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Litter decomposition is an important source of carbon accumulation in
the permafrost peatlands. Climate warming has led to shrub expansions
and accelerated litter mixing with soils and fluctuations in the water table.
However, little is known about how changes in the position of the litter will
affect litter decomposition under climate warming. To reveal the mechanisms
of response of the location of litter in the soil and climate warming to litter
decomposition in permafrost peatlands. Here, we selected the evergreen
shrub, Chamaedaphne calyculata, and the deciduous shrub, Vaccinium
uliginosum, from the permafrost peatlands of the Greater Hing'an Mountains,
China. The leaf litter was placed on the soil surface (no-mixing) and mixed
with the soil (soil-litter mixing), and then it was incubated for 124 days at 15°C
(control) and 20°C (warming). Our results showed that warming significantly
increased the CO, emission rates of C. calyculata and V. uliginosum by 19.9
and 17.4%, respectively. When compared to no-mixing, the CO, emission rates
were reduced (not significantly) by 1.5 (C. calyculata) and increased 13.6% (V.
uliginosum) with soil-litter mixing. Interestingly, soil-litter mixing suppressed
the positive effect of warming on the CO, emission rates relative to no-
mixing, and the suppressing effects in the V. uliginosum subplot were stronger
than those in the C. calyculata subplot. Specifically, warming significantly
increased the CO, emissions of C. calyculata by 27.4% under no-mixing but
the increase decreased to 13.1% under soil-litter mixing. Similarly, warming
induced significant increases in the CO, emissions of V. uliginosum, with
an increase of 38.8% under no-mixing but non-significant increases (1.9%)
were observed under soil-litter mixing. The combination of the enzyme
activities of B-1,4-glucosidase, p-1,4-xylosidase and p-D-14-cellobiosidase
and laccase and phenolics explained more than 60.0% of the variability in
the CO, emissions of C. calyculata and V. uliginosum, respectively. Our study
highlights the importance of litter positions in mediating the responses of
litter decomposition to climate warming and shrub expansions in the northern
peatlands.
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Introduction

Around 400-500 Pg of C has been stored in the peatlands
since the beginning of the Holocene (Yu et al, 2010). The
distribution of the peat soil organic carbon is uneven and
widespread across the northern peatlands. This occurs mainly
because organic matter decomposition is limited due to the low
temperature in this ecosystem, resulting in an imbalance between
plant production and organic matter decomposition (Freeman
etal,, 2001; Moore and Basiliko, 2006). The consequence is a large
accumulation of peat, composed of dead plant litter (Clymo,
1984). Thus, litter decomposition is one of the key factors affecting
soil organic carbon storage in the northern peatlands (Strakova
etal, 2012). Climate warming has been identified as an essential
driver of litter decomposition. Warming accelerates changes in the
community compositions (Zhang, Y. et al., 2022), such as vascular
plant expansions (Luan et al., 2019), and the mixture of the soils
and litter (Song et al., 2017). However, there is very limited
knowledge about the interactive effects of warming and changes
in the plant community structure and litter positions on litter
decomposition in the northern peatlands. Therefore, to accurately
assess and predict the carbon balance of the boreal peatlands, it is
crucial to re-examine litter decomposition and its response to
climate warming.

The effect of climate warming on litter decomposition could
be regulated by functional groups in the northern peatlands. It is
commonly accepted that climate warming effectively increases
microbial activities, and, thus, stimulates litter decomposition
(Ferreira et al., 2015; Liu et al., 2017). In contrast, the neutral and
negative effects of warming on litter decomposition have also been
emphasized in the northern peatlands (Aerts, 2006; Boyero et al.,
2011; Butenschoen et al,, 2011). These discrepancies suggest that
climate warming alone is not enough to explain the complex
variability in litter decomposition and, therefore, it might also
be regulated by functional groups. With climate warming, there is
growing evidence that the northern peatlands will experience
greater vascular plant expansions (Elmendorf et al., 2012; Sistla
et al, 2013; Dieleman et al, 2015). Additionally, due to the
differences in the litter chemistries of vascular plants, it has been
found that the decomposition rate of leaf litter from the deciduous
shrub Betula nana is higher than that of the evergreen shrubs
Vaccinium vitis-idaea and Rhododendron palustre (McLaren et al.,
2017). However, studies on the differences in the responses of the
decomposition of different vascular plants to climate warming in
the northern peatlands are still limited.
of the effects
decomposition might also be attributed to the litter positions.

