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Abstract: Soil organic carbon (SOC) is the largest terrestrial organic carbon pool. Plant litter is
an important source of SOC, but the knowledge gap between SOC fractions and plant litter input
remains inconsistent. Here, a litter input control experiment was conducted at three subalpine forest
types (coniferous forest, mixed forest, and broadleaved forest). We assessed the variations of total
organic C, active organic C (easily oxidizable C, labile organic C), recalcitrant organic C, and microbial
biomass C under litter input or removal. The results showed that soil total organic C decreased
greatly under litter input. It was mainly caused by the change of easily oxidizable C and labile C,
while the influence of recalcitrant C was small. At the same time, this effect varied among different
forest types. Among them, the effect of litter input on SOC was weak and slow in the coniferous
forest with low-quality litter input, while a quick effect was observed in the mixed and broadleaved
forests with high-quality litter input. Microbial biomass C declined under litter input in most cases,
and its variation was strongly controlled by soil temperature and freeze-thaw events. Overall, our
results provide new evidence that forest type would strongly control SOC dynamics, in concert with
litter quality shifts, with potential consequences for long-term C sequestration. We highlighted that
litter input could reduce microbial biomass carbon which might limit the native SOC decomposition,
but the loss of active C ultimately changed the SOC in the subalpine forests. It suggested that the
interaction of multiple mechanisms should be considered in the study of SOC in this region.

Keywords: litter input; soil organic carbon; active SOC pool; recalcitrant SOC pool; microbial biomass
carbon; subalpine forest

1. Introduction

Soil contains twice as much carbon as the atmosphere and two to three times more
than the amount stored in the vegetation biomass [1,2]. Thus, a small change in the SOC
pool may profoundly affect the concentration of atmospheric carbon dioxide (CO2) [3].
SOC is primarily derived from plant litter debris through partial degradation or preserva-
tion [4]. Mounting evidence has shown that litter input has complex effects on the dynamic
balance of SOC [5–7]. For example, short-term increases in litter inputs could enhance
SOC stocks and C fluxes [8,9]. However, some chronically increased litter experiments
obtained increases in SOC concentrations over longer time scales, and others showed slight
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changes [10,11]. The current uncertainty surrounding the SOC response to litter input
indicates that we need to detect different SOC fractions with contrasting behavior.

At present, most researchers have focused on the relationships between litter input
and total organic C [12], with little evaluation of the dynamics of different C fractions.
SOC can be separated by physical or chemical operations in different turnover times and
stabilization mechanisms [13]. These fractionation protocols could separate the active pool
from the recalcitrant pool of SOC effectively. It is generally accepted that the active SOC
pool features rapid turnover and high bioavailability, while the recalcitrant SOC pool has a
relatively long mean residence time [2]. In addition, it is well-known that active C is more
vulnerable than recalcitrant C [3,14], and recalcitrant compounds are vital for soil organic
matter stabilization [13]. However, a recent observation showed that soil recalcitrant C
substances (e.g., humus, lignin) could be decomposed in dissolved organic matter [15].
This indicated that both active and recalcitrant C pools might be affected by litter input,
making it difficult to predict the short- and long-term impact of litter input on SOC stocks.
Furthermore, the soil microbial community is an important biotic factor for soil C outflows
and inflows [16]. For example, increasing litter input affects soil CO2 flux via increased
activity of microbe active SOC mining [17,18]. Meanwhile, recent studies have shown
the dominant role of microbe-driven C in regulating SOC formation of forest soils [19,20].
Therefore, it is important to elucidate how active C, recalcitrant C, or microbial biomass C
respond to litter input.

Forest type is considered to affect soil C concentrations through a variety of traits
that are closely correlated with C sequestration, i.e., tree species, litter quality, and net
primary production [19,21]. Needle and twig litter of lower quality (high C/N ratio, low
nitrogen availability) from the coniferous forest have been considered to fix more C in soil
organic matter compared with broadleaved litter [22,23]. This conventional hypothesis
was mainly based on those different types of litter exhibiting a variable stoichiometric
ratio and decomposition resistance [24]. Recently, it has been hypothesized that high-
quality (low C/N ratio) litter would initially decompose faster than low-quality litter; no
litter compounds accumulate, but a high amount of microbial residues due to high C use
efficiency [4]. However, this does not necessarily lead to higher C stocks. The changing
quantity and chemistry of litter in different forest types may also be reflected in SOC
storage and stability shifts. Therefore, more detailed knowledge of relationships between
litter input and SOC dynamics is needed for increasing SOC storage in forest management.

