotting. NMDS was performed with metaMDS
function in vegan package (Oksanen et al. 2018).

3. Results

3.1. Net GHG release/uptake rate

Net CO2 release was greater at 5°C than at 0°C in most soil
samples of top (0–30 cm depth) and middle (30–60 cm depth)
layers, while net CO2 release at 10°C was reduced in a few top-
and middle-layer soils (Fig. 1). In six of the eight soil samples
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from the top and middle layers, net CO2 release at 5°C (0.31–
3.17% g−1 dry soil day−1) was 1.5–19.2-fold greater than that at
0°C. Then, in three of these six soil samples, net CO2 release at
10°C (0.4–6.3% g−1 dry soil day−1) was 1.1–2.4-fold greater
than that at 5°C, while net CO2 release from other three soil
samples at 10°C (0.04–1.17% g−1 dry soil day−1) decreased to
14–76% of that at 5°C. Net CO2 release from the bottom-layer
soil samples (60–90 cm) (<0.06% g−1 dry soil day−1) was less
than 21% of the mean CO2 release from the top and middle
layers (0.21% g−1 dry soil day−1).

The interactions between incubation temperatures and soil
depths for top- and middle-layer soil samples were statistically
significant at p < 0.01 with apparent single effect from each
factor at p < 0.01 (Fig. 1). Then, there was less significance
(p = 0.13) of the temperature–depth interaction for the bottom
layer samples. The removal of data for most upper soil samples
of the bottom layer resulted to less significance of single effects
individually from temperatures (p = 0.20) and depths (p = 0.16).
The interactions between temperatures and depths were sta-
tistically significant (p < 0.01) even after the normalization of
net CO2 release rate within individual depth, together with
significant single effect of temperature at p < 0.05.

Net CH4 release was observed in the soil samples of all three
layers incubated at 0°C, while net CH4 uptake was apparent in the
top- and middle-layer soil samples that were incubated at warmer
temperatures (Fig. 2). The greatest CH4 release (51–105 ppm g−1

dry soil week−1) was observed during incubation of the bottom-
layer soil samples at 0°C. CH4 was released at the rate of
1–13 ppm g−1 dry soil week−1 from the top- and middle-layer
soil samples during incubation at 0°C. After the temperature was
raised to 5°C and then to 10°C, net CH4 uptake (1–17 ppm g−1 dry
soil week−1) was observed in the top- and upper-middle soil
samples. CH4 was released from the lower-middle- and bottom-
layer soil samples even after the temperature was increased to 5°C
and then to 10°C, while the rate of release (1–16 ppm g−1 dry soil
week−1) was lower than that during the incubation at 0°C.

The interactions between incubation temperatures and soil
depths were statistically significant for top and bottom layer soil
samples at p < 0.01, with apparent single effect from each factor
at p < 0.01 (Fig. 2). For middle-layer soil samples, single effect of
soil depth was statistically significant at p < 0.01. Statistically
significant (p < 0.01) effect of temperature was found even
after the normalization of net CH4 release/uptake rate within
individual depth.

Figure 1. Net carbon dioxide (CO2) release rates from soil core samples incubated under weekly changing temperatures from 0 to 10°C in intervals of 5°C, without
the addition of 2-BES, a chemical inhibitor for anaerobic methane oxidation and production (n = 5 at 0°C, n = 3 at 5°C, and n = 1 at 10°C). Top and bottom-left
panels (a–c) show the release rate separately for the individual soil layer (i.e., top, middle, or bottom layer). Bottom-right panel (d) represents the release rate
through the all soil sample depths. Significant p levels for effects of temperature (T), soil sample depths (D), and their interaction (T × D) were determined by two-
way ANOVA test, then they are presented on top-left side (a and b) or top-right side (c and d) of panels. Two-way ANOVA test for the release rate through the all soil
sample depths was applied for the release rate normalized for individual depth (see the main text for details).
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The effect of BES on net CH4 release/uptake varied depend-
ing on temperature (Fig. 3). Net CH4 release at 0°C during the
incubation with BES (1–116 ppm g−1 dry soil week−1) was
similar to that during the incubation without BES (1–
105 ppm g−1 dry soil week−1). However, at 5 and 10°C, net
CH4 release during the incubation without BES (0–16 ppm g−1

dry soil week−1) decreased to 0–3 ppm g−1 dry soil week−1

during the incubation with BES. Net CH4 uptake (1–21 ppm g−1

dry soil week−1 during the incubation without BES) decreased
to 0 ppm g−1 dry soil week−1 (four samples of top- and
middle-layer soils at 5°C and a middle-layer soil sample at
10°C) or to 2–9 ppm g−1 dry soil week−1 (one top-layer soil
sample at 5°C and two top-layer soil samples at 0°C) upon the
addition of BES.