The uncertainties of warming on
Strong winds and fluctuations in the water table could lead to
the topsoil mixing with the litter under climate warming
(Hewins et al., 2017). Soil-litter mixing could influence litter
decomposition through two different but equally important
ways, including (1) acting as a microbial colonization vehicle
on the surface of the litter and (2) insulating the litter from
temperature or moisture, thus, extending the time window for
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microbially mediated decomposition opportunities (Throop
and Archer, 2007). Recent incubation experiments (Gao et al.,
2022; Zhang, X. H. et al., 2022) and in situ litter decomposition
in arid ecosystems (Siegenthaler et al., 2010; Corteselli et al.,
2017) have well documented the differences in the litter
decomposition rates among litter positions. Nevertheless,
current studies have mostly focused on the litter decomposition
rates in the surface soils but have not considered soil-litter
mixing. Considering the important role that soil-litter mixing
plays in affecting the litter decomposition, lacking related
studies of soil-litter mixing in the northern peatlands
potentially amplifies the critical uncertainties regarding the
response of CO, emissions that are induced by litter
decomposition due to climate warming.

Peatlands are widespread in the Greater Hingan Mountains,
which is experiencing rapid climate warming and, consequently,
permafrost degradation, leading to shrub expansion and changes
in the water table, which may induce changes in the litter position.
Therefore, the boreal peatlands of the Greater Hing'an Mountains
provide a rare opportunity to investigate the linkages between
climate warming, species change, litter position, and litter
decomposition. Here, we collected fresh litter from the evergreen
shrub Chamaedaphne calyculata and the deciduous shrub
Vaccinium uliginosum in the Greater Hing’an Mountains. The litter
was located on the soil surface or mixed with the soil, and they
were incubated at 15 and 20°C for a period of 124 days to evaluate
the response of the CO, emission rates to warming, the functional
group, litter positions, and their interactions. Therefore, the aims
of the study were (1) to estimate the impacts of warming on the
CO, emission rates of litter decomposition and differentiate
whether the warming impacts varied due to the functional groups
and litter positions; and (2) to identify the driving factors of the
response of the CO, emission rates from litter decomposition to
the different treatments.

Materials and methods
Study region

Plant litter and soil samples were collected from a site in the
Greater Hing'an Mountains permafrost peatlands in northeastern
China (52.56 °N, 122.51 °E, 467 m a.s.1.). The region has a cool
temperate continental monsoon climate. The mean annual
temperature and precipitation at the study site over the last
30years were —3.9°C and 452 mm (Song et al., 2018), respectively.
The vegetation of the study site is relatively simple, including the
shrubs Betula fruticosa, C. calyculata, and V. uliginosum,
Cyperaceae Eriophorum vaginatum, and bryophyte Sphagnum
palustre (Zhang, X. H. et al., 2022). In this study, we selected the
litter of the evergreen shrub C. calyculata and deciduous shrub
V. uliginosum to study the effects of different temperatures and
different locations on the early decomposition of peatland litter in
permafrost regions.
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Sample collection and incubation

Six 20 x20m plots were randomly selected in the peatland.
Within each sample plot, five peat cores (10 cm inner diameter)
were randomly collected in the 0-10cm soil layer in early
September 2021. The soil samples were air-dried after removing
the plant roots, and all the samples were mixed evenly and passed
through a 2mm sieve. The fresh litter was collected by gently
shaking the shrubs. For each species, the plant litter that was
sampled from the different plots was mixed well, oven-dried at
65°C, and divided into two subsamples. One subsample was used
for the incubation experiments, and the other subsample was oven
dried to a constant weight at 65°C to determine the moisture
content and milled to pass through a 0.15mm sieve for chemical
analysis (the C, N, P, and phenolic initial content) (Table 1).

