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Abstract: Alterations in plant litter inputs into the soil are expected to significantly affect soil green-
house gas (GHG) emissions. However, the influence on boreal forest soils is not clear, given the large
amount of accumulated soil organic matter that may buffer the impacts from the input of fresh litter.
In this study, we conducted a litter manipulation experiment to explore the effects of the litter layer
on soil GHG fluxes in a Dahurian larch (Larix gmelinii) forest ecosystem in northeastern China. Three
litter treatments were implemented, namely aboveground litter removal (LR), litter double (LD), and
unchanged litter input (CK). The associated microclimate, litter characteristics, and soil properties
were also measured. The results showed that this larch forest soil acts as a source of CO2 and N2O
but acts as a sink for CH4 for all litter manipulation treatments. LD increased the soil CO2 and N2O
fluxes by 15% and 34%, while LR decreased them by 8% and 21%, respectively. However, soil CH4

uptake decreased by 34% in LD treatment and increased by 22% in LR treatment, respectively. Litter
manipulation treatments can not only affect soil GHG fluxes directly but also, via their effects on soil
MBC, NH4

+−N, and NO3
−−N content, indirectly affect variations in soil CO2, CH4 and N2O fluxes,

respectively. Our study highlights the importance of the plant litter layer in regulating soil GHG
between the atmosphere and soil in a Dahurian larch forest ecosystem, especially for litter addition.
Considering the natural increase in litter quantity over time, this important regulatory function is
essential for an accurate estimation of the role of boreal forests in mitigating future climate change.

Keywords: litter manipulation; greenhouse gas fluxes; larch forest; soil properties; boreal forest

1. Introduction

Forests cover 31% of the land area and contain large carbon and nitrogen pools [1].
Forest soils play a vital role in modulating the global greenhouse gas (GHG) budget, and
they act predominantly as CO2 and N2O sources and CH4 sinks [2,3], and even small
variations in the forest soil GHG fluxes can substantially affect global climate change [4,5].
Soil–atmosphere exchanges of CO2, CH4, and N2O in forest ecosystems are strongly influ-
enced by plant species, soil properties and climate change [6,7]. Warming can considerably
alter the quantity of plant litter input into soils and further impact soil GHG emissions [8].
Therefore, how and to what extent soil GHG fluxes respond to litter input is critical for
understanding future climate forcing.

Soil GHG fluxes are strongly affected by soil nutrient and substrate availability, soil
microenvironmental factors including soil temperature and moisture, and soil physico-
chemical properties [9]. In forest ecosystems, alterations to the litter input can regulate soil
GHG production and diffusion by affecting these soil factors. Litter is an important source
of soil organic matter and nutrients, and is the main pathway for transferring nutrients
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and organic matter from the vegetation to the soil due to rapid turnover [10,11]. The litter
layer can also release and consume GHG. Litter respiration is an important component
of soil CO2 fluxes, and the litter-induced contribution to the total CO2 fluxes can even be
more than 46% [12]. An increase in fresh litter input could result in a “priming effect” that
can enhance the soil respiration and nutrient input by accelerating the litter decomposi-
tion [13,14]. However, the occurrence and magnitude of the “priming effect” depend on
the quantity and quality of the litter [15]. The litter layer can act as a sink and a source of
CH4 and N2O [16–19]. Alterations in the litter input can change the soil microenvironment,
including the soil temperature, moisture, and soil oxygen conditions, and ultimately affect
soil GHG fluxes [20,21]. A thick litter layer can act as a physical barrier against soil GHG
diffusion [22] and can also change the soil oxygen conditions, affecting soil GHG fluxes by
influencing related microbial processes [9]. Variation in the litter layer can also affect the
soil structure, including soil aggregates, and regulate soil GHG fluxes [23]. Although many
studies have focused on the effects of litter manipulation on soil GHG fluxes, given that
these complex interactive effects and plants differ in terms of litter input among different
forest ecosystems, there is little agreement on soil GHG patterns of variation in the context
of litter input. Therefore, a knowledge gap remains regarding the magnitude and direction
of soil GHG fluxes in litter input alteration, especially in boreal forests.

The boreal forest is the second largest terrestrial biome worldwide and plays a critical
role in the global carbon and nitrogen cycles [24]. As one of the regions most sensitive to
climate change [25], warming is believed to enhance soil GHG fluxes in boreal regions by
promoting the thawing of permafrost, which releases large amounts of carbon and nitrogen
in the form of GHGs [26,27]. However, the regulation of soil GHG fluxes by the litter
layer is ignored during this process. Due to long-term low temperatures, there is a lower
litter decomposition rate in boreal forests, and the litter layer accumulates over time. The
thickness of the litter layer can influence the belowground biogeochemical processes by
modifying nutrient inputs and biotic activities [28], thereby affecting soil GHG emissions.
Therefore, a better understanding of the effects of variations in litter quantity, especially
addition of litter, on soil GHG emissions is necessary to better predict the feedback of boreal
forests on future climate change.

