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Abstract: The initial carbon (C) quality of plant litter is one of the major factors controlling the
litter decomposition rate and regulating C sequestration, but a comprehensive understanding is
still lacking. Here, we used proximate analysis and 13C nuclear magnetic resonance (NMR) with
spectral editing techniques to quantify the variations in the initial C quality for four dominant species
(fir: Abies faxoniana Rehd. et Wils.; spruce: Picea asperata Mast; willow: Salix paraplesia Schneid; and
rosa: Rosa omeiensis Rolfe.), including the organic compositions and C-based chemical structures of
newly shed foliar litter over eight months in an alpine forest on the eastern Tibetan Plateau. The
results indicated that the fractions of acid-soluble extractives (ASE) and acid-unhydrolyzable residues
(AUR) were the main fractions of organic components, and aliphatic C and O-alkyl C were the main
functional C groups for all plant species. Under the effects of the plant species, higher levels of ASE
(87.62%) and aliphatic C (35.44%) were detected in newly shed rosa foliar litter, while higher levels of
AUR (fir: 37.05%; spruce: 41.45%; and willow: 40.04%) and O-alkyl C (fir: 32.03%; spruce: 35.02%;
and willow: 32.34%) were detected in newly shed fir, spruce and willow foliar litter. Moreover, the
A/O-A and HB/HI ratios in rosa litter were 0.88 and 1.15, respectively, which were higher than those
in fir, spruce and willow litter. The C quality of newly shed foliar litter varied seasonally due to
the litter quality and environmental conditions, especially nitrogen (N), dissolved organic carbon
(DOC), manganese (Mn) and monthly air temperature. We also found that C loss during 4-year
litter decomposition was highly related to the aromatic C and phenolic C contents in newly shed
foliar litter, suggesting that litter decomposition was strongly controlled by the initial recalcitrant
C fractions. We conclude that the C quality of newly shed foliar litter in rosa might be structurally
stable and more resistant to degradation than that of fir, spruce and willow, which contain abundant
labile C fractions, and the initial recalcitrant C fractions are closely related to C loss during litter
decomposition, which might contribute to soil C sequestration in alpine forests.

Keywords: litter C quality; soil C sequestration; dissolved organic C; acid-unhydrolyzable residues;
litter decomposition