The litter decomposition C emission rate was determined by a
laboratory incubation experiment (Gao et al., 2022). For each litter
treatment, a cylindrical culture bottle (12 cm in diameter and 16 cm
in height) was filled with 80g of dry soil at the bottom, and the dry
soil was adjusted to 60.0% of the maximum water-holding capacity
in the field with 0-10cm of pore water from the peatlands. The
location of the litter (5g) in the soil was divided into two treatments:
at the soil surface (no-mixing) and fully mixed with the soil (soil-
litter mixing). To prevent the litter from absorbing soil water, the
litter was soaked with pore water in advance until it was saturated.
Then, it was cultivated in the dark at 15°C (control) and 20°C
(warming) for 124 days, which represents the average temperature
of the growing season from May to September (13°C) and July
(18°C) at the sampling sites, respectively. In total, there were 40
microcosm samples (2 litter treatmentsx2 incubation
temperaturesx2 litter locationsx4 replicates). During the
incubation period, to maintain a constant microcosm sample
moisture, water supplementation was carried out by weighing the
samples every 7 days. The frequency of the sampling was increased
at the beginning of the incubation period because the high C content
that was available at the beginning of the decomposition of the litter
contributed to a high respiration rate for the microorganisms (Mao
etal, 2018; Gao et al,, 2022). Additionally, a gas-tight syringe was
used to collect 30 ml of the sample gas on days 1, 2,4, 7, 11, 17, 24,

TABLE 1 The initial quality of the Chamaedaphne calyculata and
Vaccinium uliginosum litter.
Parameter

C. calyculata V. uliginosum

C content (mgg™) 533.14+1.16a 492.00+1.75b

N content (mgg™) 3.80+0.15b 5.30+0.16a
P content (mgg™) 0.49+0.01b 1.42+0.02a
C/N ratio 140.21£5.90a 92.88+2.50b
C/P ratio 1076.57 £26.98a 344.29+3.98b
N/P ratio 7.69+0.46a 3.70+0.05b
Phenolics content 21.02+1.49b 25.81+0.53a

(mgg™)

The numbers are the mean + standard deviation (1 =4). The letters represent different
means (p<0.05).
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34,44, 64, 84, 104, and 124 of the incubation. The bottles were closed
tightly, the plastic cap was fitted with the pumping port for 24h
before pumping, and they were open for the rest of the incubation
time. The analysis of the sample CO, concentration in the syringes
was conducted within 24h using an Agilent 7820A gas
chromatograph  (Agilent Technologies, Carpinteria, CA,
United States). The CO, release rate was calculated as described by
Robertson et al. (1999). After the incubation, the litter was collected
and its C, N, P, and phenolic compound contents were measured.

Sample analysis

We used 5 g of fresh soil to determine the potential activity of
four hydrolytic enzymes f-1,4-glucosidase (PG, EC 3.2.1.21),
B-1,4-xylosidase (X, EC 3.2.1.37), $-D-1,4-cellobiosidase (CBH,
EC 3.2.1.91), and B-1,4-N-ace-tylglucosaminidase (NAG, EC
3.2.1.14) and the oxidative enzyme laccase (EC 1.10.3.2). The
enzymes, PG, PX, CBH, and NAG were assayed using
4-methylumbelliferone (MUB)-B-D-glucoside, 4-MUB--D-
xyloside, 4-MUB-B-D-cellobioside, and 4-MUB-N-acetyl-p-D-
glucosaminide, respectively, as the specific substrates. The
hydrolases were analyzed using a black 96-well microtiter plate.
Briefly, under the different treatments, 5g of soil was mixed with
150ml of 50 mM sodium acetate buffer (pH 5.5) in a high-speed
stirrer for 10 min. Then, 4-MUB (10 mM) was used as a standard
solution. Next, using an 8-channel electronic pipette, we added
200 pl of the soil suspension and 50 pl of sodium acetate buffer
(blank control), 200 pl of the soil suspension and 50l of the
standard solution (quench standard), 200 pl of sodium acetate
buffer and 50pl of the standard solution (reference standard),
200l of sodium acetate buffer and 50l of enzyme substrate
(negative control), and 200 pl of the soil suspension and 50 pl of
enzyme substrate (sample controls). After completion, the
microplates were incubated in the dark at 25°C for 4h.
Subsequently, 10 ul of 0.5mol L™ NaOH solution was added to
each well to stop the reaction. The fluorescence values of each well
were measured using a Multi-Detection Microplate Reader
(CYTATION 5, BioTek, United States) with excitation and
emission wavelengths of 365 mm and 450 mm, respectively. The
activity of phenol oxidase was estimated using 2,2-azino-bis
(3-ethylbenzthiazoline-6-sulfonic  acid) as a substrate.
Furthermore, estimation of the potential laccase activity for
promoting polyphenol degradation was conducted on 96-well
transparent microtiter plates. Each assay microplate also contained
a sample well (50 pl of the substrate solution and 200 pl of the soil
suspension), blank well (200 pl of the soil suspension and 50 pl of
the sodium acetate buffer), and negative control (200 pl of sodium
acetate buffer and 50 pl of the substrate solution). The plates were
incubated at 20°C in darkness for at least 2h (Rinkes et al., 2013).
Also, the activity was quantified by measuring the absorbance at
420nm using a Multi-Detection Microplate Reader (BioTek;
Eichlerova et al., 2012), and the enzyme activities were expressed
innmol h™'g™".
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To measure the extractable phenolic content of each plant
litter sample, the Folin-Ciocalteu method was used to determine
the phenolic concentration (Bérlocher et al., 2020). We put 0.2g
of the litter into a 50ml centrifuge tube, added 30ml of 95%
methanol solution, and sonicated it at 540 W and 40-50°C for
30 min, three times. The extracts were combined, and they were
centrifuged at 5000 r/min for 15min, 0.2 ml of supernatant was
transferred to a 10 ml centrifuge tube, 4.8 ml of deionized water
was added and it was shaken well, 0.5ml of Folin-Ciocalteau’s
reagent and 1.5ml of Na,CO; were added, and the sample was
mixed thoroughly and incubated at 30°C for 2h. The same
procedure was applied to 10mg/ml of gallic acid standard to
produce a standard curve. The absorbance values were measured
at 760 nm.