The northern area of the Daxing’an Mountains is the only cold-temperate zone in China
with a concentrated distribution of boreal forest areas [29,30]. The natural forest in this region
harbors large standing litter layers. Because of the cold temperatures, the litter decomposition
rate is lower than the production rate [31]. The standing litter layers increase over time [32].
Although variation in the litter input has significant effects on the soil nutrient input [33], there
is a lack of understanding of how this litter increase affects the soil GHG fluxes in this region.
As one of the regions that responds most rapidly to global warming in recent decades [34],
rapid increases in temperature in this region over the years can affect the litter decomposition
and the litter production, considerably affecting soil GHG fluxes [35,36]. Considering the
huge carbon and nitrogen sinks and ecosystem vulnerability in this region [30,37], changes
in the soil GHG emissions due to alterations in plant litter input may have considerable
effects on the ecological benefits and sink functions of these forests. To identify how soil
GHG fluxes respond to future changes in the quantity of plant litter inputs, we conducted a
short-term litter addition and removal study in a Dahurian larch (Larix gmelinii) forest, which
is the top community of the forest ecosystems in this area. Considering the importance of
litter in providing soil nutrients and the lower litter decomposition rates in this region, our
study addressed the following questions: (1) How and to what extent do litter manipulation
treatments regulate soil GHG fluxes? (2) Is there the same level of effect from the litter double
(LD) treatment and the litter removal (LR) treatment on soil GHG fluxes compared with the
control (CK)? (3) How do the factors, individually or together, drive soil GHG fluxes in the
three different litter manipulation treatments?
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2. Materials and Methods
2.1. Study Area

This study was conducted in an 83-year-old Dahurian larch (Larix gmelinii) forest at
Heilongjiang Mohe Forest Ecosystem Research Station, located in the Daxing’an Mountains
of northeastern China (122◦06′–122◦27′ E, 53◦17′–53◦30′ N). This forest is characterized
by the canopy tree species Larix gmelinii. The understory is dominated by Rhododendron
dauricum. This site is situated in the continuous permafrost region, with elevations of
300–500 m. The region has a typical cold-temperate continental monsoon climate, with
average annual temperature of −4.9 ◦C and average annual precipitation of 430–550 mm.
The frost-free period spans 80–90 days (June to August) for plant growth. The soil type in
this site is mainly a brown coniferous forest soil based on the soil classification of China,
and the soil organic carbon and total nitrogen stocks (0–100 cm) are 99.46 Mg ha−1 and
10.00 Mg ha−1, respectively. Meadow soil and marsh soil are also interspersed here. The
stand and surface soil (0–10 cm) characteristics are shown in Table 1. The typical natural
vegetation is deciduous coniferous forest with Larix gmelinii as the dominant species.

Table 1. The basic characteristics of the larch forest. The soil characteristics were shown in 0–10 cm
soil layer. The values are followed by mean ± SD.

Parameters Variables Larch Forest

Stand characteristics Stand density (tree ha−1) 1266
Canopy density (%) 65–75

Elevation (m) 324
Average tree height (m) 17.23 ± 1.54

Average DBH (cm) 13.78 ± 2.12
Soil characteristics Soil organic carbon (g kg−1) 66.74 ± 2.37

Soil total nitrogen (g kg−1) 3.86 ± 0.53
Soil pH 5.05 ± 0.24

Soil bulk density (g cm−3) 0.72 ± 0.09

2.2. Experimental Design

The experimental plots were established in September 2018. Three 20 m × 30 m
plots, at intervals of >20 m, were placed randomly in a 1 ha permanent research plot in
a larch forest ecosystem, with the slope <5◦. In each plot, nine subplots (1 m × 1 m) free
of trees were randomly selected, and three of these neighboring subplots were separated
into one block, making a total of three blocks per plot. In order to eliminate the potential
spatial differences in soil gas samples, the plots were located away from tree bases. The
three litter manipulation treatments were conducted in every block with one replicate
of each treatment in each block—therefore, three replicates per treatment in total. The
litter manipulation treatments included an unchanged litter input treatment (CK), a litter
double treatment (LD) and a litter removal treatment (LR). The CK subplots received no
treatment and had normal annual aboveground litter inputs. In the LR subplots, the total
aboveground litter and debris on the soil surface were removed carefully by hand, and
then we installed a 1 mm nylon net (1 m × 1 m) to prevent new litter input. The height
of the nylon net was about 20 cm above the ground. At the same time, we transferred the
litter removed from each of the LR subplots to the corresponding LD subplots. In addition,
the aboveground litterfall collected from inside the nylon net was also transferred to the
LD subplots every month, and the fresh litterfall was removed 2 days before measurement.
The thickness of the natural litter layer ranged from 5 to 6 cm in this area, and no significant
differences were found among the nine subplots before litter manipulation. During the
whole period of our study, shrubs and grasses in all treatments were removed (cutting the
aboveground parts to avoid interference from aboveground vegetation).

