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As one kind of the most important carbon (C) sink in the world, peatlands are sensitive to climate change. The
decomposition of litter plays an important role in C fixation and nutrient utilization in peatlands. To reveal the
mechanism of response of the litter decomposition to climate warming and the addition of nitrogen (N) in
permafrost peatlands, we selected two typical plants, Eriophorum vaginatum and Sphagnum palustre, in the
permafrost peatland of Da Xing anling Mountains, China, as the research objects and conducted a 54-day litter
decomposition experiment at 10 °C and 20 °C. Three N addition treatments (CK: 0 mg N g™, N1: 2.5 mg N g},
and N2: 5 mg N g~!) were established. Our results showed that the E. vaginatum litter decomposed more quickly
than that of Sphagnum, and an increase in temperature significantly promoted the litter decomposition and CO2
emission of E. vaginatum and Sphagnum. The addition of N promoted the decomposition of E. vaginatum litter,
whereas the decomposition of Sphagnum litter was promoted by the N1 treatment but was inhibited by the N2
treatment. The enzyme activity in both types of litter was inhibited with the increase in temperature. The
abundances of bacteria and fungi positively correlated with the decomposition constant and mean CO, release
rate by E. vaginatum and Sphagnum litter, indicating that the effects of temperature and N addition on the
decomposition of plant litter were primarily regulated by microorganisms. This study provides a theoretical basis
to understand and predict the effects of global climate change on the decomposition of plant litter in boreal
peatlands.

1. Introduction gases COy (Bian et al., 2020) and CHy4 that will enter the atmosphere,

and then affect the C sink function of peatlands (Tao et al., 2018; Tar-

As one type of important carbon (C) sink, peatlands play an impor-
tant role in the terrestrial ecosystem. The permafrost peatland contains
277-302 Pg of C, comprising 14 % of the global soil C pool (Hugelius
et al., 2014; Tarnocai et al., 2009). Global climate change will affect the
C and nitrogen (N) balance of peatlands in permafrost regions, and
temperature is an important factor that affects the change of unstable
organic matter in permafrost regions (Liu et al., 2019). The increase in
temperature will melt the frozen soil, increase the content of water,
stimulate the mineralization of soil N in peatlands (Song et al., 2018),
improve the net primary productivity of plants (Finger et al., 2016;
Keuper et al., 2017, 2012), produce a large amount of the greenhouse

nocai, 2009). N is a limiting nutrient in peatland ecosystems (Bragazza
et al.,, 2007; Xing et al., 2011), and the input of N affects the quality of
peatland litter (Song et al., 2017). In general, researchers found that
plant growth increased significantly when they were subjected to
restrictive nutrition (Feller et al., 2003; Lovelock et al., 2004; Mckee
et al., 2007). The decomposition of litter plays an important role in the
ecosystem regulation of C fixation and nutrient utilization (Menéndez
et al., 2003; Mao et al., 2018), which is an important part of the
biogeochemical cycle and closely links the underground and above-
ground ecosystems (Trogisch et al., 2016). The rate in decrease of
decomposition of litter in peatlands is the basic mechanism by which
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peatlands become C sinks (Nikonova et al., 2018). The accumulation of
peat in peatlands is primarily caused by the imbalance of plant pro-
duction and slow decomposition (Zhang et al., 2019). Among them,
Sphagnum mosses are dominant in peatlands (van Breemen, 1995).
These mosses can resist decomposition and increase the accumulation of
peat (Bell et al., 2018). Global warming can affect the composition of
peatland plant community, enhance the microbial activity and directly
and indirectly affect the decomposition process of plant litter, thus
affecting the C sink functions of peatlands (Cornelissen et al., 2007; Mao
et al., 2018). Simultaneously, studies show that the addition of N can
change the nutrient limitation of microorganisms and enzyme activity in
the process of litter decomposition, and affect the competitive balance
between mosses and vascular plants, and ultimately affect the function
of peatlands to accumulate C (Bragazza et al., 2012). Therefore, the
changes in temperature and N nutrition environment may lead to
changes in the decomposition process of different types of litter in
peatlands, which have an important impact on the accumulation of C
and nutrient turnover in peatlands. To more effectively predict the
impact of global change on the C sequestration function of peatlands, it
is necessary to have a thorough understanding of the process of
decomposition of litter under increasing temperatures and the addition
of N in peatlands.

The decomposition of litter is affected by both biotic and abiotic
factors, including litter quality, decomposer communities, and external
driving factors (Manninen et al., 2016; Liu et al., 2017; Song et al.,
2018). The temperature sensitivity (Qo) of COgz release rate is an
important indicator of the decomposition of litter under climate change.
Simultaneously, the quantification of temperature sensitivity of the
mineralization of litter C is of enormous significance for future research
of the effects of climate change on litter decomposition. Previous studies
have found that the decomposition of litter is primarily regulated by the
initial quality of substrate in response to climate warming, e.g., the
contents of cellulose and lignin (Bragazza et al., 2006; Jiang et al., 2014;
Liu et al., 2016; Mao et al., 2018). Therefore, it is necessary to under-
stand the initial litter characteristics to compare the decomposition of
litter among different plant species.