The subalpine forest in southwestern China contains a typical coniferous forest, a
mixed forest, and a broadleaved forest [25]. This region is sensitive to climate change due to
its unique microclimatic characteristics, such as seasonal snow cover, frequent freeze-thaw
cycles, and long-term freezing cold in winter [26,27]. These climatic factors may directly
or indirectly regulate SOC fraction dynamics in response to litter input. Especially in
winter, intense leaching and frequent freeze-thaw cycles promote litter cellulose/lignin
degradation and change the structure/activity of microorganisms [28]. In cold biomes, the
key factors affecting SOC are still uncertain, few studies have focused on whether litter
input induced a priming effect and reduced SOC. Hence, more comprehensive research of
the response of subalpine forests to litter input is necessary to understand SOC cycles better.

Here, we selected three typical forest types (coniferous forest, mixed forest, and
broadleaved forest) of the eastern Tibetan Plateau to investigate the dynamics of SOC
fractions under litter input from May 2017 to May 2018. We aimed to answer the following
questions: (1) In what way does litter input change soil organic carbon and its fractions
(MBC, EOC, LCP, and RCP)? (2) Does this change differ between different forests? What
are the main factors?

2. Materials and Methods
2.1. Study Site

The in situ experiment was conducted in the Wanglang National Nature Reserve,
Pingwu County, Sichuan Province, China (Figure 1). The mean annual temperature and
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precipitation are 2.9 ◦C and 826 mm, respectively. The maximum and minimum temper-
atures are 26.2 ◦C and −17.8 ◦C, respectively. Three forest types located at 2540–2600 m
a.s.l, including coniferous forest, mixed forest, and broadleaved forest, were selected with
similar slope (22–30◦), aspect, and canopy density. Dominant species and understory
vegetation of three study sites are shown in the Table 1. Soils in three forests are classified
as Cambisols (according to IUSS Working Group WRB, 2006) [25]. Soil initial properties of
three study sites are shown in Table 2.
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Figure 1. Schematic diagram showing the location of our study in the subalpine forest.

Table 1. Dominant species and understory vegetation of three forest types.

Forest
Type Altitude Latitude,

Longitude
Dominant

Species
Understory
Vegetation

Coniferous forest 2600 m 104◦05′05′′ E
32◦58′42” N Picea purpurea

Lonicera japonica
Rubia cordifolia

Adiantum capillus-veneris

Mixed forest 2580 m 104◦05′01′′ E
32◦58’43” N

Picea purpurea
Abies faxoniana

Betula albosinensis

Bhododendron lapponicum
Fargesia denudate

Artemisia lactiflora

Broadleaved forest 2540 m 104◦04′59′′ E
32◦58′42” N

Tilia tuan
Padus racemose
Salix paraplesia

Ribes nigrum
Fardesia denudate

Elaeagnus pungens
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Table 2. Soil initial properties of three forest soils (mean ± standard error, n = 3).

Forest Type Coniferous
Forest

Mixed
Forest

Broadleaved
Forest

Total organic carbon (%) 5.777 ± 0.263 b 3.625 ± 0.395 c 6.289 ± 1.63 a
Total nitrogen (%) 0.388 ± 0.016 a 0.175 ± 0.007 b 0.396 ± 0.008 a

Total phosphorus (%) 0.076 ± 0.002 c 0.113 ± 0.011 b 0.147 ± 0.002 a
Bulk density (g/cm3) 0.74 ± 0.11 a 0.79 ± 0.13 a 0.93 ± 0.15 a

pH 5.42 ± 0.04 c 5.92 ± 0.07 b 6.91 ± 0.04 a
C/N 14.92 ± 1.23 c 20.82 ± 2.69 a 15.87 ± 0.23 b

Different lowercase letters indicate significant differences between different forest types.

