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Abstract

Soil freeze-thaw cycles affect N,O fluxes in high- and mid-latitude regions, but understanding microbial processes behind
N,O will help clarify the long-term impact of freeze-thaw on climate change. The aim of this study was to investigate the
impacts of freeze-thaw cycles on microbial abundances and N,O emissions in a hemi-boreal drained peatland forest. The
soil freeze-thaw experiment involved artificial heating to thaw the topsoil after freezing. Results showed that thawing of the
5 cm topsoil increased soil water content (SWC) and N,O emissions. Microbial analysis demonstrated that the abundance of
soil prokaryotes increased with thawing. N,O emissions were negatively correlated with NH,*-N while ammonia-oxidizing
archaea and bacteria, including complete ammonia oxidizers, increased their abundance. This indicates a potential nitrifica-
tion pathway. The abundance of nitrite reductase genes (nirK and nirS) showed a positive correlation with N,O fluxes, while
nosZ genes did not increase. The results provide an insight into the impact of soil freeze-thaw cycles on N,O fluxes and the
underlying microbial processes. The dynamics of SWC during the thawing period were the most direct driver of the increase
in N,O emissions. Incomplete denitrification was the dominant process for the N,O emissions during the thaw. More than
80% of produced N,O was denitrified to inert N,, as shown by high potential N, emissions. The frequency of freeze-thaw
events is expected to increase due to climate change; therefore, determining the underlying microbial processes of the N,O
emissions under freeze-thaw is of great importance in predicting possible impacts of climate change in forests.
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Introduction

Nitrous oxide (N,0) is a strong greenhouse gas and a
major depleter of the stratospheric ozone layer (Ravis-
hankara et al. 2009). N,O is mainly produced in the soil
through the oxidation of ammonia by nitrifiers (amoA-
carrying microbes) and the reduction of nitrates by denitri-
fiers (usually described by nirS and nirK genes possessing
microbes). During denitrification, N,O can be released if
the denitrifiers possessing nosZI and nosZII genes con-
sume less N,O than is produced (Firestone et al. 1980;
Braker and Conrad 2011; Graf et al. 2014). Long-term
monitoring has shown that one of the hot moments of N,O
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emissions is the freeze-thaw phenomenon (Mander et al.
2021). Seasonal soil freezing and thawing affect 55% of
the Northern Hemisphere, especially mid to high-latitudes
and high-elevation areas (Phillips et al. 2003; Kreyling
et al. 2008). Temperate mineral forest soils (Groffman
et al. 2006; Goldberg et al. 2010; Peng et al. 2019), tem-
perate and boreal peatland forest soils (Cui et al. 2016;
Viru et al. 2020; Mander et al. 2021), temperate grass-
lands (Wu et al. 2020b), and northern agricultural soils
(Wagner-Riddle et al. 2017; Pelster et al. 2019; Ejack and
Whalen 2021) have shown a spike in N,O emissions dur-
ing the spring freeze-thaw period. Considering the spatial
scale of the freeze-thaw phenomenon, such emissions can
significantly affect the annual global N,O emissions (Yao
et al. 2010; Németh et al. 2014). Freeze-thaw events will
be more frequent and extend beyond spring and autumn
in the future due to climate change (Henry 2008). This
will additionally affect the global N,O budgets. Thus, a
better understanding of the microbial dynamics during
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freeze-thaw events can help advance the knowledge nec-
essary for understanding N,O emission processes.

The precise underlying mechanism driving the N,O
emissions during freeze-thaw events is not fully explained
yet, and a generally accepted theory is lacking. Teepe
et al. (2001) found that the frozen soil layer may trap the
N,O produced underneath, and the gas is released as the
top layer thaws. However, Wang et al. (2008) argue that
in such cases, trapped N,O should be converted into N,
through denitrification unless the temperature below the
surface also gets too low for N,O reducers. Risk et al.
(2013) found these emissions to be de novo and the result
of microbial activity. The availability of substrate and
microbial activity are among the main players behind N,O
emissions at low temperatures (Oquist et al. 2004; Sharma
et al. 2006; Wang et al. 2008; Peng et al. 2019). A freezing
period is followed by the increased availability of sub-
strates (ammonia, nitrate, dissolved organic N) in the soil
(Matzner and Borken 2008; Song et al. 2017), which are
then consumed upon thawing by microbes in the presence
of higher soil moisture (Chen et al. 2015). Many stud-
ies on freeze-thaw fluxes have found denitrification to be
the dominant process behind N,O emissions (Miiller et al.
2002; Oquist et al. 2004; Ludwig et al. 2004; Koponen
et al. 2006; Mgrkved et al. 2006; Risk et al. 2013). Espe-
cially in this regard, Holtan-Hartwig et al. (2002) found
that N,O-reducing microbial communities (denitrifiers
possessing nosZI and nosZII genes) show a breakdown in
their growth at a temperature below 5 °C. However, the N,
fluxes during the freeze-thaw cycles, which could give fur-
ther insight into N,O production and reduction processes,
have only been examined by a few previous studies (Wu
et al. 2020a), and no work has been done on peat soils.