Microbial and enzyme activities play a key role in the decomposition
of litter. Fungi and bacteria are the main causes of decomposition of
litter in peatlands (Bragazza et al., 2007). Fungi are aerobic microor-
ganisms, which primarily exist in the topsoil (Nilsson et al., 1992).
Bacteria primarily exist as aerobic and anaerobic species in peatlands
(Sundh et al., 1997). Fungi are dominant in the early stages of decom-
position of litter, because they can utilize the high concentration of N
and unstable Cin litter (Hu et al., 2017). Moreover, important functional
genes involved in N fixation, nitrification and denitrification, such as the
nifH, nirK and nirS genes, are particularly important for studying the
microbial mechanisms involved in the N cycle. In addition, as types of
proteins in the soil that are primarily produced by microorganisms,
enzymes play a catalytic role, which is conducive to the degradation of
litter and an important driving force of decomposition (Allison and
Vitousek, 2004). The response of loss of litter mass caused by different
microbial enzymatic activities of different plants vary substantially
(Allison and Vitousek, 2004; Waring, 2013; Song et al., 2018), and the
increase in temperature may affect the activity of enzymes through its
effects on microbial activity, thus, accelerating the decomposition of
litter. Therefore, it is necessary to study the activities of enzymes and
microbial changes during litter decomposition in more detail to clarify
the mechanism of response of the litter decomposition to environment
change.

Currently, few studies have explored the response mechanism of
different plants in peatlands to climate change and increased nutrients
availability from the perspective of CO; release and microorganisms in
the process of litter decomposition (Mao et al., 2018; Song et al., 2018).
Therefore, in this study, we selected and collected two typical peatland
plants, Eriophorum vaginatum and Sphagnum palustre, in Da Xing’anling
of Heilongjiang Province, Northeast China, and conducted a 54-day
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simulation experiment that involved laboratory warming and the addi-
tion of N to evaluate the effects of an increase in temperature and the
addition of N on the decomposition of litter in peatlands. The purpose of
this study was to clarify the difference in sensitivity of litter decompo-
sition to changes in temperature and N nutrient environment and its
microbial mechanism. Thus, we evaluated the following questions: (1)
What is the difference in the decomposition and sensitivity of E. vagi-
natum and Sphagnum litter to temperature, and how does an increase in
temperature and the addition of N affect the decomposition of litter by
two typical types of plant litter in the peatland? (2) Does the initial
quality of litter affect the release of COy during the decomposition of
peatland litter under warming and N addition? (3) Does an increase in
temperature and the addition of N affect the litter decomposition that is
related to the key microbial abundance and enzyme activities in
peatlands?

2. Materials and methods
2.1. Site description

The study was conducted on a continuous permafrost peatland
(52.94°N, 122.86°E) in the Da Xing’anling Mountains of Northeast
China. This region belongs to a cold temperate continental monsoon
climate, with an altitude of approximately 467 m. The annual average
temperature is -3.9 °C, and the annual average precipitation is 450 mm.
The depth of permafrost active layer is 45-65 cm (Mao et al., 2018). The
dominant vegetation in this peatland includes Eriophorum vaginatum L.,
Vaccinium uliginosum L., Chamaedaphne calyculata L. Moench, Ledum-
palustre L. and Sphagnum palustre L. (Song et al., 2018). In this study, we
primarily selected the litter of E. vaginatum and Sphagnum to study the
effects of temperature and addition of N on the early stage of decom-
position of litter in permafrost peatland.

2.2. Sample collection and incubation

In late September 2019, four sampling plots were randomly selected
from typical peatlands in the Da Xing’anling Mountains permafrost re-
gion to collect E. vaginatum and Sphagnum litter. For sample collection,
we mainly remove the surrounding excess plants and weeds, then use
scissors to cut the roots of E. vaginatum to collect E. vaginatum litter, and
collect surface Sphagnum with a shovel and hands. Finally, we take these
plant samples to the laboratory to pick out other plants and weeds to
ensure the accuracy of the samples. Simultaneously, because the
decomposition of Sphagnum litter is a continuous process, it is almost
impossible to determine when the Sphagnum litter begins to decompose.
According to previous research (Aerts et al., 2001), we therefore use the
brown stem segment located 2-4 cm below the growth tip as a repre-
sentative of newly deposited garbage (Bragazza et al., 2007). The litter
of the same species in each plot was mixed into one sample, dried at 65
°C and divided into two parts. One portion of the sample was crushed
through a 0.15-mm sieve to determine the initial contents of C, N,

Table 1

Initial quality of Eriophorum vaginatum and Sphagnum palustre litter. The values
are described as the mean + SE (n = 4). Different letters represent different
significance (p < 0.05).

Parameter Eriophorum inatum Sph

5! PItas

palustre

C content (mg g™ 1)

417.8 £19.17a

380.72 £ 5.37a

N content (mg g~ 1) 5.54 £+ 0.03b 9.39 + 0.04a

P content (mg g~ ?) 0.51 + 0.07b 0.88 + 0.11a
C:N ratio 75.34 + 3.13a 40.54 + 0.63b
N:P ratio 11.43 + 1.58a 11.57 + 0.67a
C:P ratio 870.67 + 149.82a 469.87 + 20.34a
Lignin (mg g~ ) 67.92 + 2.23b 101.90 + 1.63a
Lignin:N ratio 12.25 + 0.42a 10.85 + 0.17b

Cellulose (mg g~ %)

472.05 £+ 7.45a

404.63 £ 1.94b
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phosphorus (P), lignin and cellulose (Table 1). The other portion of the
sample was used for the incubation experiment , in which E. vaginatum
litter was cut into 2 to 2.5 cm segments.