1. Introduction

The initial litter quality, mainly referred to as the initial carbon (C) quality, which
is commonly present in newly shed litter, is a critical factor controlling the processes of
litter decomposition and soil C sequestration [1-4]. Generally, litter with abundant labile
components has been widely documented to be more decomposable and to undergo rapid
decomposition [5,6]. Simultaneously, as the main carrier of soil organic C, recalcitrant com-
ponents mainly manage the accumulation and stabilization of soil organic matter [7,8]. The
initial qualities of labile and recalcitrant components could be characterized by the organic
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C fractions [9-11], thus facilitating the evaluation and prediction of litter decomposition
and subsequent soil C sequestration, but there remains a lack of comprehensive knowledge.
Traditionally, proximate C fraction analysis (PA) has been used to separate water-
soluble extractives (WSE), organic-soluble extractives (OSE), and acid-soluble extractives
(ASE) from acid-unhydrolyzable residues (AUR), which can indicate the C fractions of
organic components in plant litter and soils [12,13]. This method provides a close ap-
proximation of the lignin content in materials such as wood containing a low tannin
content [12,13]. Nevertheless, the insolubility and complicated chemical structures of AUR
fractions make it difficult to be characterized via this method, especially the AUR in foliar
litter which generally includes substantial contributions of tannins and aliphatic C (cutin
and, surface waxes) [14]. Solid-state 13C cross polarization magic angle spinning magnetic
resonance (CPMAS-NMR) spectroscopy has been proven to be an effective method that
allows direct and nondestructive characterization of newly shed plant materials and litter
and provides more specific information on the C quality, especially in terms of the AUR in
foliar litter, which can be better defined [3,15,16]. Based on this method, previous studies
demonstrated that O-alkyl C, which ranges from 60 to 95 ppm chemical shifts, is the most
labile component originating from decomposable carbohydrates. Aliphatic C (045 ppm) is
commonly referred to as a biologically stable structure, and it mainly contains long-chain
aliphatic compounds, cutin and waxes [2,16-18]. Likewise, aromatic C (110-140 ppm) and phe-
nolic C (140-165 ppm) have been determined as chemically recalcitrant fractions [2,18,19]. In
addition, studies have found that the ratio of aliphatic C to O-alkyl C (A/O-A) or hydropho-
bic C to hydrophilic C (HB/HI) ((0-45 ppm + 110-165 ppm)/(45-110 ppm + 165-190 ppm))
could reflect the enhancement in chemical structures against degradation, and the higher
these two ratios are, the more stable the chemical structures against degradation [20].
Seasonal climate change regulates the C quality in litter due to the plant phenology.
The consumption of decomposable C fractions is accelerated by strong rainfall and tran-
spiration, which results from the increased temperature and solar radiation as a direct
consequence of the decline in the fractions of WSE, OSE fractions and carbohydrate O-alkyl
C [21,22]. Similarly, the aforementioned climatic changes could lead to the accumulation
of recalcitrant C fractions [23]. Moreover, as the main fractions determining the litter
quality, structurally complex C fractions notably determine and vary with the various litter
decomposition stages, particularly the early stage of decomposition, which is susceptible to
climatic conditions, rather than the late stage of decomposition [24-26]. A large proportion
of labile C input derived from newly shed litter rapidly decreases at the early stage of
decomposition [7,22], whereas the limitation on litter decomposition at the late stage of
decomposition is enhanced, and more recalcitrant C fractions are formed [27]. In addition,
vegetation is often considered the key factor resulting in variation in the litter C quality [28].
It has been reported that ASE and AUR were the main C fractions in foliar litter, while
the content of recalcitrant AUR was higher in coniferous litter than that in broadleaf lit-
ter [26,29]. The chemical structures and compositions of AUR vary with vegetation, which
results in the differences in the decomposable capacity and C fraction contents [25,30]. It has
been considered that a strong signal intensity is mostly found for O-alkyl C, which indicates
that newly shed foliar litter comprises labile carbohydrates. Moreover, Ono et al. [19,31] found
that more aliphatic C was detected in newly shed coniferous litter (cedar and cypress) than
in broadleaf litter. Conversely, broadleaved litter (beech and oak) retained more recalcitrant
aromatic C, which is more decomposable than aliphatic C. In addition, it was reported
that phenolic C (lignin fractions) and methoxyl C in coniferous and broadleaf species were
significantly related to the accumulation of AUR at the initial stage of decomposition,
suggesting that the contribution of phenolic C and methoxyl C to the AUR fraction is higher
and not limited by the species at this decomposition stage [26]. Therefore, we addressed
the hypothesis that (1) the contents of C fractions would vary with the species, and more
labile C fractions would be released from newly shed foliar litter, while more recalcitrant C
fractions might accumulate during seasons with heavy rainfall and severe temperatures,
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while (2) the labile C fractions might be the major factor controlling C accumulation during
litter decomposition.

To test the above hypotheses, we used PA analysis and 1*C CPMAS NMR spectroscopy
to detect the initial C quality of newly shed foliar litter for four dominant tree species,
namely fir, spruce, willow and rosa, which were collected on a monthly basis from August
2015 to July 2016 in an alpine forest on the eastern Tibetan Plateau. In this study, we aimed
to address three scientific questions: (1) How do the plant species and litter quality affect
the C quality of newly shed foliar litter? (2) How does C quality of newly shed foliar
litter vary seasonally? (3) How does initial C quality regulate decomposition processes?
Therefore, our objective was to evaluate the capacity of the initial C input from plant litter
and the initial potential of litter-derived C for C sequestration in the decomposition process
in this study.