2.2. Experimental Design

Three 15 m × 15 m plots were randomly established under complete forest canopy
cover in each forest type in May 2017 (Supplementary Figure S1) [29]. Five in situ incubation
boxes (length 70 cm, width 43 cm, and depth 51 cm) were installed at each plot throughout
the study period, a total of 45 boxes (5 × 3 plots × 3 sites = 45). A perforated plastic
sheet was fixed 3 cm above the bottom of each box, and a drainage hole (diameter 3 mm)
was punched in the base of each box (Supplementary Figure S1). These devices ensured
adequate drainage during the experiment. We collected soil from 50 cm depth and then
loaded it back to the corresponding layer into incubation boxes after removing rocks,
plant tissues, roots, and impurities (unrecognized semi-decomposition products). In situ
incubation boxes were positioned so that the levels of the soil surface inside the boxes
were equivalent to that of the surrounding soil. Grasses and forbs were removed by hand
monthly to exclude the influence of the aboveground plant.

The experiment consisted of two treatments: litter input (control) and litter removed.
We set one incubation box as the permanent litter input box in each plot, three replicates
in each forest (Supplementary Figure S1). The other four incubation boxes were used to
removed fresh litter by the nylon mesh (size 1 mm) installed 20 cm above each box. All
incubation boxes were left from May 2017 to October 2017 to equilibrium. Air tempera-
ture and humidity at three study sites were measured by air temperature and humidity
recorders (MicroLite5032P, Fourtrc). iButton thermometers (DS1921G-F5, Maxim/Dallas
Semiconductor Inc., TX, USA) were randomly buried in the boxes at the three study sites to
record soil temperature. Temperature and humidity were measured each hour. Freeze-thaw
cycles were defined as periods where the temperature was above or below freezing for 3 h
until it changed to below or above freezing again [30]. Most freeze-thaw cycles occurred
from October 2017 to March 2018 [29].

2.3. Samples Collection

The sampling periods included the growing season (GS, May 2017–October 2017), the
early freezing season (EFS, October 2017–January 2018), the freezing season (FS, January
2018–March 2018), and the thawing season (TS, March 2018–May 2018). At the end of
each sampling period, all litter on the nylon mesh of litter removed incubation boxes
were collected, mixed with all the litter from the same plot evenly and transited to the
laboratory (three replicates in each site). The collected litter materials were classified as
coniferous leaves, broadleaves, twigs, reproductive organs (flowers or seed), and others
(unidentifiable plant residues and animal waste). In each plot, soil samples (0–20 cm) were
collected by a soil collector (3 cm in diameter) from the litter input and one litter removal
box (randomly selected) (Supplementary Figure S1). There were three replicates collected
from each forest site for each treatment. After removing the visible roots, all fresh soil
samples were brought back to the laboratory and passed through a 2 mm sieve. Soil total
nitrogen and phosphorus were analyzed following the Kjeldahl digestion procedure and
the phosphomolybdenum yellow colorimetry method, respectively. Soil pH was measured
with a Calmel electrode at 1:5 soil-to-water ratio [31]. Soil moisture and bulk density was
determined by the oven-dry method (at 105 ◦C for 24 h) [32].
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2.4. Samples Analysis

The soil samples were divided into two aliquots for fresh processing and air-drying
separately. Fresh soil samples were used for microbial biomass C (MBC) analysis. The soil
MBC was estimated by the chloroform fumigation extraction method: 10 g of fumigated or
unfumigated soil sample (with a soil solution ratio of 1:2.5) was extracted with 0.5 mol/L
K2SO4, and after shaking for 1 h, purified with filter paper. The filtrate solution was
analyzed for organic C. Soil MBC was calculated as the difference between the organic C
in the fumigated and unfumigated soil samples [33]. Air-dried soil samples were used
for measuring active SOC pools and recalcitrant C pools (RCP). In the present study,
the active C pools included (1) easily oxidizable carbon (EOC) extracted from potassium
permanganate [34] and (2) the labile carbon pool (LCP) extracted by two-step hydrolysis
with H2SO4 [35,36]. Two-step acid hydrolysis was used to determine labile C, and H2SO4
was the extractant. LCP can be divided into two parts by the hydrolysis procedure [35,37].
The first part hydrolysis with 2.5 mol/L H2SO4 was taken as labile C pool-I (LCP-I),
and further hydrolysis with 13 mol/L H2SO4 was taken as labile C pool-II (LCP-II). The
concentrations of labile pools (LCP-I and LCP-II) in the hydrolysate were analyzed with
a TOC analyzer. RCP was calculated as the difference between the concentration of the
TOC and the labile pools (LCP-I and LCP-II summed together). TOC of soil and litter was
determined by using the dichromate oxidation-sulfate-ferrous titration method [32]; total
nitrogen (N) concentrations of litter were determined by the macro-Kjeldahl method [32].
The amount of litter input was measured by the gravimetric method (dried at 50 ◦C to the
constant weight).