3.2. 16S rRNA-based microbial community structures

16S rRNA-based microbial community structures were chan-
ged along the depth from the top to the middle layers, but
they were less changed during thawing progress (Fig. 4).
Regardless of the temperature, Proteobacteria was the most
abundant phylum (25–37%; hereinafter, percentage value
represents the relative abundance of phylum) in the top-

layer soil samples, while the most abundant phylum in the
middle-layer soil samples was Actinobacteria (24–37%) or
Acidobacteria (10–41%). The relative abundance of
Proteobacteria in the middle-layer soil samples was 13–24%.
Then, the abundance of Cyanobacteria, the fourth most domi-
nant phylum in most surface soil samples of the top layer (7–
15%), decreased gradually as the depth increased (<1% in the
deepest soils of the top layer). In contrast to Cyanobacteria,
the relative abundances of AD3 and Chloroflexi increased gra-
dually from <3% in the top-layer soil samples to >15% in the
middle-layer soil samples. Apparent changes in relative abun-
dance with increasing temperature were found only for
Firmicutes in the upper two soil samples of the middle-layer
(<1% at 0°C, and up to 12% at 10°C).

Changes in both community structures of archaea and
bacterial methanotrophs along the depth were also
observed in the middle-layer soil samples (Fig. 5). In the
middle-layer soil samples, relative abundances of archaea to
the overall community increased as the depth increased
(from <0.1% in the upper middle-layer soil samples to
0.6% in the deeper middle-layer soil samples). Then, the
dominant archaea changed from MBGA (a class of
Crenarchaeota) in the upper middle-layer soil samples to
Methanomicrobia (a class of Euryarchaeota) in the deepest

Figure 2. Net methane (CH4) release/uptake rates from soil core samples incubated under weekly changing temperatures from 0 to 10°C in intervals of 5°C, without
the addition of BES (n = 5 at 0°C, n = 3 at 5°C, and n = 1 at 10°C). Top and bottom-left panels (a–c) show the release rate separately for the individual soil layer (i.e.,
top, middle, or bottom layer). Bottom-right panel (d) represents the release rate through the all soil sample depths. Net CH4 release rates are presented in positive
values, then the uptake rates are in negative values. As in the same manner with the CO2 release rate, significant p levels for effects of temperature (T), soil sample
depths (D), and their interaction (T × D) by two-way ANOVA test are presented on top-right side of panels.
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Figure 3. Comparison of net CH4 release/uptake rates between incubations with/without BES addition. Left top panel represents for 0°C, then right top panel is for 5
and 10°C. Bottom left panel shows net CH4 release/uptake rates for the incubation with BES through the all soil sample depths (n = 1).

Figure 4. Relative abundances of bacterial and archaeal phyla in soil core samples incubated under weekly changing temperatures from 0°C (a) to 5°C (b), then 10°C
(c), without the addition of BES. Presented data are obtained from an analysis conducted using a next-generation DNA sequencer (MiSeq, Illumina, Inc., CA, USA) for
16S rRNA amplicons of metagenomic DNA extracted from incubated soils. Detailed information about DNA analysis are presented in the main text. Data on bottom-
layer soils are not available (NA) because of insufficient amounts of extracted DNA.
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middle-layer soil samples. Methanomicrobia was also
detected in the most upper top-layer soil sample incubated
at 10°C, but relative abundance to the overall community
was only 0.001%. Then, four bacterial communities known
as methanotrophs, i.e., Methylocystaceae (a family of
α-proteobacteria), Beijerinckiaceae (a family of α-proteobac-
teria), Methylococcaceae (a family of γ-proteobacteria), and
Methylacidiphilaceae (a family of Verrucomicrobia) (as shown
in Table 4 of Semrau et al. 2010), were detected in our
samples. Relative abundances of these bacterial methano-
trophs to the overall community were 6% in top-layer sam-
ples, then reduced to 0.47% in the deepest middle-layer
samples. As well as observed in previously described two
communities, dominant bacterial methanotrophs also chan-
ged from Methylacidiphilaceae (a family of Verrucomicrobia)

in the most upper top-layer samples, to Methylocystaceae (a
family of α-proteobacteria) or Beijerinckiaceae (a family of α-
proteobacteria) in the deepest middle-layer samples.