2. Materials and Methods
2.1. Site Description

This study was conducted at the Long-Term Research Station of the Alpine Forest
Ecosystem in the Miyaluo Nature Reserve (31°14’ N, 102°53’ E, 2982-3020 m above sea
level (masl)) which is located on the eastern Tibetan Plateau. This region is a typical
and transitional winter-cold zone between the Tibetan Plateau and the Sichuan Basin.
The annual mean temperature is 2.7 °C. The maximum and minimum temperatures are
23 °C (July) and —18 °C (January), respectively. The annual mean precipitation reaches
approximately 850 mm. Winter normally extends from late October until the following
April with snow accumulating, and the growing season with the most concentrated litterfall
extends from April until November. The forest is dominated by coniferous fir (Abies
faxoniana) and spruce (Picea asperata). The main understory shrubs include willow (Salix
paraplesia), rosa (Rosa omeiensis) and azalea (Rhododendron lapponicum). The forest soil in this
area is dark brown soil and brown soil, and it is considered to be poor and barren due to
the frequent natural disasters and low temperature conditions [22,32,33].

2.2. Experimental Design and Sample Collection

Based on a previous field investigation, three replicate 50 x 50 m sampling sites exhibiting
similar aspects and slopes were established in a spruce-fir forest (2982-3020 m above sea
level (masl)), and the three sites were at least 50 m apart from each other. Twenty litterfall
funnel-shaped trap collectors were placed randomly at each site and fixed approximately
1 m above the ground at the end of July 2015.

Newly shed foliar litter was collected on a monthly basis from August 2015 to April
2016. The collected litter samples were air-dried at room temperature for one week, and
foliar litter was classified as fir, spruce, willow and rosa according to the litter species. All
foliar litter materials were ground and passed through a 0.25-mm sieve as subsamples for
chemical analysis.

2.3. Chemical Analysis

The samples were analyzed using a sequential extraction technique according to
Hilli et al. [34] and Preston et al. [14]. The samples were sequentially treated with
trichloromethane to extract organic-soluble extractives (OSE), followed by boiling water to
extract water-soluble extractives (WSE) and finally 72% (v/v) sulfuric acid to extract acid-
soluble extractives (ASE), and the remaining residues were considered acid-unhydrolyzable
residues (AUR). We performed 3 laboratory replicates for each sample during the experiment.

During solid-state '>*C NMR measurement, all samples were treated with hydrofluoric
acid (HF) to remove paramagnetic materials such as iron oxide from samples as follows:
0.5 g subsamples were weighed into 50-mL falcon tubes, and the tubes were tightly capped
and horizontally shaken after adding 10 mL of 46% HF. Then, 40 mL of deionized water
was added to the tubes, and the tubes were centrifuged at 3000 rpm for 10 min. The
supernatant was removed and discarded, and the residue was washed 3-5 times with
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deionized water to completely remove HF, and then dried at 60 °C in an oven. The HF-
treated samples were used for solid-state 1*C NMR analysis [19]. We did not perform
laboratory replicate analyses of the samples. Generally, the measurements were better
than the chemical extractions, and the replicates at each site were adequate to ensure the
reliability of the data.

Solid-state 3C NMR spectra were obtained on a Bruker AVANCE III 400 spectrometer
(Bruker BioSpin AG, Fdllanden, Switzerland) at 100 MHz. The dried and finely powdered
samples were packed in a zirconium dioxide (ZrO;) rotor topped with a Kel-F cap, which
was spun at a 5 kHz rate. The contact time for the ramp sequence of the 1H ramp was 2 ms.
A total of 2048 scans were recorded with a 1 s recycle delay for each sample, and the plotted
spectral regions ranged from 0-220 ppm.