The total carbon (TC) and nitrogen (TN) were measured on a
TC-TN analyzer (Shimadzu, Tokyo, Japan). To determine the
concentration of Phosphorus (TP), the litter samples were digested
at 365°C in concentrated H,SO, and an AA3 continuous flow
autoanalyzer (Seal AA3 Analytical, Norderstedt, Germany) was used.

Statistical analysis

The effects of the experimental warming, different vegetation
litter, different locations, and their interaction effects, were
analyzed using a repeated measures analysis of variance and IBM
SPSS Statistics 20, with the sampling date as a random effect. This
was followed by Tukey’s comparison test, which was used to
compare the difference in the means of the litter’s chemical
properties. Additionally, a new method, relative weights, was used
to quantify the relative contributions of the NAG, litter
stoichiometry, phenolics, laccase, and carbon cycle enzymes to the
CO, emission rate. This approach approximates the average
increase in R* (coefficient of determination), which is obtained by
adding a predictor variable to allthe possible submodels (LeBreton
and Tonidandel, 2008), and it has been used in recent analyses
(Chen et al., 2021). In this study, a principal component analysis
(PCA) was used to reduce the number of variables that were tested
(Cardenas et al., 2015). The PCA was performed on the G, CBH,
and pX enzyme activities and the litter C, N, P, C/N, C/P, and N/P,
and their final scores were used as variables for the relative weight
analysis of the carbon cycle enzymes and litter stoichiometry,
respectively.

Results

Effects of warming and the litter
positions on the CO, emissions

The warming and litter positions and their interactions

significantly affected the CO, emission rates (p <0.05; Figure 1;
Table 2). Warming induced significant increases in the CO,
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emissions of C. calyculata and V. uliginosum, which were 19.9
and 17.4% (p<0.05), respectively, relative to the control
treatment (Figure 1; p <0.05). When compared to the soil-litter
mixing treatment, the CO, emission rates of C. calyculata and
V. uliginosum were reduced (not significantly) by 1.5%
(p>0.05) and increased by 13.6% (p>0.05), respectively
(Figure 1). It was also observed that warming-induced positive
effects on the CO, emission rates were significantly negatively
regulated by the litter positions of the observed species
(Figure 1; Table 2; p<0.05). The CO, emission rate of
C. calyculata under the warming treatment was significantly
27.4 and 13.1% higher than that of the control in the no-mixing
and soil-litter mixing treatments, respectively (p<0.05;
Figure 1). Then, in the no-mixing treatment, the CO, emission
rate of V. uliginosum under the warming treatment was, on
average, 2.99 £ 0.16 Ckg™'h™' mg higher than that of the control
(p<0.05) but this significant difference, which was induced by
warming, disappeared in the soil-litter mixing treatment
(p>0.05; Figure 1). Overall, compared with no-mixing, soil-
litter mixing decreased the sensitivity of the litter CO, emission
rate to warming but the decreases for V. uliginosum were higher
than those for C. calyculata.