Then, the NMDS ordination for visualizing similarity of 16S
rRNA-based microbial community structures among incubated
samples placed same depth samples in similar positions to
each other, regardless of temperature differences (Fig. 6). The
perMANOVA showed that >80% of variation in bacterial and
archaeal community structures among samples were
explained by depth of samples. Effects of temperature, then
interactions between temperature and depth were negligible
(R2 ≥ 0.05, p ≥ 0.14). These patterns of statistical comparisons
of bacterial and archaeal community structures were common
regardless to the comparison within single layer or through
two layers.

Figure 5. Relative abundances of archaeal classes (a–c) and bacterial methanotroph families (d–f) in soil core samples incubated under weekly changing
temperatures from 0°C (a,d) to 5°C (b,e), then 10°C (c,f), without the addition of BES. Both data of archaea and bacterial methanotrophs were extracted from
the NGS data shown in Fig. 4. Referring to Semrau et al. (2010), relative abundances of OTU categorized to known methanotrophic families of Methylocystaceae (a
family of α-proteobacteria), Beijerinckaceae (a family of α-proteobacteria), Methylococcaceae (a family of γ-proteobacteria), and Methylacidiphilaceae (a family of
Verrucomicrobia) were extracted as relative abundances of bacterial methanotrophs. The values displayed vertically in the centers of the panels are the relative
abundances of archaea and bacterial methanotrophs to the overall archaeal and bacterial community (n.d. means not determined).
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4. Discussion

Results showed that GHG release/uptake sensitively responded
to temperature increase (i.e., thawing progress), then their
responses were various among soil sample depths even within
single layer, while 16S rRNA-based community structures of
bacteria and archaea were changed along with depth but were
less changed during the thawing. Then, our finding of various
GHG dynamics among different depths within single layer is the
major progress from previous studies conducting the thawing
experiments of frozen soil cores collected at similar black spruce
forests in interior Alaska (Mackelprang et al. 2011; Hultman et al.
2015). They investigated two soils from an active layer (30–35 cm
depth) and a permafrost layer (65–85 cm depth) under continu-
ously unchanged temperatures (5°C in Mackelprang et al. 2011; 5
and 22°C in Hultman et al. 2015), presenting evidences that
carbon and nitrogen cycles during the thaw were different
between active layer and permafrost layer. However, the exact
interpretation for mechanisms driving GHG dynamics observed
in our study has been remained for future works with more
measurements of physical, chemical, and biological parameters
potentially changeable with the thawing. In the following

paragraphs, we discuss several processes likely involving with
observed changes in GHG dynamics during the thawing.

The stimulation of CO2 release during thawing (Fig. 1) was
thought to be driven by transitional changes in the environ-
mental and microbial statuses on addition with the funda-
mental response of microbial activity to temperature
(Davidson et al. 1998; Kim et al. 2012; Sierra et al. 2015). For
example, CO2 release from the top-layer soil samples at 0°C
was likely associated with the trapping of the CO2 produced
during the frozen season (Oechel et al. 1997; Schimel et al.
2006; Sullivan et al. 2008). Then, the expected enhancement of
substrate and water availabilities (Kim et al. 2012) could have
led to an increase in CO2 release observed at 5°C, while sub-
strate availability might have been reduced at 10°C, because
our incubation experiment was conducted without the addi-
tion of any external substrate.