The contributions of various functional C groups to the total organic C (TOC) content
were determined via the integration of their >C signal intensity in the respective chemical
shifts using MestreNova-9.0.1 (Mestrelab Research S.L., Santiago de Compostela, Spain).
Functional C groups were assigned to aliphatic C (0-50 ppm), methoxyl C (50-60 ppm),
O-alkyl C (60-95 ppm), di-O-alkyl C (95-110 ppm), aromatic C (110-140 ppm), phenolic
C (140-165 ppm), and carboxyl C (165-220 ppm) [17,35]. Several hydrophobicity indices,
including the ratio of aliphatic C to O-alkyl C (A/O-A) and the ratio of hydropholic-C
to hydrophilic-C (HB/HI), i.e., (aliphatic C + functional C groups of the 110-165 ppm
peak area)/(functional C groups of the 45-110 ppm peak area + functional C groups of the
165-190 ppm peak area), were used to reflect the stability of organic C. The higher these
two ratios are, the higher the stability of organic C [20,36,37].

Total organic C, N and phosphorus (P) concentrations were determined via the dichro-
mate oxidation, Kjeldahl determination (KDN, Top Ltd., Zhejiang, China) and phospho-
molybdenum yellow spectrophotometry (TU-1901, Puxi Ltd., Beijing, China) methods,
respectively [38]. Litter DOC was extracted by shaking 0.5 g of dried sample with 50 mL of
deionized water for 30 min at room temperature, and the suspension was filtered through
a 0.45-pm filter membrane. A total organic C analyzer (multi N/C 2100, Analytik Jena,
Thiiringen, Germany) was used to determine the litter DOC concentration [39]. The concen-
tration of Mn via inductively coupled plasma-mass spectroscopy (ICP-MS, IRIS Advantage
1000, Thermo Elemental, Waltham, MA, USA) after litter materials (1.00 g) were digested in
HNO;-HCIO* (5:1, v/v) at 160 °C for 5 h [40].

2.4. Statistical Analysis

A two-way ANOVA was performed to evaluate the effects of the collection time and
plant species on the initial C quality and hydrophobicity indices. Multiple comparisons
were used to assess the significance of the differences among the various plant species.
The above analyses were performed in SPSS 22.0 (IBM SPSS Statistics Inc., Chicago, IL,
USA). Linear analysis was used to determine the effects of methoxyl C, aromatic C and
phenolic C in newly shed foliar litter on C loss during litter decomposition. Stepwise
regression analysis was conducted to evaluate the effects of the environmental conditions
and litter quality on the initial C quality. The above analyses were performed in Origin
Pro 9.0 (OriginLab, Northampton, MA, USA). All graphics were generated in Origin
Pro 9.0 (OriginLab, Northampton, MA, USA). C loss data for fir and willow litter in the
4-year decomposition process were collected from Ni et al. [41], which were used to detect
the effects of the C quality of newly shed fir and willow foliar litter on C loss during
litter decomposition.

3. Results
3.1. Proportions of Organic Components in Newly Shed Foliar Litter

The fractions of ASE and AUR were the main components among all plant species. In
rosa litter, the content of ASE (37.62%) was higher than that of other C fractions, while in

fir, spruce and willow litter, the content of AUR was higher than that of other C fractions
(fir: 37.05%; spruce: 41.45%; willow: 40.04%) (Table 1). ASE and AUR were significantly
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affected by the collection time (ASE: p = 0.015; AUR: p = 0.003) and plant species (ASE:
p = 0.020; AUR: p < 0.001) (Table 2). Regarding WSE, similar trends were observed between
the fir and spruce litter materials, with peaks occurring in April (Figure 1). Regarding AUR,
the content in fir, willow and rosa litter generally decreased from August to November
(Figure 1).

Table 1. Properties of the C quality of newly shed foliar litter for each plant species. Different
lowercase letters indicate significant (p < 0.05) differences among the various plant species for each C
quality aspect (plant species: fir, spruce, willow and rosa; functional C groups: aliphatic C, methoxyl
C, O-alkyl C, di-O-alkyl C, aromatic C, phenolic C and carboxyl C; organic components: WSE,
water-soluble extractives, OSE, organic-soluble extractives, ASE, acid-soluble extractives, AUR, acid-
unhydrolyzable residues; HB/HI, (0-45 ppm + 110-165 ppm)/(45-110 ppm + 165-190 ppm), and
A/O-A, aliphatic C/O-alkyl C)).