In our study, soil GHG fluxes were measured with a closed opaque static chamber. In
September 2018, a permanent open square-framed base (50 cm × 50 cm) was placed in the
middle of each subplot (a total of 27 base collars). Each chamber base was pushed into the
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soil to approximately 5 cm depth. The soil GHG fluxes were measured monthly from May
to October in 2019 twice every month. However, we missed measurements once in June
and August, respectively. In October, there was a heavy snowfall after we finished the first
measurement; given that the snow cover would change the structure and properties of the
litter layer, we also only had one measurement. Thus, our study included nine sampling
events in total. Sampling took place between 9:00 and 11:00 a.m. During sampling, an
open-bottom polypropylene chamber (50 cm × 50 cm × 50 cm) with insulation material
outside was placed over each of the permanent bases to allow accumulation of soil gases.
There were three holes in the top of the polypropylene chamber. The sampling port, the fan
power cable and the thermometer probe were connected through a rubber septum. The
fan installed in the chamber was powered by a 12-volt battery to increase air circulation.
Meanwhile, water was poured in the groove of the base to seal the connection between the
chamber and base and avoid gas loss.

Gas samples were collected from each chamber at 0, 15, 30, and 45 min after chamber
closure using a 50 mL plastic syringe. The gas samples were injected into a 100 mL pre-
evacuated gas sampling bag (Delin Gas Packing Co., Dalian, China) and transported to the
lab for gas analysis. Simultaneously, we measured the air temperature inside the chamber
when we collected a gas sample. The gas samples were stored at air temperature and
analyzed within 1 week. Gas concentrations in all samples were determined with a gas
chromatograph (TRACE 1300 GC, Thermo Fisher Scientific, Waltham, MA, USA). Soil
CO2, CH4, and N2O fluxes were determined based on linear model regression analysis of
the change in gas concentration in the chambers with time over a 45 min period for each
chamber. The detailed method is described in previous studies [38,39].

2.3. Soil Samples and Analysis

Soil samples were collected from the three different litter manipulation treatments
at all 27 subplots monthly. At each sample plot, nine surface soil core samples (0–10 cm)
were collected, with one at each subplot when collecting the gas sample. Soil samples
from the same litter manipulation treatment were mixed in each sample plot. Before soil
cores were taken, the litter layer was carefully moved aside, and only mineral soil was
sampled. Meanwhile, soil temperatures at 10 cm soil depth (ST) were measured by a
portable thermometer (Delta TRAK, Pleasanton, CA, USA). Soil samples were transported
to the laboratory inside an insulated box to determine soil ammonium nitrogen (NH4

+−N),
nitrate nitrogen (NO3

−−N), and soil microbial biomass carbon (MBC) and soil microbial
biomass nitrogen (MBN).

All soil samples were sieved by a 2 mm screen to further remove roots and debris.
The soil samples were then divided into two subsamples. One subsample was air-dried
at room temperature (20 ◦C) for other analysis of soil properties; another subsample was
stored at 4 ◦C for soil microbial biomass and soil inorganic nitrogen analyses. Soil mass
water content was measured gravimetrically. Soil NO3

−−N and NH4
+−N contents were

extracted with 1 mol L−1 potassium chloride (KCl) solution and the suspensions analyzed
using a flow injection auto-analyzer (Seal Analytical AA3, Norderstedt, Germany). Soil
MBC and MBN were measured by the fumigation extraction method [40].

2.4. Litter Sample Analysis
2.4.1. Litter Decomposition

Freshly senesced litter was collected in September 2018 from the larch forest study site
and was then transported to the laboratory. All of the litter was cleaned to remove the semi-
decomposed litter and other debris. The litter was then dried at room temperature (20 ◦C)
for 10 days and then stored until further use. Nylon bags with 1 mm mesh were filled with
10 g of dried litter and closed with nylon ties. The litter bags were placed horizontally in the
surface soil at five random locations throughout the larch forest in October 2018, before the
first snow event, with seven bags at each site and 35 litter bags in total. All of the litter bags
were retrieved between May and November 2019. At the beginning of each month, one litter
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bag was taken from each of the five locations, with a total of five litterbags each time. The
litter collected was carefully cleaned and dried at 65 ◦C for at least 24 h to constant weight.
The remaining contents of each replicate litter bag were weighed individually to determine
the mass loss, and the values of the five replicates were averaged. The litter decomposition
was determined by the mass loss percentage (%) each month, calculated as the difference
between adjacent samples. For example, the litter mass loss percentage in May was calculated
as the difference in the litter dry weight between May and June.