Then, the release of a large amount of CH4 from deep soils at
0°C without inhibition by BES (Figs. 2 and 3) was consistent with
the results obtained by Byun et al. (2017), who elucidated the
sharply increasing concentration of microbially produced CH4

in deep frozen soils collected at an adjacent plot in the JICS

Figure 6. The NMDS ordinations visualizing the pairwise Bray–Curtis dissimilarity matrices for 16S rRNA-based microbial community structures in soil core samples
incubated under weekly changing temperatures from 0 to 10°C in intervals of 5°C, without the addition of BES. Significant p levels of effects from temperature (T),
soil sample depths (D), and their interaction (T × D) on the microbial community structures were determined by perMANOVA test, then they are presented on top-
left sides of panels, with R2 values representing contributions of factors to variation in microbial community structures among samples.
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supersite. The CH4 release unsuppressed by BES from the top-
and middle-layer soil samples during the incubation at 0°C
(Figs. 1B and C and 2A) was consistent with the findings of
previous studies (Friborg et al. 1997; Kim et al. 2007) that upper-
layer soil samples can trap CH4 during the frozen period, as well
as CO2 (Oechel et al. 1997; Schimel et al. 2006; Sullivan et al.
2008) and deep CH4 (Byun et al. 2017). The suppression of CH4

release and uptake at 5 and 10°C by BES (Fig. 3) implied that the
anaerobic microbial processes of CH4 production (Conrad 2002)
and oxidation (Hinrichs and Boetius 2002) occurred during the
period. While further evaluations are needed for demonstrating
the BES suppression of CH4 uptake in aerobically incubated top-
layer soil samples, Gupta et al. (2013) found a widespread
distribution of anaerobic CH4 oxidation across peatland ecosys-
tems. Thus, the changes in net CO2 and CH4 release/uptake rate
during the thawing progress of a frozen soil core (Figs. 1–3)
were likely associated with concurrent changes in multiple
physical, chemical, and biological statuses of soils.

The microbial community changing along with the soil
depth (Figs. 4–6) was also found by Taş et al. (2014), who
investigated an upland Alaskan forest located 40 km northeast
of our black spruce forest, in addition to the study of Tripathi
et al. (2018) at the JICS super site. According to Taş et al.
(2014), the most abundant phyla in the surface-layer soil
samples were Actinobacteria, Verrucomicrobia, Acidobacteria,
and Proteobacteria, while high abundances of Euryarchaeota,
candidate division AD3, and Chloroflexi were found in soil
samples of the middle and permafrost layers. These similar
community structures among current and previous results
(Tripathi et al. 2018; Taş et al. 2014) could support for postu-
lating that similar 16S rRNA-based microbial community might
be found even in frozen soil before thawing, while microbial
community before thawing was not analyzed in this study.

The unchanged 16S rRNA-basedmicrobial community during
thawing progress, as observed in the soil samples used herein,
however, still needs to be examined for bottom-layer soil sam-
ples containing permafrost. A study by Mackelprang et al. (2011)
in a forest 100 km northwest from the JICS supersite found that
the responses of various microbial gene abundances to thawing
were clearer in the permafrost layer than in the active layer. A
recently developed analysis technique that couples two or more
culture-independent approaches, called multi-omics analysis, is
expected to clarify the dynamic interactions between biogeo-
chemical processes and microbial functioning groups in soils
(Hultman et al. 2015; Mackelprang et al. 2011; Taş et al. 2014;
Zhou et al. 2016).

Finally, it should be noticed that the findings that used
single core are not sufficient for any comprehensive and gen-
eralized understanding on soil GHG dynamics during the
thawing on a vegetation scale. Therefore, future freeze–thaw
cycle experiments using multiple soil cores with additional
works will reveal both generality and specificity of our current
findings in the ecosystem.

5. Conclusion

In this study, we found that soil GHG dynamics responded
sensitively and variously to thawing of a frozen soil core from a
black spruce forest in Interior Alaska, while the there was less

change in 16S rRNA-based microbial community structures dur-
ing the thawing progress. Of these findings, various GHG
dynamic among different depths within single layer is the
major progress from previous studies conducting the thawing
experiments of frozen soil cores collected from similar black
spruce forests in interior Alaska (Mackelprang et al. 2011;
Hultman et al. 2015). The changes in net CO2 and CH4 release/
uptake rates during thawing were likely driven by concurrent
changes in multiple physical, chemical, and biological statuses
during the transient period. The specific interpretation should be
examined in near future with the measurement of physical,
chemical, and biological parameters potentially changeable
with the thawing.
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