We incubated the litter of E. vaginatum and Sphagnum for 54 days at
10 °C and 20 °C in four replicates (Zhang et al., 2017). The temperature
setting mainly considers the possible temperature rise caused by global
climate change and the actual temperature change of the sample plot, in
which 10 °C and 20 °C represent the average temperature in the growing
season (12 °C) and July (18 °C) respectively. Two grams of dried E.
vaginatum and 1.5 g of Sphagnum litter were placed in 500 ml wide-
mouth bottles. Simulated N in the form of a solution of NH4NO3 was
added (Zhang et al., 2017). The concentrations of N that were added
were the CK (0 mg N g’l), N1 (2.5mgN g’l) and N2 (5 mg N g’l). The
amount of N that was added was primarily determined by considering
the total content of N in the E. vaginatum and Sphagnum litter and the
amount that the addition of N may increase the total content of N in
Sphagnum (van den Elzen et al., 2018), among which 2.5 mg N g~ and 5
mg N g~! were 25 % and 50 % of the total N content of Sphagnum,
respectively. A volume of 3 ml and 5 ml in situ swamp water was added
to the incubation bottles of E. vaginatum and Sphagnum, respectively, to
inoculate them with microorganisms and enable the litter to absorb
water to reach its saturation state. Considering the high rate of microbial
respiration during the initial stage of litter decomposition, the sampling
frequency was increased during the early stage of incubation (Mao et al.,
2018). A volume of 20 ml of headspace gas samples was collected at 1, 3,
5,7,9,14, 19, 26, 33, 40, 47 and 54 days of incubation. The CO5 con-
centration in each gas sample was analyzed using an Agilent 7820A gas
chromatograph (Agilent Technologies, Carpinteria, CA, USA). After each
collection of gas, the bottle was weighed, and the corresponding amount
of deionized water was added when the weight was reduced. The
amount of CO; released was calculated as described by Robertson et al.
(1999). The cumulative amount of C released in the form of CO5 during
the decomposition of litter, is calculated by the difference in CO3 con-
centration between litter treatment and control treatment (Zhang et al.,
2019). After 54 days of incubation, the litter samples were collected to
measure their microbial abundance, enzyme activity, and contents of C,
N and P.

2.3. Sample analysis

DNA was extracted from 0.1 g plant litter samples using a Fast DNA
Spin Kit (MP Biomedicals, Solon, OH, USA) following the manufac-
turer’s instructions. The DNA was quantified using a Nanodrop spec-
trophotometer (ThermoFisher, Waltham, MA, USA), and the quality of
DNA was examined using 1.0 % agarose gel electrophoresis. Each
sample was repeated four times to obtain more representative DNA
samples. Fluorescence quantitative PCR (7500, Applied Biosystems,
Foster City, CA, USA) was used to determine the abundance of bacterial
16S rRNA, fungal ITS, nifH, nirK and nirS gene copies. Specific primers
and amplification details are shown in Table S1. The PCR reaction sys-
tem was 25 pl, including 12.5 pl SYBR buffer (TaKaRa, Dalian, China),
10 ng DNA template, 0.4 pl primer (10 pm), 0.5 pl ROXII (TaKaRa),
0.875 pl 3 % BSA and 0.625 pl dimethyl sulfoxide (DMSO). The plasmid
of cloned part of the target gene was serially diluted by 10-fold to obtain
the standard curve of each target gene. The abundance of litter microbial
target functional genes was calculated based on the standard curve and
cycle threshold.

The total C content of litter was determined using a multi N/C 2100
TOC analyzer (Analytik Jena, Germany), and the contents of total N and
P of the litter samples were determined using an AA3 continuous flow
analyzer (Seal AA3 Analytical, Norderstedt, Germany) after wet diges-
tion with sulfuric acid. The acid washing method was used to determine
lignin and cellulose content using a Fibertec™ 2010 cellulose analyzer
(Foss, Sweden).

The sucrase activity was determined using 3,5-dinitrosalicylic acid
colorimetry. With sucrose as the substrate, 0.1 g of litter was incubated
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with toluene and pH 5.5 phosphate buffer for 24 h at 37 °C. At the end of
incubation, the amount of glucose produced was measured to charac-
terize the sucrase activity (mg glucose g~* 24 h™!). Moreover, the ac-
tivity of p-glucosidase was determined by incubating 0.1 g litter with p-
nitrophenyl-B-p-galactopyranoside (PNPG) as the substrate, adding pH
6.0 modified universal buffer (MUB) and toluene at 37 °C for 1 h (mg
pNP g 'h™!). In addition, using phenyl disodium phosphate as the
substrate, the acid phosphatase activity of litter was determined by the
colorimetric method of diphenyl sodium phosphate. A total of 0.1 g of
litter was mixed with pH 5.0 acetic acid buffer solution and toluene and
incubated at 37 °C for 12 h, and the content of free phenol was deter-
mined to characterize the acid phosphatase activity (mg pNP g~* 2 h™1).
The activity of polyphenol oxidase was measured using pyrogallic acid
as the substrate (mg purpurigallin g_1 2 h_l). Litter samples (0.1 g) were
incubated with pyrogallic acid solution at 30 °C for 2 h, and disodium
hydrogen phosphate citric acid buffer at pH 4.5 was added. The pur-
purigallic acid was extracted with ether, and the polyphenol oxidase
activity was determined.