Boreal and sub-arctic regions comprise 87% of world-
wide peatlands (Vitt 2006). Out of those (34.6 Mha), nearly
half (15 Mha) have been drained for forestry (Paavilainen
and Piividnen 1995). Drained boreal peatlands, often rich in
nutrients, are exposed to the seasonal freeze-thaw phenom-
enon and can substantially contribute to annual N,O emis-
sions. During the freeze-thaw period, the N,O emissions
from peatlands are 8—10 times higher than average N,O
emissions (Mander et al. 2021) and are mainly related to
surface temperature, soil moisture, and availability of nitrate
and ammonium (Cui et al. 2016; Song et al. 2022). Howeyver,
the microbial dynamics in peatlands during the freeze-thaw
period have not been extensively studied.

This study aims to understand the N,O emission process
in hemi boreal peatlands during the freeze-thaw period using
the abundance of functional genes involved in the N-cycle.
Our hypotheses are as follows: during the freeze-thaw
period, (1) soil surface temperature and soil water content
(SWC) have a significant impact on N,O flux, (2) ammonia
oxidizers, including newly discovered complete ammonia
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oxidizers (COMAMMOX), influence N,O emissions, and
(3) denitrifiers are leading the N,O emissions.

Methodology
Experimental set-up

A drained peatland mixed forest, dominated by Norway
spruce (Picea abies) and Downy birch (Betula pubescens),
near the Agali Village of Kastre Municipality, Southeast
Estonia, was the study site (58.290184, 27.31725) for the
experiment conducted in March 2022 (Fig. 1). The average
day-time air temperature in March is 2 °C, falling to =5 °C
at night, making March a suitable time of the year to study
in situ freezing and thawing processes. A total of fifteen
collars with a diameter of 50 cm were installed for N,O
emission measurements — twelve on the ground and three
on the snow. Heating cables (SOW) were laid on the ground
surface inside nine collars. The remaining six collars were
considered control groups, three without snow, and three
covered with snow.

The experimental thawing and freezing were repeated on
the 7th, 13th, and 23rd of March 2022, and the sites were
sampled at three moments: before heating (S1), after 2 h of
heating (S2), and after 4 h of heating (S3). Control meas-
urements were taken once per day from the unheated and
snow-covered. The heating stayed on during sampling time
and was turned off after the S3 to ensure freezing of the
topsoil during the night.

Soil sampling, physical, and chemical analyses

Three soil sampling campaigns were made on the 7th, 13th,
and 23rd of March 2022. In every sampling session, 100-200
g soil samples from a maximum depth of 10 cm were col-
lected. Soil samples for chemical analysis were stored at 4
°C, whereas the samples for microbiological analysis were
stored at —20 °C. During each sampling session, the tem-
perature on the soil surface was recorded using a tempera-
ture probe (model CS 107, Campbell Scientific Inc., Logan,
UT, USA). Soil moisture was measured using the ProCheck
moisture sensor (Decagon Devices, Inc., USA). The soil
chemical analyses were carried out at the Estonian Envi-
ronmental Research Centre in Tartu. Flow-injection analysis
(APHA-AWWA-WEF, 2005) was performed to determine
ammonium (NH,*-N) and nitrate (NO;~-N) from a 2M KCl
extract (1:10 ratio) of the soil samples.

N,O sampling

Gas samples were collected from 65 L polyvinyl chloride
chambers put on pre-installed collars and injected into 50
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Fig. 1 Experimental scheme of
sampling spots with different
treatment conditions: control
collars covered with snow (A),
control collars with no treat-
ment (B), and experimental
collars equipped with heating
cables (C). The experimental
setup was installed in Estonia’s
drained peatland forest domi-
nated by Norway spruce (Picea
abies) and Downy birch (Betula
pubescens)

mL pre-vacuumed glass bottles (Soosaar et al. 2011) before
heating (S1), after the first heating session (S2) and after the
prolonged heating session (S3). Every gas sampling session
lasted 1 h, with sample collection at 0, 20, 40, and 60 min.
All gas samples were tested for N,O concentration using
two Shimadzu-2014 gas chromatographs equipped with an
electron capture detector (GC-ECD), a thermal conductiv-
ity detector (GC-TCD), and a Loftfield-type autosampler.
Fluxes were calculated from the slope of the least-squares
linear regression of the change of N,O concentrations in the
chamber headspace over the measurement time.