2.4.2. Fresh Litter Production and Litter Standing Crop

The forest litter was collected monthly from early May 2019 to October 2019 using
five traps. The collecting traps were conical net bags made of nylon mesh that were 1 m
in diameter and height. The traps were supported using a 1.5 m PVC pipe with a circular
frame structure. The litter was collected from each trap at the beginning of each month and
dried to constant weight in an oven at 65 ◦C. The standing litter crop, including the total
aboveground litter and debris on the soil surface, was determined monthly inside five 0.5
m × 0.5 m quadrats set randomly in each plot. After each monthly collection, the litter was
transported to the laboratory and dried to constant weight at 65 ◦C.

2.5. Statistical Analyses

Data analysis was performed using IBM SPSS Statistics 21.0 (Armonk, NY, USA).
One-way analysis of variance (ANOVA), followed by the LSD test, was used to examine
the statistical significance of the litter manipulation treatments (CK, LD, and LR) on soil
properties and soil GHG fluxes. Two-way ANOVA was used to test the statistical signifi-
cance of the litter manipulation treatment and sampling date on the soil properties, soil
temperature, soil water content, and soil GHG fluxes. The Pearson correlation analysis
and stepwise multiple linear analysis were used to test the correlations between soil GHG
fluxes and measured edaphic factors and explore the main factors affecting the seasonal
variations in soil GHG fluxes. A structural equation model (SEM) was used to explore the
pathways of litter manipulation treatments affecting soil GHG fluxes. The best fit model
was assessed by fit indices, including non-significant paths (p > 0.05) and χ2 test (0 ≤ χ2/df
≤ 2), and standardized root mean square residual (SRMR < 0.05). The SEM analyses were
conducted using AMOS 20.0 software (SPSS Inc., Chicago, IL, USA). All of the figures were
drawn using OriginPro 2016 software (OriginLab Corp., Northampton, MA, USA).

3. Results
3.1. Litter Characteristics

Litter production, decomposition, and standing litter showed clear seasonal variation
during the study period (Figure 1), with standing litter also showing an increasing trend.
The highest standing litter was observed in October (7.64 Mg·ha−1) and was 1.7 times that
of May. Litter decomposition (mass loss rate) ranged from 1.84% to 5.91% during the study
period, with litter decomposition peaking in August. Litter production showed significant
differences among months. The highest litter production of 128.71 g·m2 in September was
significantly higher than that in the other months (p < 0.01).
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3.2. Effects of Litter on the Soil Microclimate and Soil Properties

Soil temperature and soil water content under different litter manipulation treatments
showed similar temporal variations over time during the study period (Figure 2; Table A1).
Soil temperature presented a single-peak curve, with the highest soil temperature values in
July (Figure 2a). Soil water content fluctuated considerably during the study period and
was significantly higher in May and July than in the other months (Figure 2c). Based on the
average values, there were no significant differences in soil temperature among different
litter manipulation treatments (p > 0.05) (Figure 2b; Table A1). However, soil water content
in the LD treatment (48.04%) was significantly higher than that in the LR treatment (37.16%)
(p < 0.05) (Figure 2d).
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Figure 2. Monthly dynamics of the soil temperature (a) and soil water content (c) and their averages
(b,d) under different litter manipulation treatments during the study period. The subplots with
three bars show the average soil temperature and soil water content for the entire study period
(n = 3). The different lowercase letters above the bars indicate significant differences among different
litter manipulation treatments (n = 27); values are the mean ± SD. Litter manipulation treatment
abbreviations: CK, unchanged litter input; LD, doubled litter; LR, litter removal.