Treatment effects on the control factors
of the CO, emission rate

Enzyme activities

Warming increased the enzyme activities of pG, pX, CBH,
and NAG for C. calyculata by 69.1 (p <0.05), 26.9 (p>0.05),
164.5 (p<0.05), and 66.2% (p <0.05) relative to the control but
laccase decreased by 20.0% (p >0.05; Figure 2). The responses
of the enzyme activities to warming were regulated by the litter
positions. In the no-mixing treatment, warming significantly
increased the activities of PG and CBH for C. calyculata
(p<0.05; Figure 2). The increase in the G and CBH activities
due to warming under the soil-litter mixing treatment was less
than that of the no-mixing treatment (Figure 2). In contrast to
BG and CBH, which warmed slightly, and NAG which
increased in the no-mixing treatment (p>0.05), significant
increases were observed in the soil-litter mixing treatment
(p<0.05; Figure 2). Additionally, the activities of laccase and
pX for C. calyculata showed non-significant changes with
warming under the no-mixing and soil-litter mixing treatments
(p>0.05; Figure 2).

The enzyme activities of PG, CBH, and NAG for
V. uliginosum were, on average, 24.5 (p<0.05), 57.9 (p<0.05),
and 16.3% (p>0.05) lower, respectively, in the warmed treatment
than in the control treatment but increases were observed for pX
and laccase, which increased by 10.8 (p>0.05) and 25.6%,
respectively (p <0.05; Figure 3). The sensitivity of the enzyme
activities to warming varied with the litter positions. Warming
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FIGURE 1
The dynamic CO, emissions rate for the C. calyculata (A,B) and V. uliginosum (C,D) litter decomposition under warming and treatments with
different positions. On each solid line, the shading around the points represents the mean+standard deviation (n=4 replicates). The panel inset
shows the average CO, emission rate throughout the incubation period, under the different treatments (the different letters in the insets represent
statistical differences (p<0.05) based on a Tukey's multiple comparison test).

TABLE 2 A repeated measures analysis of variance shows the effects
of climate warming and litter location and the interactions between
them on the CO, emission rates from the different plant litter

(C. calyculata and V. uliginosum).

C. calyculata V. uliginosum

DF F-value P DF F-value P
Position 1 0.93 0.352 1 32.56 <0.001
Warming 1 134.44 <0.001 1 51.88 <0.001
Position x Warming 1 14.76 0.002 1 39.81 <0.001

DE, Degrees of freedom. Significant (p <0.05) values are presented in bold.

induced significant increases (and insignificant reductions) in
laccase (BG and CBH) for V. uliginosum in the no-mixing
treatment but this significant difference was not detected in the
soil-litter mixing treatment (Figure 3; p>0.05). Both NAG and
BX showed insignificant (p>0.05) changes in response to
warming under either the no-mixing or soil-litter mixing
treatments (Figure 3).
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Chemical properties of the litter

Compared with the control treatment, warming decreased the
C concentrations, C/N, C/P, N/P, and phenolics of C. calyculata by
2.9 (p>0.05), 16.6 (p>0.05), 18.2 (p>0.05), 1.0 (p>0.05), and
22.1% (p>0.05), respectively, and increased the N and P
concentrations by 10.8 (p>0.05) and 11.9% (p >0.05), respectively
(Table 3). The warming effects on the chemical properties differed
under the different litter positions. Warming significantly
increased the N and P concentrations of C. calyculata (p <0.05)
and significantly decreased the C/N, C/P, and phenolics of
C. calyculata in the no-mixing treatment (p<0.05), whereas
significant responses were not observed in the soil-litter mixing
treatment (Table 3). Additionally, warming did not significantly
alter the C concentrations of C. calyculata in the no-mixing
treatment (p>0.05) but significant decreases were found in the
soil-litter mixing treatment (p <0.05; Table 3). Also, N/P did not
show significant changes in response to warming in comparison
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FIGURE 2

The responses of the potential enzyme activities of C. calyculata to warming under the no-mixing and soil-litter mixing treatments. The enzymes
are (A) B-glucosidase (BG), (B) Cellobiohydrolase (CBH), (C) p-xylosidase (BX), (D) N-acetyl-glucosaminidase (NAG), and (E) Laccase. The values are
the mean+standard deviation of each treatment (n=4). The different letters indicate significant differences (p<0.05) in the enzyme activities under

the different treatments.

to the control under both the no-mixing and soil-litter mixing
treatments (p>0.05; Table 3).