N, sampling and analysis

The helium atmosphere (He-O) soil incubation method was
used to measure potential N, fluxes from soil cores ex situ
(Butterbach-Bahl et al. 2002; Mander et al. 2014). On each
measurement day, intact soil cores (diameter 6.8 cm, height
6 cm) were collected from the topsoil (0—10 cm) of control
plots with (total n = 9) and without snow (n = 9) and from
heating plots (n = 18) after the gas sampling at S3. The
cylinders were kept at ambient soil temperature at collection
time and transported to the University of Tartu laboratory to
be placed into gas-tight incubation vessels located in a cli-
mate chamber at field temperature (0.5 °C). Ambient gases
were removed from incubation vessels by flushing with an
artificial gas mixture (21.0% O,, 358 ppm CO,, 0.313 ppm
N,0, 1.67 ppm CH,, 5.97 ppm N,, and He). The new atmos-
phere equilibrium was established after 12-24 h of continu-
ous flushing of the vessel headspace with the artificial gas

mixture at 20 mL/min. N, fluxes were determined using the
gas chromatograph (Shimadzu GC-2014) equipped with a
thermal conductivity detector, detecting N, concentration
changes in the mixture of emitted gases accumulated in the
vessel headspace of the cylinder after 2 h of closure (con-
centrations measured at 0, 40, 80, and 120 min). Fluxes were
calculated applying linear regression, and flux measurements
with R? of 0.81 or greater (p < 0.1) were used.

DNA extraction

From 0.25 g of the collected soil, DNA was extracted using
the DNeasy PowerSoil Pro kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol provided with the
kit. Before DNA extraction, the soil was homogenized with
lysis buffer using Precellys 24 Homogenizer (Berlin Tech-
nologies, Montigny-le-Bretonneux, France) at 5000 rpm
for 20 s. An Infinite M200 spectrophotometer (Tecan AG,
Grodig, Austria) was used to determine the extracted DNA’s
concentration and quality before it was stored at —20 °C.

Quantitative polymerase chain reaction (qPCR)

Using RotorGene® Q equipment (Qiagen, Valencia, CA,
USA), the qPCR assays of 16S rRNA genes were performed
to determine the abundance of the bacterial and archaeal
communities. To determine nitrifier abundance, we quan-
tified bacterial amoA (ammonia monooxygenase gene),
archaeal amoA, and COMAMMOX (complete ammonia
oxidation) amoA genes by qPCR. Similarly, denitrification
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genes nirK (copper-containing nitrite reductase gene), nirS
(cytochrome cd1-type nitrite reductase gene), nosZI (clade
I nitrous oxide reductase gene), and nosZII (clade II nitrous
oxide reductase gene) were quantified with qPCR. The data
obtained from qPCR was analyzed using RotorGene Series
Software (version 2.0.2, Qiagen, Hilden, Germany) and
LinRegPCR program v. 2020.0. The abundance of different
genes was expressed as copies per gram of dry soil (gene
copies g~! dw). Primer concentrations and the gPCR method
were chosen according to Espenberg et al. (2018). The DNA
extraction and qPCR were carried out in the microbiology
lab of the Department of Geography at the University of
Tartu.

Statistical analyses

Minitab® (v21.1.1) was used for the descriptive analyses
(means, medians, and variances). RStudio (R version 4.2.0)
was used to assess the normality of the data by perform-
ing Shapiro-Wilk tests and creating quantile-quantile (Q-Q)
plots, and histograms for each session. In RStudio, the
ggstatsplot package was used to perform Welch’s ANOVA
to compare the means across the sessions. To account for
the violation of variance homogeneity, robust statistical
methods were employed for further analysis. Games-Howell
tests were conducted as post hoc comparisons to identify any

Session =e= S{ =4=

significant pairwise differences. The log,, values of the gene
copy number (g~!, dw) were calculated and used in a princi-
pal component analysis (PCA). The proportions of genes in
the total microbial abundance were calculated directly from
the gene copy numbers, and an arcsine transformation was
applied to the proportions before further analyses. PCA plots
were created using the ggbiplot package, while other figures
were created using the ggplor2 package in RStudio. Simple
linear and multiple regression models were also employed
to determine correlations between different parameters.
Spearman correlations were performed between SWC and
temperature, and N,O and SWC separately in controls and
treatment.