Carbon Quality Fir Spruce Willow Rosa
Aliphatic (%) 23.66 £ 0.65 bc 22.06 +1.31c 28.45+3.45Db 3544 +349a
Methoxyl (%) 560+ 0.20b 6.67 £0.27 a 6.79 £049a 539+ 0.17b

O-alkyl (%) 32.03+0.35b 35.02 £ 0.64a 3234 +£1.56b 27.60 £1.27 c
di-O-alkyl (%) 10.58 £0.12 a 1024 +021a 9.38+0.59a 8.10 £ 0.69 b
Aromatic (%) 1348 £ 023 a 1294 4+049a 10.84 £1.01b 10.68 = 0.89 b
Phenolic (%) 1048 +0.29 a 874+041Db 7.86 £0.79 bc 710+ 1.02¢
Carboxyl (%) 419+035b 433 +0.32b 434+049Db 5.68 £0.90 a

A/O-A 0.49 £ 0.02 ¢ 0.43+0.03d 0.60 = 0.09 b 0.88+0.11a
HB/HI 091 £0.02b 0.78 £0.02d 0.90 £ 0.06 c 1.15+0.08 a
OSE (%) 9.26 £0.97 a 640+ 0.77b 3.98 £0.63b 6.48 £0.93 b
WSE (%) 2098 +141a 19.65+191a 20.53 +£3.25a 1954 £190a
ASE (%) 3491 +0.82a 3250+291a 3545+1.02a 37.62+£297a
AUR (%) 3705+ 131a 4145 +4.00a 40.04 +3.57 a 36.35 £ 1.67a

Table 2. Results of two-way ANOVA testing for the effects of the collection time (from August 2015
to July 2016) and plant species on the C quality of newly shed foliar litter (plant species: fir, spruce,
willow and rosa; functional C groups: aliphatic C, methoxyl C, O-alkyl C, di-O-alkyl C, aromatic C,
phenolic C and carboxyl C; organic components: WSE, water-soluble extractives, OSE, organic-soluble
extractives, ASE, acid-soluble extractives, AUR, acid-unhydrolyzable residues; HB/HI, (045 ppm +

110-165 ppm)/(45-110 ppm + 165-190 ppm), and A/O-A, aliphatic C/O-alkyl C)).

Plant Species

Collection Time

Carbon Quality i s " i F ,
Aliphatic 3 146.85 <0.001 7 27.661 <0.001
Methoxyl 3 33.17 <0.001 7 7.419 <0.001

O-alkyl 3 236.10 <0.001 7 34.761 <0.001
Di-O-alkyl 3 66.82 <0.001 7 9.365 <0.001
Aromatic 3 54.54 <0.001 7 16.017 <0.001
Phenolic 3 54.30 <0.001 7 9.073 <0.001
Carboxyl 3 9.24 <0.001 7 3.039 0.007
HB/HI 3 352.77 <0.001 7 37.097 <0.001
A/O-A 3 415.89 <0.001 7 55.054 <0.001
OSE 3 45.938 <0.001 7 28.316 <0.001
WSE 3 0.941 0.426 7 16.048 <0.001
ASE 3 3.776 0.015 7 2.621 0.020
AUR 3 5.149 0.003 7 10.741 <0.001

3.2. Proportions of Functional C Groups in Newly Shed Foliar Litter

Aliphatic C and O-alkyl C were the main functional C groups, while methoxyl C and
carboxyl C were less abundant than the other functional groups (Table 1). In rosa litter, the
content of aliphatic C (35.44%) was higher than that of the other functional C groups, while
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Proportions of organic components (%)

Proportions of functional C groups (%)

100

fir, spruce and willow litter contained more O-alkyl C (fir: 32.03%; spruce: 35.02%; willow:
32.34%). The plant species (p < 0.001) and collection time (p < 0.01) remarkably affected the
functional C groups (Table 2). Smaller proportions of O-alkyl C in the fir and spruce litter
samples were observed in April (Figure 2). The aromatic C and phenolic C contents in the
fir and spruce litter samples remained stable with low proportions (Figure 2). The aliphatic
C content in willow litter continuously decreased from August to November, while the
aliphatic C content in rosa litter increased from August to October (Figure 2).