2.4. Statistical analysis

SPSS 19.0 (IBM, Inc., Armonk, NY, USA) was used for all the statis-
tical analyses. A two-way analysis of variance (ANOVA) and significant
difference (LSD) methods were used to analyze significant differences in
microbial abundance, enzyme activity and the contents of C, N and P of
litters that had been incubated at different temperatures and with
different amounts of N. In addition, Pearson correlation coefficients
between the CO, release rate and litter microbial abundance, enzyme
activity and C, N and P content were calculated.

The decomposition constant k value was calculated using a single
exponential linear regression model (Mao et al., 2018; Trofymow et al.,
2002). The specific calculation formula was as follows: In y = a — kt.
Among them, y is the C residue (%); a is the intercept; k represents the
decomposition constant of litters (the higher the k value, the faster the
decomposition rate), and t is the litter decomposition time. As the
temperature sensitivity of litter decomposition, the Q¢ value is an
important index to describe the change in reaction rate when the tem-
perature increased by 10 °C (Zhang et al., 2017). Q0 was calculated as
follows (Zhang et al., 2017): Q19 = Az0/A10. Az and Ajg represent the
decomposition constant k at 20 °C and 10 °C, respectively.

The Q¢ of litter microbial abundances was calculated as follows (Bai
et al., 2017):

10
0 Abundancey \ ™0 "o
10 = T
Abundance

where Abundance;y and Abundanceyg are the microbial abundance
measured at T1o (10 °C) and Ty (20 °C), respectively.

3. Results
3.1. COg release during litter decomposition

The amount of cumulative CO, released during the process of
decomposition of E. vaginatum and Sphagnum litter treated with N1 was
higher than that of N2 and CK following incubation at 10 °C for 54 days
(Fig. 1). The cumulative release of CO, during the decomposition pro-
cess of Sphagnum under the N2 treatment was lower than that of the CK
treatment. The cumulative release of CO, during the decomposition
process of E. vaginatum litter under different treatments fluctuated to
some extent. The cumulative release of CO, in the CK treatment was
higher than those of N1 and N2 in the early stage of decomposition of E.
vaginatum litter. The cumulative release of CO; from E. vaginatum litter
under the treatment of N1 was higher than that of the CK at 9 days of
incubation, while that in the N2 treatment was higher than that of the
control at 33 days of incubation (Fig. 1).
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Fig. 1. Effects of warming and nitrogen addition on cumulated CO, emission of Eriophorum vaginatum and Sphagnum palustre litter for 54 days incubation. The CK, N1
and N2 of the nitrogen addition treatmen were 0, 2.5 and 5 mg N g’l, respectively. The values are the mean =+ standard error (SE) of each treatment (n = 4).

The increase in temperature promoted the cumulative release of COy
during the decomposition of E. vaginatum and Sphagnum litter (Fig. 1).
After 54 days of incubation, the cumulative release of COy from
Sphagnum litter treated by N1 was higher than those of N2 and CK, while
that of E. vaginatum under the N2 treatment was higher than those of N1
and CK. With the increase in temperature, the cumulative release of CO5
from Sphagnum litter under the N2 treatment was higher than that of the
CK. However, at the beginning, the cumulative release of CO, from the

E. vaginatum litter of the CK treatment was higher than that of N1 and
N2, and on the 5th day, the cumulative CO; release from E. vaginatum
litter treated by N2 was higher than that of CK, while on the 14th day,
the cumulative CO; release from E. vaginatum litter treated by N1 was
higher than that of CK. The cumulative CO; release of E. vaginatum litter
then tended to be stable (Fig. 1).

000124 ]
Eriophorum vaginatum
0.0008 4
53
v a
b
0.0004 4
0.0000 <4
10C 20C

i Sphagnum palustre [—_1CK
N
. N2
a
a b
b b
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Fig. 2. Effects of warming and nitrogen addition on decomposition constant k of Eriophorum vaginatum and Sphagnum palustre litter for 54 days incubation. The CK,
N1 and N2 of the nitrogen addition treatmen were 0, 2.5 and 5 mg N g™, respectively. The values are the mean =+ SE of each treatment (n = 4). Bars with different

letters are significantly different (p < 0.05).
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3.2. Decomposition constants and temperature sensitivity of litter
decomposition

The addition of N increased the decomposition constant k value of
E. vaginatum litter, as well as the k value of Sphagnum litter under N1
treatment, and it was clear for both types of litter in the N1 treatment
(Fig. 2). But with the increase of N concentration, N2 treatment reduced
the k value of Sphagnum litter. Warming increased the k value of
E. vaginatum and Sphagnum litter, and the k value of E. vaginatum litter
was higher than that of Sphagnum litter. With the increase in tempera-
ture, N addition increased the k value of E. vaginatum litter, in which N2
treatment had a significant effect, and N1 treatment significantly
increased the k value of Sphagnum litter, but N2 treatment decreased the
k value of Sphagnum litter. The temperature sensitivity (Qio) of the
decomposition of E. vaginatum litter was higher than that of Sphagnum
(Fig. 3). With the increase in concentration of N, the sensitivity of
decomposition of the E. vaginatum and Sphagnum litter to temperature
tended to decrease, and the N1 treatment significantly reduced the Qo
of decomposition of E. vaginatum litter, while the N2 treatment signifi-
cantly reduced the Q¢ of decomposition of Sphagnum litter, which was
the lowest.