Results
Soil physical and chemical parameters

In the experimental setup, the temperature in the snow-cov-
ered soil and the control chambers remained between 0 and
1 °C, while it ranged between 0 and 4 °C in the artificially
heated soil (Fig. 2). SWC in snow-covered soil ranged from
0.4 t0 0.6 m® m™3, while in the control soil, the mean value
was 0.1 m®> m~ with a range from 0.1 to 0.5 m®> m~>. Simi-
larly, in the soil treated with artificial heating, SWC ranged

S2 === S3

Snow

Control Heat Treatment

1.00 4
R=-0.031, p=0.94

e

~

o
f

0.50 1

0.25 1

Soil Water Content (m°m™3)

0.00 1

R=-0.57,p=0.11

R=0.58,p=2.1e-06

025 050 075 1.00 125 0.25

050 0.75

Soil Temperature (°C)

Fig.2 Relationship between soil temperature and soil water content
during the freeze-thaw experiment. Different shapes and colors rep-
resent the observations in different sessions; S1 is the session without
heating, S2 is the first session with the heating on, and S3 is the ses-
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sion with prolonged heating. The slopes and lines represent the best
fit for the relationship between SWC and soil temperature in different
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between 0.1 and 0.8 m> m™3, showing mean values of 0.5
and 0.6 in S2 and S3, respectively. The heating resulted in a
significant change in the soil temperature (p = 0.001) as well
as SWC (p < 0.001). The correlation between soil tempera-
ture and SWC was significantly positive in the heated soil
(Fig. 2). The heating-induced thawing of the topsoil layer
was also visible during the experiment.

NH,*-N in soil decreased through the heating sessions
(p < 0.05) from a mean value of 11.4 mg N kg~! in S1
to 7 and 6 mg N kg~' in S2 and S3, respectively, and the
change was most significant between S1 and S3 (p = 0.002)
(Fig. 3). NO;™-N showed an increasing trend in response
to heating, with the mean values increasing from 31 mg N
kg™'in S1 to 35 and 36 mg N kg~! in S2 and S3, respec-
tively. Only on day 1, NO; decreased in S3 in comparison
to session S1, while on other days, it kept increasing in the
heated chambers. The variation in nitrate levels, however,

Fig. 3 Variation in soil ammo-
nium (NH,*-N) and soil nitrate
(NO;™-N) against sampling ses-
sions of the freeze-thaw experi-
ment. S1 is the session without
heating, S2 is the first session
with heating on, and S3 is the
session with prolonged heating.
The box in the boxplot indicates
the 25th and 75th percentile
while whiskers show the range
of all data points, excluding
outliers. The intersected line in
the box represents the median

60 -
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-3
[ >}

20-

st

2022-03-07

20~
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was statistically insignificant (p > 0.05). In the soil treated
with heating cables, nitrate was negatively correlated with
ammonia (p = 0.05).

N,O and N, emissions and physical and chemical
properties

The mean N,O flux from the soil before heating (S1) was
72.9 ug N m~2 h™!, increasing to 107 pg N m~2 h~! upon
heating in S2. Emissions peaked in S3 with a mean value
of 128.5 ug N m™2 h™!. On day 1, the N,O emissions
increased in response to heating in S2 and showed a sig-
nificant increase in S3 (Fig. 4). There was a small and sta-
tistically insignificant difference in N,O emission between
S1 and S2 on day 2. However, emissions in S3 for all days
showed a statistically significant difference (p = 0.02) from
S1 (Fig. 4).

Session B9 s1 B s2 B3 s3

2022-03-13 2022-03-23

s2

s3 st s2 s3 st s2 s3

2022-03-13 2022-03-23

I - e | |
| == |
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Session
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Fig.4 The N,O emissions
based on different days for the
three sampling sessions. S1 is
the session without heating, S2
is the first session with heat- 250 -
ing on, and S3 is the session
with prolonged heating. The
mean values show a significant
difference between S1 and

S3 (p < 0.05). The box in the
boxplot indicates the data points
between the 25th and 75th per-
centile while whiskers show the
range of all data points exclud-

200~
150 -

100 - |

2022-03-07

ing the outliers. The intersected

N,O flux (ug N m=2h™"

line in the box represents the

median 50 - |

N,O emissions measured from incubated soil cores
were 2.2 pg N m~2 h~! on average in the control chambers
without snow, 0.9 ug N m~2 h~! in the control chambers
with snow, and 10.9 pg N m~2 h~! in the heated plots after
S3 (Fig. 5A). Average N, emissions from the incubated
soil samples were 1315.3 uyg Nm=2h~!, 1293.2 pg N m™2
h™!, and 1555.4 pg N m~2 h™! on the respective treatment
plots (Fig. 5B). The emissions did not show statistically
significant differences between treatments. The soil N,O