The C concentrations, C/N, C/P, and phenolics of
V. uliginosum were, on average, 5.1 (p>0.05), 15.8 (p>0.05), 9.0
(p>0.05), and 48.6% lower (p>0.05), and the N concentrations, P
concentrations, and N/P were 13.5 (p>0.05), 5.2 (p>0.05), and
7.5% (p>0.05) higher, respectively, in the warmed subplots than
those in the control subplots (Table 3). Overall, the responses of
the C and N concentrations and phenolics to warming varied with
the litter positions. Additionally, warming did not induce
significant changes in the P, C/P, and N/P values when compared

Frontiers in Ecology and Evolution

06

to those of the control in both the no-mixing and soil-litter mixing
treatments (p>0.05), whereas warming significantly decreased
C/N relative to that of the control under both litter positions
(p<0.05; Table 3).

Impacts of the enzyme activities and litter
chemistries on the CO, emission rate

We used a PCA and relative weight analysis to explore the
correlation between the CO, emission rate and soil enzymes and
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The responses of the potential enzyme activities of V. uliginosum to warming under the no-mixing and soil-litter mixing treatments. The enzymes
are (A) B-glucosidase (BG), (B) Cellobiohydrolase (CBH), (C) f-xylosidase (BX), (D) N-acetyl-glucosaminidase (NAG), and (E) Laccase. The values are
the mean+standard deviation of each treatment (n=4). The different letters indicate significant differences (p<0.05) in the enzyme activities under

the different treatments.

litter chemistries. Our analyses showed that the enzyme activities
of BG, PX, and CBH were positively and significantly correlated
with the average rate of CO, emission from C. calyculata but these
significant correlations were not observed for the other variables
(Figure 4). More than 60.0% of the variability in the CO, emissions
from C. calyculata can be explained by the enzyme activities of PG
and CBH when using the relative weight analysis (Figure 4). In
contrast to C. calyculata, laccase and the phenolic compounds
exerted significant negative effects on the CO, emission rate of
V. uliginosum, and the remaining chemical indicators were not
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significant (Figure 4). The relative contributions of laccase and the
phenolic compounds to the CO, emissions of V. uliginosum were
35.2 and 38.8%, respectively (Figure 4).

Discussion

It is commonly reported that litter decomposition responds to
climate warming and its underlying mechanisms when litter is
located on the soil surface (Hough et al., 2022; Yang et al., 2022;
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TABLE 3 The effects of warming and the litter positions on the TC, TN, TP, and phenolics contents of the C. calyculata and V. uliginosum litter.

TC(mgg') TN (mgg') TP (mgg') C/Nratio C/Pratio N/Pratio Phenolics (mgg™)
C. calyculata  No- Control ~ 523.50+1.66a  6.82+0.60c 063+£0.04c  77.12+7.04a 83230£58.90a  10.90+1.73b 6.27+0.452
mixing "8 515674658 8.36+071b 0.81£0.02b  62.05+6.15b 633.56£18.25b  10.26%0.82b 471£0.13b
Solllitter ol 48247+228b 15354039 1.15£006a  31.43+0.89c 418.71+23.52c  13.31£0.39% 220+0.17¢
mXINg  virming 460424435 1622+0.58 1.18+0.03a  28.40+0.99c 388.62+14.34c  13.69+0.71a 1.88+0.17¢
V. uliginosum No- Control ~ 501.08+7.79a  8.93+0.67¢ 1.04£002b  5630+382a 478.19+7.83a  8.51+0.49b 9.2140.70a
mixing ~ Warming 463.67+7.25b  9.76+0.37c 1.05£0.04b 4750+ 1.61b 439.44+16.89ab  9.25+0.23b 4.02+0.59b
Soillitter Control ~ 464.52+2.75b  15.85+0.67b  1.15+0.07ab  29.34+138c 404.10+24.95bc  13.80+1.25a 1.91+0.15¢
mixing ~ Warming 451.80+14.66b  1836+0.51a 126+0.14a  24.60+057d 363.06+52.72c  14.75+2.08a 1.68+0.15¢