I ALR
I ASE
[ wsE
I osE

Aug Sep Oct Nov Apr May Jun Jul Aug Sep Oct Nov Apr May Jun Jul Aug Sep Oct Nov Aug Sep Oct Nov

Fir Spruce Willow Rosa

Figure 1. Monthly dynamics of the proportions of organic components (%) (WSE: water-soluble ex-
tractives; OSE: organic-soluble extractives; ASE: acid-soluble extractives; AUR: acid-unhydrolyzable
residues) in newly shed foliar litter determined via proximate C fraction analysis.
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Figure 2. Monthly dynamics of the proportions of functional C fractions (%) (aliphatic C, methoxyl C,
O-alkyl C, di-O-alkyl C, aromatic C, phenolic C, and carboxyl C) in newly shed foliar litter obtained
from the integration of different chemical shifts determined via CP/MAS 3C NMR spectroscopy.

3.3. A/O-A and HB/HI Ratios of Newly Shed Foliar Litter

The ratios of A/O-A (0.88) and HB/HI (1.15) in rosa litter were higher than those in the
litter of the other species, while those in spruce litter were the lowest (A/O-A: 0.43; HB/HI:
0.78) (Table 1). The plant species (p < 0.001) and collection time (p < 0.001) significantly
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influenced A /O-A and HB/HI (Table 2). The ratios of A/O-A in the fir and spruce litter
samples were significantly lower than those in the willow and rosa litter samples (Figure 3a).
The ratios of HB/HI in the fir and spruce litter samples were more stable than those in the
willow and rosa litter samples, respectively (Figure 3b).

1.40 2.0
—=—Fir —=— Fir
(a) (b)
--®-- Spruce --®-- Spruce
ok /i ---A-- Willow - A Willow
1.05 1 ) i --¥- Rosa 159 ~¥- Rosa
< N I
O 0.704 ) A . ~ 1.0+
< ‘ £
0.35 0.5
000 T T T T T T T T 00 T T T T T T T T
Aug Sep Oct Nov Apr May Jun Jul Aug Sep Oct Nov Apr May Jun Jul
Collection time Collection time

Figure 3. Monthly dynamics of the ratio of (a) aliphatic C to O-alkyl C (A/O-A) and (b) the index of
hydrophobicity (HB/HI, (0-45 ppm + 110-165 ppm)/(45-110 ppm + 165-190 ppm)) in newly shed
foliar litter determined via CP/MAS 13C NMR spectroscopy. The * indicates significant (p < 0.05)
differences among the various plant species. * p < 0.05, ** p < 0.01, and *** p < 0.001.

3.4. Relationships between the Initial Functional C Groups and C Loss during Litter Decomposition

Among all the functional C groups, methoxyl C, aromatic C and phenolic C signifi-
cantly (p < 0.05) affected C loss during litter decomposition. Methoxyl C (coefficient: 0.49)
and aromatic C (coefficient: —0.54) markedly controlled C loss in the third and first years
of litter decomposition, respectively, and phenolic C significantly controlled C loss in both
the second (coefficient: —0.51) and fourth (coefficient: —0.47) years of litter decomposition

(Figure 4).
B methoxyl C
I aromatic C
2013+ + M phenolic C
0 ** -0.51
f>i~ 20141 ** -0.49
c 0.44 *
K]
:‘ﬁ
g
£ * -0.41
8 2015 * -0.45
(0]
a 0.49 >
*
2016 *
*

05 0.0 0.5
Coefficients

Figure 4. Results of linear regression analysis between functional C groups and C loss in litter
decomposition processes. The * indicates the significance (p < 0.05) between functional C groups and
C loss at different decomposition stages in the regression model. * p < 0.05, ** p < 0.01, and Pearson’s

r values from linear regression are shown in each panel.