Session B9 s1 B s2 B4 s3

2022-03-13 2022-03-23

Session

sink capacity ratio N,O:(N,O+N,), indicating a poten-
tial N,O production (N,O) to total denitrification (N,O +
N,) in soil, was on average 0.0008, 0.0006, and 0.006 in
control, snow, and heating plots, respectively (Fig. 5C).
There were no significant differences between the differ-
ent treatments. Higher ratios indicate lower soil N,O sink
capacity, as the share of N,O as the gaseous product of the
denitrification process is higher, and therefore lower ratio
values, i.e., higher soil sink capacity, show that more of
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Fig.5 Boxplots showing A N,O emissions, B N, emissions, and C
soil N,O sink capacity, indicated by the N,O:(N,+N,0) ratio, from
the soil incubation measurements on different treatment plots (con-
trol without snow, control with snow, heating) across the three
measurement days (07/03/2022, 13/03/2022, 23/03/2022). The box
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the available N,O is further reduced to N, as the denitrifi-
cation process is complete.

The heating induced a significant change in SWC (p <
0.001). The snow-covered soil showed N,O fluxes close to
zero, although the SWC values varied greatly. The soil under
the control conditions showed N,O emissions at the lowest
SWC values and showed no significant variation along the
SWC increase. In the heated soil, N,O fluxes increased with
SWC values. The fluxes peaked during S3 along with peak
SWC (Fig. 6; positive correlation with SWC; p = 0.005).

Gene abundances and proportions

The gPCR results showed that mean prokaryotic abundance
in snow-covered soil was 1.8 x 10'! gene copies g~! dw,
while in the snow-free untreated control soil it was 2 x 10!
gene copies g~! dw. The abundance ranged from 2.3 x 10'°
to 6.8 x 10'! gene copies g~! dw in the soil treated with
heating during the different sessions of the experiment. The
proportion of bacteria in the total prokaryotic abundance
ranged from 88 to 99%. One-way ANOVA revealed that the
total prokaryotic abundance (based on archaeal and bacte-
rial 16S rRNA genes) significantly increased in response to
heating (p = 0.05).

Session

Bacterial amoA gene abundance ranged from 1.9 x 10° to
6.3 x 107 copies g~! dw. The gene abundance significantly
increased in S2 (p < 0.05), yet it decreased in the prolonged
heating session (S3). The mean proportion of bacterial
amoA gene to bacterial 16S rRNA gene abundance consti-
tuted 0.007% in S1, which upon heating increased to 0.009%
in S2 yet decreased to 0.004% in S3. Archaeal amoA gene
ranged from 1.9 x 10% to 1.2 x 10° copies g~' dw, showed
increased abundance after heating, and peaked in S3 (p <
0.001). Before heating, archaeal amoA genes constituted
4.6% of archaeal 16S rRNA abundance, which changed to
4% in S2 and to 5% in S3. COMAMMOX amoA gene abun-
dance ranged from 5.2 X 10° to 2.6 x 108 copies g~! dw. The
gene abundance significantly increased between S1 and S3
(p < 0.05). The mean proportion of COMAMMOX gene to
bacterial 16S rRNA was 0.01% in S1, which stayed the same
in S2 yet changed to 0.02% in S3.

The nirS gene abundance ranged from 7.3 x 107 to
4.4 x 10° gene copies g~! dw. The increase of nirS gene
abundance was significant between S1 and S3 (p = 0.005).
The proportion of nirS in the total prokaryotic abundance
was 0.5% before heating, which stayed similar in S2 but
increased to 0.8% in S3. The nirK gene abundance ranged
from 2.5 x 10® to 2.3 x 10'! gene copies g~! dw. The

S1 S2 S3

Snow

Control Heat Treatment

3004
R=-041,p=0.28

—

200

100+

N,O flux (ug N m~2h™"

%

R=-0.28,p=0.47

R=0.35, p=0.0085

035 040 045 050 055 0.60 0.1

0.2

03 04 05 0.2 0.4 06 08

Soil Water Content (m3m’3)

Fig.6 Correlation between soil water content (SWC) and the N,O
fluxes in the snow-covered soil, control, and heated soil. Different
colored markings indicate different measurement sessions in the treat-
ment plot. S1 is the session without heating, S2 is the first session

with heating on, and S3 is the session with prolonged heating. The
slope and line represent the best fit for the relationship between SWC
and N,O fluxes, while the grey shade represents the confidence inter-
vals
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abundance significantly increased in every heating ses-
sion and peaked in S3 (p < 0.002). Proportion-wise, nirK
constituted 5% of the total prokaryotic abundance in S1
and increased to 10% in S2, while it dominated in S3 with
17%.