Soil NO3
−−N, NH4

+−N, MBC, and MBN also showed strong temporal dynamics
during the study period (Figure 3; Table A1). The soil NO3

−−N and NH4
+−N contents

showed decreasing trends during observation, while higher values were also found in July
(Figure 3a,b). The soil MBC and MBN contents showed significant seasonal fluctuations
(Figure 3c,d). During the study period, higher soil MBC content was found in July and
October, whereas higher soil MBN content was found only in July among the three litter
manipulation treatments. Based on the average values, compared with the CK treatment,
the LD treatment significantly increased soil NO3

−−N, NH4
+−N, MBC, and MBN content

by 23%, 26%, 30%, and 36% (p < 0.05), respectively, and the LR treatment decreased them
by 19% (p < 0.05), 5%, 14%, and 13% (p > 0.05), respectively. The interaction between litter
manipulation and the sampling date also had a significant effect on the soil NO3

−−N,
MBC, and MBN content (Table A1).
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Figure 3. Monthly variations in the soil NO3
−−N (a), NH4

+−N (c), MBC (e), and MBN (g) contents,
and their averages (b,d,f,h) under different litter manipulation treatments during the study period
(n = 3). The subplots with three bars show the average soil temperature and water content for the
entire study period. The different lowercase letters above the bars indicated significant differences
among different litter manipulation treatments (n = 27); values are the mean± SD. Litter manipulation
treatment abbreviations: CK, unchanged litter input; LD, doubled litter; LR, litter removal.

3.3. Temporal Variation in Soil GHG Fluxes among Litter Manipulation Treatments

The soil GHG fluxes exhibited clear seasonal variation across all litter manipulation
treatments (Figure 4, Table A1). The soil CO2 fluxes showed pronounced single-peak curves
in the three litter manipulation treatments, with the highest emissions in August (Figure 4a).
All of the observed CH4 fluxes, that is, the net CH4 uptake, were negative during the study
period (Figure 4c). The soil CH4 uptake rate showed inverted peaks, with the highest
uptake rates in August (Figure 4e). There were also strong seasonal fluctuations in the soil
N2O fluxes under litter manipulation during the study period (Figure 4e). Based on the
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average soil flux during the study period, the LD treatment significantly increased soil
CO2 and N2O emissions by 15%and 34%, respectively, and decreased soil CH4 uptake by
34% (p < 0.05), whereas the LR treatment significantly increased N2O emission by 21% and
increased soil CH4 uptake by 22% (p < 0.05). The soil CO2 fluxes only slightly decreased,
by 8%, in the LR treatment (Figure 4b) (p > 0.05).
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Figure 4. Temporal variations (a,c,e) and average (b,d,f) soil GHG emissions from the larch forest
soils under different litter manipulation treatments during the study period (n = 3). The different
lowercase letters above the bars indicated significant differences among different litter manipulation
treatments (n = 27); values are the mean ± SD. Litter manipulation treatment abbreviations: CK,
unchanged litter input; LD, doubled litter; LR, litter removal.

3.4. Effects of Environmental Factors on the Soil GHG Fluxes

During the study period, soil CO2, CH4 and N2O fluxes were significantly correlated
with soil temperature in the three litter manipulation treatments (p < 0.05) (Table 2). The
soil CH4 fluxes were also significantly correlated with the soil water content in all of the
litter manipulation treatments. Meanwhile, a significantly negative correlation between
the soil water content and soil CO2 flux was found only for the LR treatment. There were
significantly positive relationships between the soil CH4 fluxes and soil inorganic N and
microbial biomass (Table 2).
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Table 2. Correlations of soil GHG fluxes with soil NO3
−-N, NH4

+-N, MBC, and MBN contents
measured under different litter manipulation treatments (* p < 0.05; ** p < 0.01). Litter manipulation
treatment abbreviations: CK, unchanged litter input; LD, doubled litter; LR, litter removal.

Litter
Manipulation GHG Soil

Temperature
Soil Water

Content NO3−−N NH4
+−N MBC MBN

CO2 0.83 ** −0.37 0.01 −0.12 −0.13 −0.25
CK CH4 −0.42 * 0.55 ** 0.36 0.54 ** 0.31 0.60 **

N2O 0.53 ** −0.27 0.09 −0.16 −0.23 −0.28
CO2 0.84 ** −0.20 0.16 0.01 −0.12 −0.12

LD CH4 −0.53 ** 0.48 * 0.12 0.55 ** 0.16 0.39 *
N2O 0.44 * −0.17 0.23 −0.18 −0.13 −0.24
CO2 0.87 ** −0.41 * −0.13 −0.14 −0.26 −0.30

LR CH4 −0.44 * 0.58 ** 0.57 ** 0.64 ** 0.45 * 0.65 **
N2O 0.57 ** −0.08 0.31 0.20 0.01 0.10

The stepwise linear multiple models showed that the soil temperature and MBC
content were the dominant factors controlling the soil CO2 flux among the three litter
manipulation treatments during the study period (Table 3). Soil NH4

+−N content was
also the main factor affecting the monthly dynamics of the soil CO2 flux in the CK and
LD treatments. In the CK treatment, the dynamics of the soil CH4 fluxes were mainly
determined by the soil water content, NO3

−−N content and MBN content, whereas they
were mainly determined by the soil temperature and the soil NO3

−−N content in the LD
and LR treatments. Meanwhile, soil NH4

+−N and MBC content also played vital roles
in regulating soil CH4 fluxes seasonality variations in LD and LR, respectively. The main
factors affecting the soil N2O flux dynamics were soil NO3

−−N and MBN content in the
CK and LD treatments, and soil temperature and NO3

−−N content in the LR treatment.