2.5. Statistical Analysis

Three-way repeated-measures analysis of variance (RANOVA) was used to examine
the effects of litter treatment, forest type, sampling period, and their interactions on
SOC fractions (MBC, TOC, EOC, LCP, and RCP). Independent sample t-test with a post
hoc Tukey’s test was used to evaluate the difference between litter input and control
at each season. Pearson correlation was conducted to detect the relationship between
environmental factors and SOC fractions under different litter treatments. The amounts
of change in TOC concentration were calculated as the concentrations of TOC under litter
input minus the concentrations of TOC under control. Structural equation modeling
(SEM) was conducted to determine the comprehensive effects of environmental factors
(temperature, moisture, and freeze-thaw cycle) on the SOC fractions (MBC, EOC, LCP,
TOC). The above-mentioned analyses were performed using IBM SPSS statistics 20.0 (IBM
Crop., Armonk, NY, USA), statistically significant differences were determined at p < 0.05.
The figures were drawn with Origin Pro 9.0 (Origin Lab, Northampton, MA, USA).

3. Results
3.1. Litter C Input

Litter C input showed significant (p = 0.016) seasonal dynamics in three forests through-
out the research period, and the peak occurred in the early freezing season and the freezing
season (Figure 2a). The cumulative litter C inputs were 400.2 kg ha−2, 362.3 kg ha−2, and
138.3 kg ha−2, in coniferous, mixed, and broadleaved forests, respectively (Figure 2b). The
C input percentages of different litter components displayed obvious variation during the
research (Figure 2c). Leaves were dominant in the growing and early freezing seasons,
while twigs were dominant in the freezing and thawing seasons (Figure 2c). Except in the
thawing season, the litter C/N ratio of the coniferous forest was significantly higher than
that of the mixed forest and the broadleaved forest (Table 3).
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Figure 2. Content of litter carbon input of three forests at different critical sampling periods (a), cumulative litter carbon 
input during the experiment (b), and percentage of carbon input of each litter component (c). GS: growing season, EFS: 
early freezing season, FS: freezing season, TS: thawing season. Error bars mean standard error, different lowercase letters 
indicate significant differences between different forest types. 
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Figure 2. Content of litter carbon input of three forests at different critical sampling periods (a), cumulative litter carbon
input during the experiment (b), and percentage of carbon input of each litter component (c). GS: growing season, EFS:
early freezing season, FS: freezing season, TS: thawing season. Error bars mean standard error, different lowercase letters
indicate significant differences between different forest types.

Table 3. Ratio of carbon to nitrogen of litter input at each sampling period of three forest types.

Sampling Period Coniferous Forest Mixed Forest Broadleaved Forest

GS 62.63 ± 1.47 a 35.85 ± 1.66 b 34.48 ± 1.07 b
EFS 46.16 ± 1.23 a 38.06 ± 2.37 b 32.51 ± 0.87 b
FS 60.55 ± 5.08 a 42.59 ± 1.51 c 51.52 ± 1.64 b
TS 58.79 ± 5.36 a 44.09 ± 0.41 b 53.47 ± 3.06 a

GS: growing season, EFS: early freezing season, FS: freezing season, TS: thawing season. Values indicate
means ± standard error, n = 3. Different lowercase letters indicate significant differences between different
forest types.

3.2. Soil Microbial Biomass C

The highest and lowest concentrations of MBC were in the early freezing and the
freezing seasons, respectively (Figure 3). Sampling time had significant effect on MBC
dynamics (Table 4). In the coniferous forest, the MBC concentrations of the litter input plot
were significantly higher than that of the litter removed plot in the early freezing and lower
in the thawing season (Figure 3, p < 0.05). In the mixed forest, the MBC concentrations
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of the litter input plot were significantly lower than that of the litter removed plot in the
growing season, the early freezing season, and the thawing season, but higher than that of
the litter removed plot in the freezing season (Figure 3, p < 0.05). In the broadleaved forest,
the MBC concentrations of the litter input plot were significantly lower than that of the
litter removed plot in the growing and the early freezing seasons (Figure 3, p < 0.05). In
addition, there was a significant correlation between MBC concentration and temperature,
the number of freeze-thaw cycles (Table 5, p < 0.05). MBC had a positive relationship with
moisture (Figure 4).
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Figure 3. Concentrations of soil microbial biomass C of three forests at different sampling periods. Values indicate
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Table 4. Results of three-way RANOVA showing the p-values concerning the effects of sampling
time (T), forest type (F), litter treatment (L), and their interactions on soil organic carbon fractions.