The abundance of nosZI genes ranged from 1.3 x 107
to 5.1 x 10° gene copies g~! dw. The abundance did not
show any significant increase during the heating sessions.
The mean proportion of nosZI genes to prokaryotic abun-
dance remained 0.47% in S1 and S2 and dropped to 0.29%
in S3. The nosZII gene abundance ranged from 2.9 x 10’
to 7 x 10” gene copies g~! dw. The abundance exhibited
no significant increasing pattern throughout the two heating
sessions. However, the proportion of nosZII genes in the
total prokaryotic abundance decreased from 0.44% in S1 to
0.35% and 0.28% in S2 and S3, respectively.

(A)

amoAarch

o

N2O® nosZl

Temp Ocm

PC2 (20.3% explained var.)

-3

o -

PC2 (18.3% explained var.)

comamoA

nosZI|
amoAarch

amoAbac

0 2
PC1 (47.4% explained var.)

Fig.7 Principal component analysis of the physical-chemical prop-
erties along with functional genes’ abundance on 07.03.22 (A),
13.03.22 (B), and 23.03.22 (C). S1 was the session without heating,
S2 was the first session with heating on, and S3 was the session with
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The principal component analysis of the functional gene
abundances (Fig. 7) showed that the functional genes domi-
nated during both the S2 and S3 heating sessions. The func-
tional gene abundances behaved independently but the genes
encoding nitrite reductase (nirK and nirS) dominated the S3
during all days.

Relationship between gene abundances and N,O
emissions

Multiple regression models between N,O emissions and the
functional genes’ abundance, as well as proportions, showed
a significant positive correlation with the N,O emissions
only for nirK (p < 0.05) (Fig. 8A). The ratio of nir (nirS and
nirK) genes to nosZ (nosZI and nosZII) genes varied sig-
nificantly in the heating sessions (p < 0.001). Furthermore,

(B) comamoh o —/

amoAbac
0 Nitrate

SwC
nirS

PC2 (23.6% explained var.)

3 2 1 0 1 2
PC1 (85.7% explained var.)

Legend

(A) - 07-March-2022
(B) - 13-March-2022

(C) - 23-March-2022

Session-1  —e-
Session - 2

Session-3 o

prolonged heating. Abbreviations: amoAbac, bacterial amoA; amo-
Aarch, archaeal amoA; comamoA, COMAMMOX amoA; SWC, soil
water content



Biology and Fertility of Soils (2025) 61:667-680

675

Fig.8 Comparisons between gene parameters and N,O emissions. »

A Regression coefficients; multiple regression models of N,O emis-
sions with abundance and proportions of different functional genes.
B Linear regression between the ratio of nir genes (nirK and nirS) to
amoA genes (bacterial amoA and archaeal amoA). C Linear regres-
sion between the N,O emissions and the ratio of nir genes to nosZ
genes (nosZI and nosZII)

positive correlations (p < 0.01) were observed between N,O
emissions and the ratio of N,O producers to reducers (nir/
nosZ) as well as the ratio of denitrification genes to nitrifica-
tion genes (nir/famoA) (Fig. 8B and C).

Discussion

This study aimed to elucidate N,O emission processes dur-
ing freeze-thaw events in a drained peatland forest under
changing temperatures and soil water regimes by providing
insights into microbial dynamics. By increasing our under-
standing of this phenomenon in the N-rich soil of peatlands,
we aim to enrich the knowledge regarding N,O emissions.
This knowledge will help predict and model future trends of
N,O emissions in the context of climate change.

During the experiment, the increase in the soil surface
temperature due to artificial heating led to the thawing of the
top-frozen peat layer. The temperature increase did not stay
consistent, yet thawing conditions were achieved. Thawing
increased SWC (Fig. 2), gradually affecting the availability
of oxygen in the soil and influencing the dominance of the
underlying microbial process. Nitrification and denitrifica-
tion depend contrastingly on soil oxygen, with nitrification
preferring oxic conditions and denitrification occurring
under anoxic conditions. During this study, we observed
the consumption of NH,*-N and an increase in NO;™-N
(Fig. 3). The increase in soil NO;™-N content indicates that
the thaw initiated nitrification. The increase in NO;™-N was
consistent throughout the measurement in S2 because this
session provided aerobic conditions for the topsoil microbi-
ome. This dynamic between NH,"-N and NO;™-N has also
been observed in orchard soil at the same range of SWC
by Wei et al. (2022) and in permafrost during freeze-thaw
cycles by Song et al. (2022). The availability of substrate
with increasing SWC provides a suitable environment for
microbial activity thus increasing the N,O emission poten-
tial of soil (Highton et al. 2023). The principal component
analysis (Fig. 7) shows the positive loadings along the PC2
by NH,*-N towards S1, which indicates the highest values
of NH,*-N before thawing. The angle between the vectors
representing soil NH,"-N and SWC also suggests a negative
relationship between them.