3.3. Litter microbial abundance and its temperature sensitivity

At 10 °C, the abundances of bacteria, fungi, N fixing bacteria and
denitrifying bacteria (nirK) found in the E. vaginatum litter were higher
than those of the Sphagnum litter (Fig. 4). The addition of N increased the
abundances of bacteria, fungi, N fixing bacteria (nifH) and denitrifying
bacteria (nirS) in the E. vaginatum and Sphagnum litter. The N1 treatment
had a significant effect on the abundances of bacteria, N fixing bacteria,
fungi and denitrifying bacteria (nirK) in the E. vaginatum litter.
Compared with the N1 treatment, the N2 treatment causes the abun-
dances of bacteria, fungi, N-fixing bacteria and denitrifying bacteria
(nirS) in the E. vaginatum and Sphagnum litter to decrease slightly, but
overall, these values were still higher than those in the CK. The increase
in temperature significantly increased the abundances of bacteria, fungi,
N fixing bacteria and denitrifying bacteria (nirK) in the E. vaginatum and
Sphagnum litter. With the increase in temperature, the N1 treatment
significantly increased the abundance of bacteria, fungi, N fixing bac-
teria and denitrifying bacteria (nirS) in the E. vaginatum and Sphagnum
litter, and the related microbial abundance in E. vaginatum and

[ ICK
1 N
I N2

Temperature sensitivity coefficient (Q, )

0.0

Eriophorum vaginatum

Sphagnum palustre

Fig. 3. Effects of warming and nitrogen addition on the temperature sensitivity
of litter decomposition of Eriophorum vaginatum and Sphagnum palustre litter for
54 days incubation. The CK, N1 and N2 of the nitrogen addition treatmen were
0, 2.5 and 5 mg N g}, respectively. The values are the mean + SE of each
treatment (n = 4). Bars with different letters are significantly different (p
< 0.05).
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Sphagnum tended to decrease with the increase in concentration of N.
The interaction of temperature and the concentrations of N that were
added had a significant effect on the abundance of N fixing bacteria in
the E. vaginatum litter and bacteria in the Sphagnum litter (Table 1). The
rate of release of CO; positively correlated with the abundance of fungi
in the E. vaginatum litter, as well as the abundances of bacteria, fungi, N
fixing bacteria and denitrifying bacteria in the Sphagnum litter. More-
over, based on the diagram of Pearson correlation analysis (Fig. 7), the
correlation coefficients between fungal abundance and mean CO,
release rate of the two litters were higher than those of the bacteria.

The temperature sensitivity of different microorganisms varied. The
Qo of the abundance of fungi and N fixing bacteria (nifH) in the
E. vaginatum litter was higher than that in the Sphagnum litter, and the
temperature sensitivity of the abundance of bacteria in the Sphagnum
litter was higher than that in the E. vaginatum litter (Fig. 5). The Qo
value of abundance of N fixing bacteria (nifH) in the E. vaginatum litter
decreased significantly with the increase in concentration of N. The Q¢
value of abundances of bacteria, fungi and denitrifying bacteria (nirK) in
the E. vaginatum litter increased with the increase in concentration of N
that was added. The Q¢ values of bacterial and fungal abundances in the
Sphagnum litter decreased significantly with the increase in concentra-
tion of N. The N1 treatment reduced the Q¢ values of the abundances of
fungi, N fixing bacteria and denitrifying bacteria (nirK) in the Sphagnum
litter.

3.4. Litter enzyme activities

At 10 °C, the enzyme activity of the E. vaginatum litter was less than
that of the Sphagnum litter. The addition of N increased the activities of
sucrase, f-glucosidase and acid phosphatase in E. vaginatum and
Sphagnum litter, while the activities of polyphenol oxidase decreased
(Fig. 6). Moreover, the N1 treatment significantly affected the activities
of sucrase, fB-glucosidase, acid phosphatase and polyphenol oxidase in
the E. vaginatum and Sphagnum litter. The activities of polyphenol oxi-
dase in the E. vaginatum litter, as well as the activities of sucrase,
B-glucosidase, acid phosphatase and polyphenol oxidase in the
Sphagnum litter, significantly decreased as the temperatures increased.
With the increase in temperature, the activities of sucrase and poly-
phenol oxidase in the E. vaginatum litter and f-glucosidase in Sphagnum
litter were significantly decreased by the N1 treatment, and the activ-
ities of enzymes in the E. vaginatum litter and activities of p-glucosidase
and polyphenol oxidase in the Sphagnum litter tended to increase. The
interaction of temperature and concentration of N had a significant ef-
fect on the activities of sucrase in E. vaginatum litter and p-glucosidase
and polyphenol oxidase activity in E. vaginatum and Sphagnum litter
(Table 2). The rate of CO5 release negatively correlated with the
B-glucosidase activity in E. vaginatum litter and the activities of sucrase,
polyphenol oxidase and B-glucosidase in the Sphagnum litter (Fig. 7).