Factors df TOC EOC LCP-I LCP-II RCP MBC

T 3 0.069 0.002 0.004 0.091 0.022 <0.001
F 2 0.004 0.077 0.280 0.514 0.006 0.251
L 12 0.030 0.083 0.011 0.405 0.164 0.113

T × F × L 6 0.084 0.020 0.067 0.147 0.081 0.020
T × L 3 0.223 0.057 0.280 0.396 0.193 0.012
F × L 2 0.089 0.031 0.224 0.442 0.092 0.082

T × F × L 6 0.201 0.049 0.055 0.241 0.291 0.028
TOC: total organic carbon, EOC: easily oxidizable carbon, LCP-I: labile carbon pool- I, LCP-II: labile carbon pool-II,
RCP: recalcitrant carbon pool, MBC: microbial biomass carbon. df : degrees of freedom. Significant p-values are
shown in bold.

3.3. Soil Organic C Pools

Litter input significantly decreased TOC concentrations in the growing season (p < 0.01)
and the freezing season (p < 0.05) in the mixed and broadleaved forest, but it did not influ-
ence the TOC concentration in the coniferous forest (Figure 5). In most periods, the TOC
concentrations in the coniferous forest were higher than those in the mixed and broadleaved
forests (Figure 5). Forest type significantly influenced TOC concentrations (Table 4, p = 0.004).
Compared with the litter removed, TOC concentrations were higher under litter input during
the growing season and early freezing season in the coniferous forest and lower during the
freezing season and the thawing season. However, in the mixed and broadleaved forest, the
TOC concentrations were always lower in litter input than that in litter removed (Figure 5).
In addition, TOC was significantly negatively related to the number of freeze-thaw cycles
(Table 5, p < 0.01) and significantly positive related to EOC and LCP (Figure 4).
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Table 5. Results of correlation analysis between the soil organic carbon fractions and environmental
factors with different litter treatments.

Treatment Environment TOC EOC LCP-I LCP-II RCP MBC

Control

DMT 0.215 0.227 −0.162 0.222 0.253 −0.542 **
PAT 0.208 0.539 ** 0.234 0.028 0.155 −0.141
NAT 0.230 0.377* −0.069 0.104 0.258 −0.277
RH 0.151 0.250 0.193 −0.091 0.120 0.265
FTC −0.332 * −0.303 −0.032 −0.260 −0.319 0.358 *

Litter
removed

DMT 0.283 0.645 ** 0.022 0.386 * 0.238 −0.418 *
PAT 0.337 * 0.827 ** 0.360 * 0.218 0.195 0.149
NAT 0.278 0.827 ** 0.039 0.353 * 0.232 −0.084
RH 0.019 0.281 −0.203 0.268 0.051 0.293
FTC −0.477 ** −0.616 ** −0.192 −0.514 ** −0.365 * 0.466 **

DMT: daily mean temperature, PAT: positive accumulated temperature, NAT: negative accumulated temperature,
RH: relative humidity, FTC: number of freeze-thaw cycle, TOC: total organic carbon, EOC: easily oxidizable
carbon, LCP-I: labile carbon pool-II, LCP-II: labile carbon pool-II, RCP: recalcitrant carbon pool, MBC: microbial
biomass carbon. * p < 0.05, ** p < 0.01.
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Figure 4. Structural equation model (SEM) describes multivariate effects of environmental factors
and SOC pools on the soil total organic carbon (TOC). FTC, number of freeze-thaw cycles; MBC,
microbial biomass carbon; EOC, easily oxidizable carbon; LCP, labile carbon pool; χ2, chi-square; P,
probability level; df, degrees of freedom; GFI, goodness of fit index; CFI, comparative fit index. Blue
and red arrows indicate positive and negative relationships, respectively. Numbers next to arrows
represent standardized regression weights (** p < 0.01, *** p < 0.001), the magnitudes of which are
proportional to the thickness of the arrows. R2 values alongside each variable represent the estimates
of multiple correlations, interpreted as proportion of variance explained for a given response variable.