The TC, TN, and TP are the contents of the total carbon, total nitrogen, and total phosphorus, respectively. The values in the column with different superscripted letters indicate that

significant differences exist among the litter species at p <0.05.
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FIGURE 4
The relative weights of the effects of the soil enzyme activity and litter chemistry on the rate of CO, emissions from the C. calyculata (A) and V.
uliginosum (B) litter under the different treatments. A principal component analysis (PCA) was used, resulting in five explanatory variables: the litter
stoichiometry, soil carbon cycle enzymes, soil nitrogen cycle enzymes, laccase, and phenolics. The percentages show the relative weight of these
variables, and coef refers to the standardized regression coefficient. The p-values represent the effects of the explanatory variables on the CO,
emission rates.

Zhang, X. H. et al., 2022). However, this is not always the case. The
litter can be mixed into the soil due to wind and water movement
with changes in the peat soil porosity under a warming climate
(Kechavarzi et al., 2010; Lee et al., 2014). Studies have shown that
the response of CO, emissions to soil-litter mixing differs from
no-mixing (Hewins et al.,, 2013; Erdenebileg et al., 2018). However,
in the northern peatland ecosystem, these differences were
previously unobserved. Our study found that warming and litter
positions greatly altered the CO, emission rates of C. calyculata
and V. uliginosum. More importantly, soil-liter mixing
significantly restrained the warming-induced positive effects on
the CO, emission rates of C. calyculata and V. uliginosum when
compared to no-mixing. The observed negative effects of the litter
positions of C. calyculata were stronger than those of
V. uliginosum. These response processes are mainly attributed to
the chemical properties of the litter and microcosm soil enzyme
activities (Figure 5).
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Evergreen shrub litter in response to
warming and the litter positions

The variability in the CO, emission rates of C. calyculata
depended on the enzymatic activities. It has been commonly
that significantly litter
decomposition (Mao et al., 2018; Zhang et al., 2019) and increases
CO, release (Gao et al,, 2022). Similarly, we found that the CO,
emission rate of the evergreen shrub was significantly increased by

observed warming accelerates

warming under the same litter positions. Increases in the CO,
emission rates in response to warming could be attributed to the
increased microbial abundance and enzymatic activities of CBH
and PG (Meyer et al., 2022). Warming can influence enzymatic
activities in two different ways. First, higher temperatures can
enhance soil microbial activity and biomass by accelerating the rate
of microbial metabolism (Chen et al., 2015). Second, decreasing
labile C with time at higher temperatures leads to increasing C
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A mechanism framework for the response of leaf litter decomposition to warming at different positions. The two plants in the left half of the figure
represent plants C. calyculata and V. uliginosum. The two red dashed boxes, from left to right, represent litter mixed with soil (Soil-litter mixing)
and litter on the soil surface (No-mixing), respectively. The bar graphs in the right half of the figure shows the average CO, emission rate
throughout the incubation period, under the different treatments (the different letters in the insets represent statistical differences (p<0.05) based

on a Tukey's multiple comparison test).

limitations for the microorganisms, resulting in the production of
more C-acquiring enzymes at later stages of initiation.

When compared to the no-mixing treatment, soil-litter
mixing significantly decreased the sensitivity of the CO,
emission rate of C. calyculata’s litter to warming. This negative
effect could be because of decreased enzymatic activities driven
by the litter water content under soil-litter mixing (Zhao et al.,
2021). Our study showed that warming significantly reduced the
moisture content of the litter by 28.3% when compared to that
of the control in the no-mixing treatment but no significant
changes were observed in the soil-litter mixing treatment
(Figure 6). This could lead to decreases in the sensitivity of pG
and CBH to warming with soil-litter mixing relative to
no-mixing, supporting the findings of previous studies.
Microorganisms in relatively dry litter need to excrete more
enzymes to obtain sufficient resources to compensate for the
moisture-limiting effects of warming (Allison et al., 2010).
Furthermore, water limitations can increase the fungal biomass
and, in turn, exert strong impacts on enzyme activities, especially
in terms of degrading more complex polymers (e.g., cellulose;
Schneider et al., 2012). Thus, when compared to no-mixing, soil-
litter mixing decreased the response of PG and CBH to warming,
and, thus, the sensitivity of the rates of the CO, emissions to
warming under no-mixing was higher than that under soil-
litter mixing.
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Deciduous shrub litter in response to
warming and the litter positions