3.5. Contents of C, N and P in the litters

At 10 °C, the total C content of the E. vaginatum litter was higher than
that of Sphagnum, and the total N and P contents of the E. vaginatum litter
were lower than those of the Sphagnum litter. The addition of N signif-
icantly increased the content of total N of E. vaginatum and Sphagnum at
two different temperatures, and the total N content of both litters
increased with the increase in concentration of N that was added. The
increase in temperature significantly decreased the total C content of
E. vaginatum and Sphagnum and significantly increased the total P con-
tent of E. vaginatum and the total N content of Sphagnum. With the in-
crease in temperature, the addition of N decreased the total C content of
E. vaginatum and Sphagnum, and the N1 treatment significantly affected
the total C content of the E. vaginatum and Sphagnum litter. Simulta-
neously, the interaction of temperature and concentration of N that was
added had a significant effect on the contents of total C and total N in
Sphagnum and on the content of total P in the E. vaginatum litter. The
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Fig. 4. Effects of warming and nitrogen addition on the microbial abundance of Eriophorum vaginatum and Sphagnum palustre litter for 54 days incubation. The CK,
N1 and N2 of the nitrogen addition treatmen were 0, 2.5 and 5 mg N g’l, respectively. (a) (b) (c) (d) (e) are the abundances of bacteria, fungi, nifH, nirK, and nirS,
respectively. The values are the mean + SE of each treatment (n = 4). Bars with different letters are significantly different (p < 0.05).

mean CO., release rate negatively correlated with the contents of total C
in the E. vaginatum and Sphagnum litter and positively correlated with
the content of total N of the Sphagnum litter (Fig. 7).

The N:P ratios of the E. vaginatum and Sphagnum litter were lower
than 14 and 10, respectively, and the N:P ratio of Sphagnum litter was
lower than that of E. vaginatum. The addition of N increased the N:P
ratios of E. vaginatum and Sphagnum litter, and the N1 treatment
increased the N:P ratio of E. vaginatum litter to a value > 16. The N:P
ratios of E. vaginatum and Sphagnum litter decreased with the increase in
temperature, and the N:P ratios of E. vaginatum and Sphagnum litter
increased. The N:P ratios of E. vaginatum and Sphagnum litter increased
with the increase in concentration of N added. The N:P ratio of
E. vaginatum litter was < 14, while that of Sphagnum was > 14 under the
N2 treatment (Table 3).

4. Discussion
4.1. Effects of temperature and addition of N on litter decomposition

Warming and N addition can affect the competitive balance among
peatland vegetation, stimulate the growth of vascular plants, make
Sphagnum mosses at a disadvantage in the competition for light (Zeng
et al.,2013), and then affect the pattern of peatland vegetation (van den
Elzen et al., 2018; Buttler et al., 2015). Therefore, vascular plants may
become more dominant in the future (Buttler et al., 2015; Dieleman
et al., 2015). In this study, based on the decomposition constant k value,
we found that the E. vaginatum litter decomposed more quickly than the
Sphagnum litter, which indicated that the decrease of Sphagnum and the
increase of vascular plants caused by the degradation of permafrost
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would promote the decomposition of litter and loss of C in peatlands
(Bragazza et al., 2012). Previous studies in temperate and northern
peatlands also showed that the vascular plant litter at 10 °C and 20 °C
decomposed more quickly than that of Sphagnum (Dorrepaal et al., 2005;
Moore et al., 2007; Mao et al., 2018). In the northern peatland,
Sphagnum is more adaptable to the harsh environment than E. vaginatum,
and the vegetation is usually dominated by Sphagnum (van Breemen,
1995). Sphagnum is the main source of the accumulation of peat,
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although vascular plants also contribute to it (Zeh et al., 2020). Wang
et al. (2018) showed that the litter quality plays an important role
during its decomposition by Sphagnum. The lower rate of decomposition
in Sphagnum litter is generally considered to be related to the effects of a
low concentration of N (Dorrepaal et al., 2005) and large amounts of
lignin and soluble phenolic compounds (Lang et al., 2009). Research by
Bu et al. (2011) on peatland bryophytes also showed that the negative
reaction of Sphagnum to N could benefit the expansion of vascular plants.
Vascular plants generally have a higher quality litter as indicated by
lower C:N and C:P ratios (Zeh et al., 2020). However, in this study, the
litter of Sphagnum had a higher concentration of N and a lower C:N ratio
than that of E. vaginatum, which is consistent with the results of Mao
et al. (2018). Our study found that the content of lignin of E. vaginatum
was lower than that of Sphagnum. This result showed that the effect of
content of lignin on decomposition was more important than that of the
content of N, which verifies that the initial litter quality (lignin content)
in our question (2) can affect litter decomposition under warming and
nitrogen addition, and further provides additional evidence that the
content of lignin of the litter is a powerful indicator of the rate of
decomposition of different types of plant litters in permafrost peatlands.
Other studies also showed that the content of lignin negatively corre-
lated with the rate of decomposition of litter (Huang et al., 2003).

We found that elevated temperature could significantly promote the
decomposition and release of CO of E. vaginatum and Sphagnum litter,
which indicates that the decomposition of litter in permafrost peatland
is limited by temperature. Warming can promote the metabolism and
activity of microorganisms and accelerate the decomposition of litter
(Mao et al., 2018). We found that warming increased the abundances of
bacteria, fungi, N fixing bacteria and denitrifying bacteria. Different
plants have varying nutrient requirements. The addition of N promoted
the decomposition and CO;, release rate of Sphagnum (N1 treatment) and
E. vaginatum litter, but the N2 treatment inhibited the decomposition of
Sphagnum. Moderate concentrations of nutrients can promote the
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Fig. 6. Effects of warming and nitrogen addition on the enzyme activities of Eriophorum vaginatum and Sphagnum palustre litter for 54 days incubation. The CK, N1

and N2 of the nitrogen addition treatmen were 0, 2.5 and 5mgN g~
are significantly different (p < 0.05).