The concentrations of EOC in the freezing season were lower than that in the growing
season (Figure 6a). In the mixed forest and broadleaved forest, litter input significantly
decreased EOC concentrations during the growing season (Figure 6a, p < 0.05). In the conif-
erous forest and broadleaved forest, litter input significantly decreased EOC concentrations
during the thawing season (Figure 6a, p < 0.05). Soil EOC was positive correlated with
positive accumulated temperature, negative accumulated temperature, and the number
of freeze-thaw cycles in both treatments (Table 5). LCP-I concentration was significantly
affected by litter input during the experiment (Table 4, p = 0.011). In the coniferous for-
est, litter input significantly decreased LCP-I concentration during the thawing season
(Figure 6b, p < 0.001). In the mixed forest and broadleaved forest, litter input significantly
decreased the LCP-I concentrations during the growing (p < 0.01) and freezing seasons
(p < 0.05). There was no obvious change of soil LCP-II in the three forest types, and litter
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inputs showed a slight effect (Figure 6c). Soil temperature was significantly positively
related to EOC (Figure 4).
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Figure 6. Concentrations of soil active organic C of three forests at different sampling periods. Easily oxidization carbon (a),
labile carbon pool-I (b), labile carbon pool-II (c). Values indicate means ± standard error, n = 3. GS: growing season, EFS:
early freezing season, FS: freezing season, TS: thawing season. Asterisks indicate significant differences between the two
treatments in same forest type at the same season. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Litter input had no significant effect on the RCP concentrations for all periods except
for the growing season in the mixed forest. The RCP concentrations in coniferous forest
were higher than that in the mixed and coniferous forests (Figure 7).
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Figure 7. Concentrations of soil recalcitrant organic C pool of three forests at different sampling periods. Values indicate
means ± standard error, n = 3. GS: growing season, EFS: early freezing season, FS: freezing season, TS: thawing season.
Asterisks indicate significant differences between the two treatments in same forest type at the same season. * p < 0.05.

4. Discussion

Our results showed that soil TOC and active organic C (EOC, LCP) mainly decreased
in different degrees with the litter input treatment. Meanwhile, litter input also decreased
MBC concentrations, related to restricted microbial activity [38]. The effect of litter input on
SOC was weak and slow in the coniferous forest with low-quality litter input, while a quick
impact was observed in the mixed and broadleaved forests with high-quality litter input.

4.1. Effect of Litter Input on Microbial Biomass Carbon

Litter input (approximately 18 Pg·C·year−1 on the global scale) is a key source of
terrestrial C and nutrient cycles [39,40]. Although researches have focused on plant-derived
C over the past decades, particularly for those derived from decomposing litter [22], the
relationship between litter input and TOC in different forest types remains unclear. The
priming effect means strong short-term changes in the turnover of native soil C that could be
triggered by litter input [41]. The size of the microbial community is related to the strength
of the priming effect, microbial activities (i.e., respiration, microbial growth, mineralization
potential), which may be enhanced under a positive priming effect [42,43]. Following this
paradigm, MBC can be used to predict the magnitude and direction of the priming effect
with isotopic labeling [44]. We found the reduction in MBC under litter input in the mixed
and broadleaved forests in most periods (Figure 3), but whether there was a negative
priming effect and the magnitude of the priming effect need further verification [45,46].
However, it was observed that there were significant relationships between MBC and soil
temperature and freeze-thaw cycle (Table 5). Low temperature and low litter quality, both
of which retard plant litter decomposition rates, have been generally accepted as principal
drivers of organic C accumulation in cold biomes [47].

These results indicate that despite the negative priming not being confirmed, soil
C degradation by microorganisms is indeed limited by the low temperature, especially
in winter [48]. Thus, the status of soil carbon assimilated by microbes does not change.
Still, litter input causes more C to be respired through microbial maintenance metabolic
compared with that of litter removal, leading to a reduction of MBC [38]. Furthermore,
various C/N ratios of substrates are recommended to predict whether sequestration or
mineralization of C will prevail during litter decomposition [12,49]. This may be explained
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by a microbial substrate utilization strategy, where opportunistic microbes may decline C
decomposition via the production of inhibitors or uptake of inorganic nutrients [50]. There-
fore, we suggest that both microbes and environmental factors should be simultaneously
considered as key controllers of the mechanism of TOC storage in the subalpine region.