The mean N,O flux after the induced thawing was 117
pg N m~2 h~!, which corresponds to a spring freeze-thaw-
induced hot moment of N,O emissions in the same drained
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peatland forest (Ranniku et al. 2023). These results are
smaller than the annual average in an adjacent forest, i.e.,
225 pg N m~2 h™! but considerably more than the average
values in winter, which mainly stayed negative (Mander
et al. 2021). N,O emissions increased with increasing SWC
and peaked at 0.5-0.7 m®> m~>. Previous studies also reported
the highest N,O emissions in the same range of SWC (Pdrn
et al. 2018; Bahram et al. 2022). The peak N,O emission val-
ues have also been observed in the same range of SWC dur-
ing the thawing of frozen soil (Teepe et al. 2004; Koponen
and Martikainen 2004; Singurindy et al. 2009). However, a
freeze-thaw hot moment in the same forest occurred under
higher average SWC values of 0.88 m*m~ (Ranniku et al.
2023). Increasing SWC from meltwater boosts microbial
activity and activates the soil N substrate (Wang et al. 2013).
The thawing increased topsoil SWC and created suitable
conditions for nitrification and incomplete denitrification.
Previous studies observed a similar increase in N,O emis-
sions with rising soil moisture (van der Weerden et al. 2012;
Banerjee et al. 2016; Wu et al. 2020b; King et al. 2021; Lin
and Hernandez-Ramirez 2022).

Our study found a significant increase in the abundance
of bacteria after thawing. The observed increase in bacte-
rial abundance with increasing SWC resembles the behav-
ior of bacteria in rewetted dry soils (Leizeaga et al. 2022).
The bacterial nitrifiers increased their abundance with the
onset of thawing. The increase in NO;™-N in S2 shows the
nitrification potential in thawing soil. Although the bacterial
amoA abundance did not remain high in S3, the archaeal
amoA and the COMAMMOX gene abundance kept increas-
ing with thawing and peaked at the elevated SWC condi-
tions. This can be attributed to the richer archaeal diversity
in hemi boreal pristine environments (Aalto et al. 2018), and
the resilience of ammonia-oxidizing archaea in prolonged
anoxic conditions (Pett-Ridge et al. 2013). The same behav-
ior of COMAMMOX also indicates their tolerance towards
varying SWC and oxygen conditions. Even while the SWC
variation in this study allowed the COMAMMOX to domi-
nate over both the ammonia-oxidizing bacteria and archaea,
a temperature > 4 °C is necessary for their growth (Shi et al.
2020).

We also observed a significant increase in denitrifiers’
(nirK and nirS) abundance in the thawing soil (Figs. 7
and 8A), as found by a previous study (Smith et al. 2010).
The variation in all functional genes matches a previous
study on spring freeze-thaw (Yin et al. 2019). However,
unlike that study, we found a positive correlation between
the abundance of nir genes and N,O fluxes (Fig. 8B and
C). Based on the co-occurrence patterns of nirS and nosZ
genes in denitrifiers, it is evident that the nirS-containing
microbes are more capable of complete denitrification. In
contrast, an ecosystem dominated by nirK-type denitrifiers
would emit more N,O (Jones et al. 2008; Graf et al. 2014;
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Espenberg et al. 2018). We found dominance of nirK gene
abundance during our experiment, which matches previous
findings (Clark et al. 2012; Thomson et al. 2012; Graf et al.
2014). Anaerobic conditions induced by the increased SWC
(Shaaban et al. 2018) or flooding (Ligi et al. 2014) favor
the activity of N,O reducers and in such cases, nosZI plays
an important role in N,O consumption (Wang et al. 2022).
We found no significant change in nosZ gene abundances in
response to the increase in SWC during this study because
thawing did not create flooded conditions. The soil surface
temperature also did not exceed 4 °C during our experi-
ment, and the abundance of N,O-producing denitrifiers is
unaffected by such low temperatures, but the N,O reducers,
on the other hand, have shown a decrease in their abun-
dance at temperatures below 5 °C, resulting in an increase
in N,O fluxes (Holtan-Hartwig et al. 2002; Wagner-Riddle
et al. 2011). However, new primer sets for nosZ-1 have been
designed recently which might offer a more comprehensive
assessment of denitrifier gene carriers and their ecological
patterns (Zhang et al. 2021).