1 respectively. The values are the mean =+ SE of each treatment (n = 4). Bars with different letters
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metabolic activities of microorganisms, which is conducive to the
decomposition of litter. Sphagnum is well adapted for survival in a low N
environment (van den Elzen et al., 2018). An environment with a high
concentration of N may not be conducive to the microbial and enzyme
activities of Sphagnum litter and inhibits its decomposition. Zhang et al.
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Fig. 7. Pearson correlation analysis dia-
gram. The different size of the circle in
different colors represents the size of the
correlation coefficient. The deeper the color,
the stronger the correlation. Red indicates
negative correlation and blue indicates pos-
itive correlation. The numbers with different
colors in the figure represent the correlation
coefficient, (a) and (b) represent respectively
Eriophorum vaginatum and Sphagnum palustre.
TC, TN and TP are the contents of total car-
bon, total nitrogen and total phosphorus
respectively.

(2017) ’s laboratory study on the decomposition of litter in freshwater
marshes of Northeast China also showed that N-enrichment treatment
(25 mg N g ! litter) inhibited the decomposition of litter at 5 °C and 15
°C, which is consistent with our results. This may be because microor-
ganisms have low demand for N in the decomposition process, and the
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Table 2

Analysis of variance of effects of warming and nitrogen addition on enzyme activity and microbial abundances of Eriophorum vaginatum and Sphagnum palustre litter in permafrost peatland.(** indicates a significant

correlation at the 0.01 level (two-sided). * indicates a significant correlation at the 0.05 level (two-sided). TC, TN and TP are the contents of total carbon, total nitrogen and total phosphorus respectively.).
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addition of high concentration N may have a toxic effect on decomposers
(Ramirez et al., 2012), so it inhibited the activities of decomposers,
resulting in a reduction in the decomposition rate. Moreover, high
concentration of N addition also could change the P or other nutrient
limitation of microorganisms during the process of litter decomposition
and further inhibit the decomposition of Sphagnum litter (Huang et al.,
2021). Simultaneously, the temperature sensitivity Q¢ value of the
decomposition constant decreased with the increase in concentration of
N added. However, the litter decomposition constant k of Sphagnum
litter was less sensitive to the increase in temperature than that of the
E. vaginatum litter, which was consistent with the findings of Mao et al.
(2018). This was primarily owing to the high concentration of inhibitory
compounds in Sphagnum tissue that inhibited the activities of microor-
ganisms (Turetsky et al., 2008), which once again proves that Sphagnum
mosses are more conducive to the accumulation of peat than vascular
plants (van den Elzen et al., 2018).

4.2. Effects of temperature and addition of N on microbial abundance
and enzyme activity of plant litters

Microorganisms are important components in the plant-soil material
cycle. Studies have shown that temperature and labile substrates can
affect the coupling relationship between C and N in peatlands by regu-
lating the response of soil microbial abundance and enzyme activity to
warming (Song et al., 2019). Our study found that warming and the
addition of N significantly increased the abundance of key microor-
ganisms in the C and N cycle of E. vaginatum and Sphagnum litter, indi-
cating that warming can enhance the activity of microorganisms
(Conant et al., 2011). The addition of N can provide nutrients to mi-
croorganisms, accelerate microbial metabolic activities, and then
accelerate the decomposition of plant litter in peatland ecosystems.
Interestingly, the abundances of bacteria and fungi positively correlated
with the k value of decomposition constant and the mean CO; release
rate. This phenomenon further confirmed that bacteria and fungi play
important roles in the decomposition of litter (Bragazza et al., 2007). In
addition, the correlation coefficients between fungal abundance and the
mean CO; release rate of the two litters were higher than those of bac-
teria, which indicate that fungi are more dominant during the early
stages of decomposition (Hu et al., 2017). Other studies have shown that
the addition of N can significantly change the composition of bacterial
community (Craig et al., 2021), and the change in bacterial community
structure is accompanied by a change of enzyme activity involved in the
C, N and P cycles. Typically, microorganisms can secrete a large array of
enzymes, which can significantly promote the decomposition and
degradation of litter. In this study, the addition of N enhanced the ac-
tivities of p-glucosidase, sucrase and acid phosphatase of the E. vagi-
natum and Sphagnum litter. Consistent with the results of this study, our
previous studies showed that the addition of N significantly enhanced
the activities of p-glucosidase, sucrase and acid phosphatase of litter
under a field N input experiment (Song et al., 2017). It should be noted
that the enzyme activity of Sphagnum litter was inhibited with the in-
crease in temperature in this study. A little different from our question
(3), the correlation analysis indicated that the activities of p-glucosidase,
sucrase and polyphenol oxidase in Sphagnum litter negatively correlated
with the rate of release of CO2, which could be owing to the reduction of
C substrates caused by the decomposition of plant litter, resulting in the
inhibition of enzyme activities.