Forests 2022, 13, 1886

8of 13

4. Discussion

In this study, ASE and AUR were the main organic C fractions for all species, which is
consistent with the study results of Yang et al. [29]. Consistent with our hypothesis, a large
amount of labile O-alkyl C was detected in the newly shed foliar litter, so that it could be
sufficiently consumed by a large microbial population in the subsequent decomposition
process, which has been commonly reported [3,11]. Moreover, the functional C group
contents in newly shed foliar litter varied with the plant species, and labile O-alkyl C was
mostly detected in the fir, spruce and willow litter materials, whereas rosa litter contained
abundant recalcitrant aliphatic C. Therefore, this result suggested that the initial C quality
might be species-dependent, which is consistent with our hypothesis. This might occur
because rosa litter could highly protect the leaf surface from leaching as a result of the
abundant recalcitrant aliphatic C and higher hydrophobicity indices (Table 1) [11,18], while
the initial C fractions in fir, spruce and willow litter might potentially contribute to C
turnover in alpine forests. Moreover, in accordance with the results of other studies on
litter decomposition, the initial C quality in foliar litter was controlled by DOC, N and
Mn (Figure 5) [1,4,6], which illustrated the key role of the litter quality in the formation
and preservation of litter-derived C in soils. Methoxyl C, aromatic C and phenolic C in
newly shed foliar litter significantly regulated C loss during litter decomposition, which
indicated that the variation in the C quality of newly shed litter was considered a critical
factor influencing litter decomposition and greatly contributed to soil C sequestration in
alpine forests.

The plant species significantly regulated the initial C quality of newly shed foliar litter.
In our study, the initial C quality of newly shed fir, spruce and willow foliar litter was
dominated by labile carbohydrates because strong signals were detected in the O-alkyl C
regions [35,42]. Furthermore, previous studies found that the rapid decrease in O-alkyl C
attributed to polysaccharide materials at the initial decomposition stage generally occurred
due to the preferential degradation of labile cellulosic compounds [2,43]. Hence, the result
whereby O-alkyl C release in rosa litter was higher than that in fir, spruce and willow litter
in this study might mostly occur because carbohydrates in O-alkyl C in rosa litter might be
easier to degrade than those in fir, spruce and willow litter. Moreover, xylose is considered
the dominant hemicellulose monosaccharide in broad-leaved tissues, and its degradation
occurs at least one year after broad-leaved litter decomposition. Nevertheless, arabinose
and galactose, the main dominant hemicellulose monosaccharides in coniferous tissues,
immediately degrade upon litter formation [27,44]. Therefore, the ASE content in rosa and
willow litter was higher than that in fir and spruce litter. Our study also found that the
aliphatic C content and A/O-A and HB/HI ratios in rosa litter were higher than those in the
litter of the other species, suggesting that the C structure in rosa litter was mainly assigned
to aliphatic C and was more complex than that in the litter of the other species [20,45]. The
results are consistent with the studies of Hishinuma et al. [2] and De Marco et al. [26] but
inconsistent with the studies of Ono et al. [31] and Ono et al. [25], which could be explained
by the variations in biosynthetic lipid processes among plant species. In addition, the less
complex chemical structure determined by the indices of A/O-A and HB/HI in coniferous
species versus broadleaved species might also be attributable to the plant species [45,46].
Thus, rosa litter might be more resistant to decomposition. In addition, the abundance of
guaiacyl lignins and stable tannins in coniferous fir and spruce and broadleaf willow and
rosa might lead to differences in the proportions of aromatic C and phenolic C among the
various litter types [25,45]. In general, the contents of ASE and aliphatic C might be the key
C quality factors controlling the chemical structure of newly shed foliar litter, particularly
that of broad-leaved rosa in this study.
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Figure 5. Results of stepwise regression analysis of the functional C groups ((a): aliphatic C,
(b): methoxyl C, (c): O-alkyl C, (d): di-O-alkyl C, (e): aromatic C, (f): phenolic C, and (g): carboxyl
(©)) using the litter quality (C: carbon; DOC: dissolved organic carbon; N: nitrogen; P: phosphorus;
Mn: manganese; WSE: water-soluble extractives; OSE: organic-soluble extractives; ASE: acid-soluble
extractives; AUR: acid-unhydrolyzable residues). The dominant variables are emphasized in red in
the regression model. The values represent standardized coefficients, and the * indicates significant
effects of the variables on the functional C fractions in a given regression model * p < 0.05, ** p < 0.01,
and *** p < 0.001. For example, aliphatic C was significantly impacted by P (p < 0.05), DOC (p < 0.01)
and N (p < 0.001) in the stepwise regression testing the effects of litter chemical quality on aliphatic C (a).