Thawing of topsoil removed physical barriers to air diffu-
sion into the soil. Nitrifiers increased their abundance with
a more aerobic soil after thawing. Increasing SWC, on the
other hand, turned the soil anaerobic in prolonged heating
sessions, resulting in a decline of bacterial nitrifiers’ abun-
dance in S3. However, the N,O-producing denitrifiers kept
increasing, and their abundance peaked in S3 with the high-
est SWC values and anaerobic conditions. Although thawing
increased the SWC necessary for nitrification and denitrifi-
cation to start, the temperature of the soil did not increase
to the extent where nosZ-type denitrifiers could show their
enhanced capacity of N,O reduction. Most studies report
that the denitrification process drives N,O emissions from
the soil during freeze-thaw (Wagner-Riddle et al. 2008;
Smith et al. 2010; Wu et al. 2010), which occurs under high
SWC and anaerobic conditions (Braker and Conrad 2011;
Butterbach-Bahl et al. 2013). Factors that encourage incom-
plete denitrification and result in N,O emissions are created
by the fluctuation in SWC during thawing conditions and the
too low temperature of soil for N,O-reducing denitrifiers.

The dynamics of soil ammonium and nitrate, microbial
abundance, and N,O fluxes indicate that both nitrification
and denitrification were potentially active during our experi-
ment. The N,O emissions and NH,*-N were negatively
related (Fig. 7), indicating the conversion of ammonium
to nitrate via nitrification, which is also supported by the
increased abundance of ammonia-oxidizing archaea and
COMAMMOX after thawing. This indicates that nitrifica-
tion was potentially active during our experiment. Also, the
increased abundance of denitrifiers after thawing and higher
contribution of nir genes to N,O emission (Fig. 8B) reveals
that denitrification was the dominant process in N,O produc-
tion. These findings suggest de novo substrate production
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as well as the production of N,O in the thawed peat. The
results are consistent with previous studies, which have
established that the freeze-thaw N,O fluxes during spring
are rapid and emerge most probably from incomplete deni-
trification (Wagner-Riddle et al. 2008; Smith et al. 2010).
The increased importance of N,O as a product of denitri-
fication was further supported by a higher N,O0:(N,O+N,)
ratio measured after the heating sessions. The brief cycles
of elevated SWC and altered microbial oxygen consumption
trigger N, and N,O emissions (Friedl et al. 2022), and our
study revealed that the small-scale change in SWC affected
the microbial dynamics as well as the emission potential of
thawing peat soil.

During freeze-thaw events, the diminishing of the frozen
layer on the topsoil may also cause a physical release of
the underlying trapped N,O (Teepe et al. 2001; Goldberg
et al. 2010; Risk et al. 2013). The release is only significant
when the frozen soil is thawed for the first time after winter,
while repeated cycles of freezing and thawing would mini-
mize the chances of this type of release. A sustained low
SWC can also change forest soil from an N,O source to an
N,O sink (Goldberg and Gebauer 2009b). In such cases, the
subsoil N,O would be subsequently consumed when dif-
fusing upward (Wang et al. 2008; Goldberg and Gebauer
2009a). Isotope-based analyses of freeze-thaw emissions
have proved that the N,O produced during the thawing pro-
cess comes from denitrification (Wagner-Riddle et al. 2008).
Although the role of nitrifiers’ denitrification in the sub-
stantial fluxes can be considered; however, in N-rich soil,
nirK-based denitrifiers are more likely responsible for the
emission of N,O (Thomson et al. 2012), which was also
observed during this study.

Rewetting the drained peatlands can create a stable tem-
perature regime for nosZ-type denitrifiers during freeze-thaw
events which in turn will result in the completion of denitrifi-
cation and less N,O emissions. Increasing the water table of
drained peatland forests is a promising mitigation measure
due to its ability to promote complete denitrification and
maintain favorable temperatures for N,O-reducing denitri-
fiers in the soil microbiome horizon.

Conclusion

The dynamics of SWC during the thawing period greatly
affected N,O-governing microbial communities. The fluc-
tuation of soil ammonia and nitrate and the rise in nitrifying
microbial abundance indicate the nitrification process trig-
gered by the rising SWC values. The increased abundance
of nirK-type denitrifiers, while the unchanging abundance of
nosZ-type denitrifiers showed the incompleteness of the den-
itrification during the thaw. Accordingly, incomplete deni-
trification was the dominant process behind N,O emissions

during the topsoil thawing in the drained peatland forests.
Future research should investigate the dynamics of microbial
community composition and structure during freeze-thaw
events and how manipulating these communities can com-
plete the denitrification pathway to reduce N,O emissions
under varying SWC conditions or rewetting the drained peat-
lands. Further research on freeze-thaw events is necessary
to improve our ability to predict N,O emission trends and
create reliable emission models, crucial given the projected
rise in freeze-thaw events due to climate change extending
beyond typical autumn and spring seasons.
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