4.3. Effects of temperature and addition of N on the contents of C, N and
P of plant litter

The total C content of E. vaginatum and Sphagnum litter decreased
significantly with the increase in temperature, which was primarily
owing to the increase in temperature that stimulated the C demand of
microorganisms in the litter (Bragazza et al., 2015). Simultaneously, the
addition of N significantly increased the content of total N of E.
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Table 3
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Effects of warming and nitrogen addition on the carbon, nitrogen and phosphorus contents of Eriophorum vaginatum and Sphagnum palustre litter for 54 days incubation.
The CK, N1 and N2 of the nitrogen addition treatmen were 0, 2.5 and 5 mg N g}, respectively. TC, TN and TP are the contents of total carbon, total nitrogen and total
phosphorus respectively. Different letters are significantly different (p < 0.05). The values are the mean + SE of each treatment (n = 4).

10°C 20°C
TC (mg g~Y) TN (mg g~1) TP (mg g~ 1) N:P ratio TC (mg g™ h) TN (mg g~1) TP (mgg™})  N:P ratio
Eriophorum vaginatum  CK  406.62 + 9.10 5.54 + 0.20c 0.54 + 0.06ab  10.55 + 1.14b 355.75 + 8.06a 4.71 £ 0.17c 0.67 £0.03 4.71 £ 0.17c
N1  417.31 £13.88  6.50 + 0.02b 0.40 £ 0.03b 16.62 + 1.54a 323.73 £ 5.85b 6.42 + 0.39b 0.67 £0.03  6.42 + 0.39a
N2  416.50 +£11.01 8.23 + 0.33a 0.60 + 0.05a 13.95+ 1.10ab  330.44 + 10.02ab ~ 8.52 + 0.68a 0.58 +£0.04  8.52 + 0.68b
Sphagnum palustre CK  372.28 +£4.94 8.24 + 0.26b 0.97 + 0.08 8.71 £ 0.85b 269.97 + 1.43a 9.49 + 0.02a 0.96 £0.05  9.96 + 0.51b
N1  382.25+6.92 8.93 +£0.34ab  0.93 + 0.06 9.64 + 0.51b 256.82 + 2.02b 11.76 £ 0.49b  1.08 £ 0.11 11.14 + 0.85b
N2  364.05 +6.12 9.80 + 0.37a 0.88 + 0.06 11.35 + 0.88a 261.08 + 4.76ab 1411 £ 0.81c  1.02+0.16  14.60 + 1.58a

vaginatum and Sphagnum, which was consistent with the results of Song
et al. (2018), primarily because the addition of N promotes the fixation
of N by microorganisms. We also found that the addition of N had no
significant effect on the content of P but had a significant effect on the N:
P ratios of two types of litter. The N:P ratio of litter is an important index
that reflects the limitation of N and P elements. At the community level
of wetland ecosystems, N:P > 16 indicates P limitation; N:P = 14-16
indicates joint limitation of N and P, and N:P < 14 indicates N limitation
(Koerselman et al., 1996). Another study also found that for Sphagnum,
when N:P > 14, it is expressed as P limitation, and when N:P < 10, itis N
limitation (Aerts, 1992). We found that at 10 °C, the N:P ratios of
E. vaginatum and Sphagnum litter were lower than 14 and 10, respec-
tively, and the N:P ratio of Sphagnum was lower than that of the
E. vaginatum litter. This finding indicated that Sphagnum was more
susceptible to N limitation than E. vaginatum at 10 °C. In addition, the N1
treatment resulted in an N:P ratio of E. vaginatum litter that was higher
than 16, which showed that the decomposition of E. vaginatum litter is
limited by P under the N1 treatment. However, with the increase in
temperature, the N:P ratio of E. vaginatum litter decreased, and the N:P
ratio of Sphagnum litter increased, indicating that the absorption and
utilization of N and P in E. vaginatum increased with the increase in
temperature. Moreover, with the increase in temperature, the N2
treatment changed the limitation of Sphagnum from N to P, which may
be primarily owing to the addition of N to meet the microbial demand
for N, which in turn, strengthened the P limitation.

5. Conclusion

This study emphasized the differences in early decomposition of
E. vaginatum and Sphagnum litter and their microbial mechanisms in
permafrost peatlands under the conditions of warming and N addition.
We found that the response of different rates of litter decomposition to
the addition of N primarily depends on the initial content of lignin in the
litter. Elevated temperatures could significantly promote the decompo-
sition of E. vaginatum and Sphagnum litter, and the rate of decomposition
of E. vaginatum is faster than that of Sphagnum, indicating that warming
is more conducive to the decomposition of E. vaginatum litter. The in-
crease in available N promoted the decomposition of E. vaginatum and
Sphagnum litter, but the accumulation of additional N inhibited the
decomposition of Sphagnum litter. The addition of N enhanced the ac-
tivities of p-glucosidase, sucrase and acid phosphatase of the
E. vaginatum and Sphagnum litter. With the increase in temperature, the
decomposition of C containing substrates in plant litter decreased,
resulting in the inhibition of enzyme activities. The abundances of
bacteria and fungi positively correlated with the decomposition constant
k value and mean COj release rate of E. vaginatum and Sphagnum litter,
and the correlation coefficients of fungal abundance and mean CO,
release rate of the two litters were higher than those of the bacteria,
indicating that fungi and bacteria were important microorganisms in
litter decomposition. The fungi were dominant in the early stage of
decomposition. In addition, the different response of decomposition of
the E. vaginatum and Sphagnum litter to the addition of N helps to assess
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the effects of addition of N on C and nutrient dynamics during the
vegetation succession from mosses to vascular plants in permafrost
peatlands under climate change.
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