4.2. Effect of Litter Input on Soil Organic Carbon and Its Fractions

The increase in forest productivity leads to increase in litter input on the forest floor,
which is generally assumed to increase TOC storage in SOC cycle models [8]. However,
the complex relationship between different resistant soil C pools and plant litters has led to
conflicting reports on the effects of altering litter input on soil C pools [51,52]. Our results
showed that litter input decreased the TOC concentration of the mixed and broadleaved
forests during the growing season and the freezing season (Figure 5). Terrestrial soil C
storage depends on two contrasting processes: C releases through gaseous, physical, and
hydrological processes; C is protected in the soil within the form that is not easily accessible
to microorganisms. For decades, soil C storage has been thought to be driven primarily
by the stabilized compound due to its inherent chemical recalcitrance [11,53]. C in the
recalcitrant pool is composed of supramolecular structures or mineral-associated fractions,
which indicated that RCP is stable and not vulnerable to attack [54]. Despite the study
addressing that RCP should be included in the predicting TOC dynamics [55], RCP usually
has a long turnover time and a small proportion of changes [14].

Thus, we only observed changes in EOC and LCP (Figure 6), but not in RCP (Figure 7)
in the present study. A previous study has reported that active C (e.g., polysaccharides,
and simple sugars) was lower in the double litter treatment [51]. Because active C is
sensitive to changing environmental conditions and easily available for microorganisms,
labile compounds such as starch, proteins, and cellulose are digested [3]. Studies in the
subalpine region have investigated that mechanical disruption and intense leaching could
lead to absolute losses of cellulose and lignin from litter decomposition [28], root growth
during the growing season, and the changes of freeze-thaw events in winter will cause the
loss or the mineralization of the active C pools [48]. In addition, this accessible C might
enhance rhizosphere activities (root biomass and exudate) and ultimately stimulate soil
organic C decomposition rates by 380% [56].

Meanwhile, based on a recent finding that a common root exudate, oxalic acid, stimu-
lated soil C loss by liberating mineral-protected organic compounds [57], it is reasonable
to explain that litter input reduces soil easily decomposable C and ultimately decreases
soil TOC. Thus, the turnover of active C regulated by special environmental conditions in
subalpine forests drives TOC storage (Figure 4). Considering microbial activity, greater
insight into these mechanisms and their interdependencies, priority and sensitivity to litter
input could provide future levers of action for C sequestration in soil.

4.3. Litter Quality Regulates the Response of Soil Carbon Pools to Litter Input

Dynamics of TOC concentrations under litter input varied with forest types. Our
results revealed that diminishing nitrogen availability (Table 3) after the addition of low-
quality litter induced a slow effect at the coniferous forest and a quick effect after the
addition of high-quality litter (Figure 5) [16]. It is generally accepted that water-soluble
and unshielded holocellulose is decomposed quickly when nitrogen is available in the
coniferous forest, while lignin dominates the litter decomposition rate in the broadleaved
forest [22], which explains the slow effect in the coniferous forest. In the present study,
needle litter accounted for 55–85% of litter C input in the coniferous forest, but only for
0–50% in the mixed forest. The largest proportion of litter input was broadleaves and
twigs in the broadleaved forest (Figure 2). Thus, through differences in litter quality, forest
types can affect soil TOC concentrations and their response to litter input. Contrary to the
result of a broadleaved forest accompanying soil TOC buildup [19], lower concentrations
of TOC in the broadleaved forest were found in this study. Meanwhile, the changes in
plant community composition, C allocation, and microbial ecological strategies create
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uncertainty in predicting soil TOC dynamics in different forests [58]. Thus, additional
studies are needed to clarify how the shifts of litter chemical traits due to different forest
types would influence soil TOC dynamics in the subalpine region.

5. Conclusions

Our results suggested that TOC loss was amplified by soil active C in the subalpine
forests, although the utilization of soil C by microorganisms was inhibited. It indicated
that the TOC dynamic is the result of multiple mechanisms. Among forest types, the
effect of litter input on SOC was weak and slow in the coniferous forest with low-quality
litter input, while a quick effect was observed in the mixed and broadleaved forests with
high-quality litter input, implying that the different effects resulted from litter original
chemistry diversity. We propose that the loss of soil active C leading to the decrease in
TOC needs to be taken into consideration, especially in the area where microbial activity is
limited by poor climate conditions in cold region.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12111479/s1, Figure S1: Sample collection diagram.
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