Table 3. The stepwise multiple linear regression model between the soil GHG fluxes and the soil
factors in three litter manipulation treatments (* p < 0.05; ** p < 0.01; *** p < 0.001; numbers are the
model coefficients). Litter manipulation treatment abbreviations: CK, unchanged litter input; LD,
doubled litter; LR, litter removal.

Litter
Manipulation GHG Regression Model

Intercept ST SWC NO3−−N NH4
+−N MBC MBN R2 p

CK CO2 143.63 ** 58.77 *** 1.50 * −0.48 ** 0.86 <0.001
CH4 −46.04 ** 46.26 ** −4.74 * 0.15 ** 0.47 <0.001
N2O 9.38 0.93 −21.80 4.54 ** −0.08 ** 0.48 <0.001

LD CO2 246.10 ** 57.12 ** −157.92 2.44 ** −0.35 *** 0.87 <0.001
CH4 −19.90 ** −1.19 ** −1.33 * 0.18 ** 0.02 0.54 <0.01
N2O 6.78 0.94 3.82 *** 0.02 −0.12 ** 0.47 <0.001
CO2 162.70 ** 43.03 ** 0.79 −0.39 ** 0.88 <0.001

LR CH4 −68.00 ** −1.75 ** 3.83 ** 0.05 ** 0.63 <0.001
N2O −0.15 1.53 ** 1.74 ** 0.50 <0.001

3.5. Litter Manipulation Treatments Effects on Soil GHG Fluxes

The structural equation models (SEM) suggested the major pathways of litter manipu-
lation treatments affecting soil GHG fluxes. SEM explained 81%, 71% and 56% of variations
in soil CO2, CH4 and N2O fluxes among the different litter manipulation treatments, respec-
tively. Both litter manipulation and soil temperature were the main factors affecting soil
CO2, CH4 and N2O fluxes directly. Meanwhile, litter manipulation also indirectly regulated
soil CO2 and N2O fluxes by its effects on soil MBC and NO3

−−N content, respectively. Soil
NH4

+−N content had significantly direct effects on variations in soil CH4 fluxes among
different litter manipulation treatments.



Forests 2022, 13, 1985 10 of 16

4. Discussion
4.1. Effects of Litter Manipulation Treatments on the Soil CO2 Fluxes

The litter manipulation treatments had significant effects on the soil GHG fluxes in
the present study (Figure 4, Table A1). The soil CO2 fluxes significantly increased, by 15%,
in the LD treatment but slightly decreased, by 8%, in the LR treatment, compared with
CK. This point can be explained by soil MBC content that contributed substantially to
variations in soil CO2 fluxes among the different litter manipulation treatments (Figure 5a).
Generally, the litter layer has been recognized as an important source of soil organic
matter and nutrients, which can strongly affect the energy supply and microbial substrate
availability [41,42]. Previous studies and meta-analyses have reported that the increase
in soil respiration with litter addition is mainly due to the strong positive effects of the
litter inputs on soil substrate availability, such as nutrient availability, labile carbon, and
the abundance of soil microorganisms [43–45]. Lower soil nutrients and substrates for
soil microorganisms in LR could decrease the soil respiration [46,47]. The soil microbial
biomass is a major labile nutrient pool [48]. Thus, high soil MBC content induced high soil
CO2 fluxes in the LD treatment (Figure 3).

Figure 5. Structural equation models (SEM) show the major pathways of litter manipulation treat-
ments on variations in soil CO2 (a), CH4 (b) and N2O (c)fluxes in larch forest. Single arrows represent
direct linear causal relationships. Numbers beside arrows are standardized path coefficients. Signifi-
cance of the correlation is indicated at the 0.01 (**) and 0.05 (*) level. Arrow width is proportional to
the size of the standardized path coefficients. Solid and dotted arrows indicate positive and negative
relationships, respectively. R2 denotes the proportion of variance explained by SEM.