The response of the litter decomposition of V. uliginosum
to warming was attributable to changes in the soluble
phenolic compounds. In the peatlands, the concept of
“enzyme latch” is believed to be the main constraint of carbon
decomposition. The lack of oxygen in water-saturated peat
inhibits phenol oxidase activity, and, thus, leads to the
accumulation of soluble phenolic compounds in the peatland,
which, in turn, interact with proteins and inhibit microbial
activity (Freeman et al,, 2001, 2004). In this study, the relative
weight was used to determine that the soluble phenolic
compounds play an important role in driving changes in the
CO, emission rate. Further, a significant negative correlation
was found between the phenolic compound concentrations
and CO, emission rates, which is consistent with the findings
of Fenner and Freeman (2011) in peatland ecosystems. The
results show that warming significantly reduces the phenolic
concentration of V. uliginosum’s litter, resulting in higher
CO, emissions.

The response of V. uliginosum’s litter decomposition to
warming varied with the litter positions. Under the no-mixing
treatment, warming significantly decreased the CO, emissions
rate by 38.8% but an insignificant decrease of 1.9% was observed
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differences among the four treatments (Bonferroni multiple comparison tests, p<0.05). The error bars indicate the standard deviation.

under-litter mixing. Laccase and the phenolic compounds were
the of
V. uliginosum’s litter (Zhao et al., 2019; Fenner and Freeman,

important  factors influencing decomposition
2020). The oxidase activities are limited by oxygen under soil-
litter mixing (Ellis et al., 2009), partly counteracting the positive
response of laccase activity to warming. Thus, compared with
no-mixing, warming did not significantly increase laccase
activities under the soil-litter mixing treatment, in turn, leading
to a stronger response of the phenolic compounds to warming in
in the

the no-mixing treatment than that soil-litter

mixing treatment.

Differences in the CO, emission rates
between the species

Litter quality is considered to be an important factor that
directly affects the decomposition rate at the regional and global
scales (Aerts, 1997). It is commonly accepted that litter with
high N concentrations and low C/N is easily decomposed
(Hong et al., 2021). The tissue N content is a major factor that
controls the rate of litter decomposition on a global scale, and
the rate of decay of the soil organic matter is usually positively
correlated with the effectiveness of N (Zhang et al., 2008).
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Decomposers tend to increase following relatively strict
stoichiometric requirements (Cleveland and Liptzin, 2007), and
higher litter quality (low C/N) will support a higher total
microbial biomass and, correspondingly, have more bacteria
(Bray et al,, 2012). In high N litter, more resources may
be allocated to C-acquiring enzymes such as cellulases, resulting
in higher C decomposition rates in low C/N litter (Tan et al.,
2020). In this study, we found that the deciduous shrub of
V. uliginosum had higher N content and lower C/N than those
of the evergreen shrub C. calyculata. These differences resulted
in the CO, emission rate of V. uliginosum being significantly
higher than that of C. calyculata. Similarly, the observations of
the decomposition of two dominant plants in a typical alpine
tundra ecosystem showed that low N content and high C/N
resulted in lower decomposition rates and soil respiration
(Zhang, Y. J. et al., 2022).

Conclusion

Based on a 124-day incubation experiment, this study
focused on the differences in the response of evergreen and
deciduous shrub litter to warming, litter positions, and their
interactions. Warming and litter positions significantly altered
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the CO, emission rates of C. calyculata and V. uliginosum. More
importantly, soil-litter mixing significantly restrained the
warming-induced positive effects on the CO, emission rates of
C. calyculata and V. uliginosum when compared to no-mixing.
The observed negative effects of C. calyculata were stronger than
those of V. uliginosum. Exploring different plant leaf litter in
peatland ecosystems in response to warming and decomposition
positions may help broaden our understanding of the
contribution of peatland ecosystems to terrestrial C sinks. There
is also a need to expand this work from the laboratory to the
field to these
future research.

confirm laboratory-based findings in
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