Litter itself can also regulate soil CO2 fluxes directly (Figure 5a). Litter decomposition
is an important component of soil respiration. However, there is a lower litter decomposi-
tion rate due to lower temperatures and recalcitrant substrate quality in this region [49],
which leads to a lower contribution from the litter layer to total respiration, compared with
other biomes [12]. Thus, there were no significant differences in soil CO2 fluxes between
the CK and LR treatments. On the contrary, increased plant litter inputs could increase
litter decomposition because the priming effects resulting from the litter increase could
accelerate the decomposition of organic matter and enhance soil respiration [13,50]. This
priming effect was also reported in our study area [51], which is another reason explaining
the high CO2 fluxes in the LD treatment. Meanwhile, soil CO2 fluxes were also positively
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related to soil temperature (Figure 5a), the main factor affecting seasonal variations in soil
GHG fluxes (Tables 2 and 3).

4.2. Effects of Litter Manipulation Treatments on Soil CH4 Fluxes

We found that the average soil CH4 fluxes were negative across all litter manipulation
treatments (Figure 4), indicating a net CH4 sink in our study area during observation.
Our study findings are consistent with the evidence that larch forest soil is a net CH4
sink during the growing season in this region [3]. In the present study, the soil CH4
fluxes were particularly low in the LR treatment, which is in line with previous studies in
which litter removal enhanced the soil CH4 uptake [12,22]. Gas diffusion is the primary
factor controlling the soil CH4 uptake because of the high potential for CH4 oxidation by
methanotrophs in forest ecosystems [52,53]. The litter layer can act as a barrier against
exchanges of CH4 between the atmosphere and the soil [2,12]. Therefore, the soil CH4
uptake increased in the LR treatment in our study. Similarly, the LD treatment significantly
decreased the soil CH4 uptake by 34% in our study (Figures 4 and 5b). Although previous
studies have suggested that the CH4 uptake can also be consumed by the litter layer [2],
litter layers in boreal forests have been suggested to have litter CH4 oxidation capacity [53].

The variations in CH4 fluxes were also significantly affected by the soil NH4
+−N

content, with a positive relationship between them (Figure 5b), which is similar to the
findings of a previous study [54]. Indeed, a higher rate of soil N turnover could decrease
CH4 oxidation because of the inhibitory effect on CH4 oxidation [55]. On the one hand,
high NH4

+−N content can promote soil CH4 production by enhancing the abundance
of methanogens; one the other hand, it also can inhibit CH4 oxidation by competing for
methane monooxygenase and thus decreases CH4 uptake [56,57].Therefore, the higher soil
NH4

+−N content explained the lower soil CH4 uptake in the LD treatment in our study.
However, there was similar soil NH4

+−N content between the LR and CK treatments.
Thus, we also found stronger variations of CH4 fluxes in LD treatments than that in the LR
treatment. The soil temperature, by affecting methanogenic and methanotrophic activities,
was also one of the most important factors controlling soil CH4 fluxes in our study [58,59]. In
our study, given that the larch soil is a net CH4 sink, high soil temperature can promote soil
methanotrophic activities and ultimately enhance soil CH4 uptake. Therefore, the highest
soil CH4 uptake rates were found in August, when there was a higher soil temperature
among the three litter manipulation treatments (Figures 2a and 4c). Meanwhile, the effects
of soil temperature on soil CH4 fluxes are also affected by soil water content [60]. The
highest soil temperature in July could not induce higher soil CH4 uptake rates mainly due
to the higher soil water content in our study (Figures 2 and 4c).

4.3. Effects of Litter Manipulation Treatments on Soil N2O Fluxes

There were significant effects of litter manipulation on the soil N2O fluxes during
the observation period (Figure 4 and Table A1). Litter addition increased soil N2O fluxes
by 34%, while litter removal decreased them by 21%, which is partially in line with other
studies that found that soil N2O fluxes significantly decreased in LR but slightly increased
in LD [61]. It has been suggested that soil N2O fluxes are primarily regulated by changes
in the soil nutrients and microbes [38,62]. Denitrification under anaerobic conditions and
nitrification under aerobic conditions are important pathways that produce N2O [9]. In
the present study, higher soil NO3

−−N content enhanced substrate availability, promoting
soil N2O emissions in LD (Figures 4 and 5c). Meanwhile, the lower soil NO3

−−N content
also significantly decreased soil N2O emissions in the LR treatment. This phenomenon
suggested that denitrification may be the dominant process in this region [3,38].

Compared with CK, the response of soil N2O fluxes to LD treatment was stronger than
that to LR. This result can be explained by the following reasons. First, soil NH4

+−N content
can affect soil N2O fluxes indirectly via its effect on soil NO3

−−N content (Figure 5c).
Moreover, soil N2O can be produced by nitrification using NH4

+−N as substrate. Thus,
high NH4

+−N content may result in high soil N2O fluxes in LD. Second, the litter layer
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itself can also produce N2O, especially in the wet litter layer [63]. Meanwhile, LD can
also enhance the anaerobic soil environment, where more soil N2O can be produced by
denitrification. Thus, the thicker litter layer and its induced soil conditions would lead
to higher soil N2O fluxes in the LD treatment. Although the LR treatment could also
decrease soil N2O emissions due to the reduction in N2O production from the litter layer,
the priming effect from the LD treatment could also enhance soil N2O production and
emission in the litter layer in the LD treatment [64].

4.4. Limitations and Implications

Although soil GHG fluxes were strongly responsive to litter manipulation treatments,
especially to LD treatment, in the present study, this does not mean that the soil GHG
fluxes would reach the expected level with the increase in the litter layer over time in the
future. There are still some limitations in our study. First, compared to previous studies,
the 1 m × 1 m subplot was small, and edge effects may be likely [65]. Second, the study
was conducted in only one grow season with a total of nine gas sampling events; the
limitation of sampling strategy and relatively infrequent observations may miss or hit
some episodic sporadic flux events, which may overestimate or underestimate the effects
of litter on soil GHG fluxes to some extent. Third, in the present study, we explored only
the short-term effects of litter manipulation on soil GHG fluxes. In the litter manipulation
experiments, the responses of the soil GHG fluxes to plant litter alteration were also related
to the experimental duration [46,66]. The long-term effects of plant litter inputs may differ
from the short-term effects. In forest ecosystems, there is a long-term balance between
litter decomposition and plant growth [67]. On the one hand, global warming affects
primary productivity in forest ecosystems and, in turn, regulates the long-term litter and
soil nutrient inputs [68]. However, warming can also accelerate litter decomposition. On
the other hand, warming can also directly enhance soil CO2 and N2O emissions and CH4
uptake in larch soils. However, changes in precipitation distribution patterns, happening
with warming, can also affect the responses of soil GHG fluxes to temperature. This may
induce uncertainties of variations in forest soil GHG fluxes to litter input in the future.

Despite the limitations of experimental duration, our study also provided important
evidence of the litter layer in regulating soil GHG fluxes in boreal forests. For litter addition,
as shown in our study, there was high litter production at the end of growing season, which
may have significant effects on soil GHG fluxes in the next growing season. Meanwhile,
there were significant priming effects resulting from double litter in our study. Thus,
long-term, sustained soil priming due to litter addition may play a vital role in regulating
carbon and nitrogen cycling in larch forest ecosystems [28]. This result further demonstrates
the necessity of litter research in the process of soil–atmosphere GHG exchange under
continuous warming. Our future studies will also continue to explore the underlying
driving mechanisms from long-term measurements.

5. Conclusions

Our study explored and quantified the significant effects of short-term litter manip-
ulation treatments on soil GHG fluxes in a typical boreal larch forest. In particularly, LD
treatment led to significant increases in all soil GHG fluxes. However, only soil CH4 and
N2O fluxes were significantly affected by LR treatment. Meanwhile, short-term LD sig-
nificantly increased the soil inorganic nitrogen and microbial biomass, whereas LR only
decreased the soil NO3

−−N content. In response to litter manipulation treatment, soil
GHG fluxes were directly related to litter biomass and soil temperature. Moreover, soil
MBC, NH4

+−N, and NO3
−−N content were also the main factors affecting CO2, CH4, and

N2O fluxes, respectively. Our study highlights the significant effects of short-term litter
manipulation treatments on soil GHG fluxes. Given that litter accumulates gradually over
time in boreal regions and warming may further accelerate this process in the future, litter
regimes, especially for more litter input, should be paid more attention in regulating soil
GHG emissions and global climate change.
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Figure A1. Effect size of litter manipulation on the soil GHG fluxes during the study period. The
effect size is the variation rate of the soil GHG fluxes in the LD and LR treatments, compared with
the CK treatment. Lowercase letters represent significant differences in the effect size between the
LD and the LR treatments for each individual gas. Litter manipulation treatment abbreviations: CK,
unchanged litter input; LD, doubled litter; LR, litter removal.

Table A1. Effect of litter manipulation, sampling date and their interactions on soil GHG fluxes, soil
temperature (ST), soil water content (SWC), soil inorganic nitrogen, and soil microbial biomass based
on the two-way ANOVA test (* p < 0.05; ** p < 0.01; n.s means not significant).

Source of Variation CO2 CH4 N2O ST SWC NH4
+−N NO3−−N MBC MBN

Treatment ** ** ** ** ** ** ** ** **
Sampling date ** ** ** ** ** ** ** ** **

Treatment × Sampling date n.s n.s n.s ** n.s n.s * ** **
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