The litter quality also dramatically determined the C quality of newly shed foliar litter,
and this might lead to seasonal variations in the C quality together with environmental
conditions. Our analysis results showed that the N content also dominated the recalcitrant
C quality of newly shed foliar litter (Figure 5), which is consistent with the decomposition
process. This might be due to foliar litter releasing a large amount of nutrients, such as
N, at the early stage of decomposition under the notable influences of the litter quality
and environmental conditions and then further stimulating microbial activity that might
easily accelerate the degradation of recalcitrant substances [47-49]. This might also be
the reason that stable aromatic C and phenolic C and low ratios of A/O-A and HB/HI in
willow and rosa litter were detected in November. The insulating effect of snow cover at
our study site during this period might promote microbial activity, thus resulting in fast
decomposition [41,50]. Similarly, soluble nutrients, such as DOC, were rapidly released
at the early stage of decomposition. In our study, DOC was the most significant factor
influencing WSE and O-alkyl C and strongly responded to environmental conditions
(Figure 5); therefore, a large amount of easily available compounds may be formed as
a result of the thick litter layer and could be easily leached from foliar litter by light
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snowfall in October and November of this region, thus leading to more labile WSE and
O-alkyl C released from foliar litter [51]. Moreover, our analysis results showed that DOC
significantly affected the recalcitrant AUR (Figure S1), aliphatic C and aromatic C, which
might have resulted from DOC derived from the oxidative degradation of lignin. Water-
soluble components primarily controlled the formation and persistence of recalcitrant
substances in forest soils by significantly affecting microbial activity [52,53]. This might
be the main reason why the temporal characteristics of the aliphatic C and AUR fraction
were opposite to those of WSE and O-alkyl C during the periods of October and November.
In addition, the initial Mn generally functioned as a cofactor of lignin-degrading enzymes
to regulate litter decomposition and humus stability, revealing a high contribution to the
control of C sequestration in the organic layer [4,53]. The significant correlations between
Mn and C quality, especially O-alkyl C and O-alkyl C, in newly shed foliar litter in our
study might also indicate that the initial Mn might potentially contribute to C sequestration
in soils.

In accordance with our hypothesis (2), the initial C quality notably controlled litter
decomposition processes and could further affect C sequestration in soils. In combination
with the litter decomposition experiment of Ni et al. [41], we found that the C loss in the
4-year decomposition process was highly related to the initial aromatic C and phenolic
C, which are commonly referred to as structurally complex guaiacyl- and syringyl-lignin,
respectively. This result notably illustrated that the initial recalcitrant C quality mainly
determined C sequestration in soils in the decomposition process, which is contrary to
the results of recent studies whereby labile components were the main factor influencing
the decomposition process [18,20]. Nevertheless, the initial methoxyl C, which is also
commonly reported as the aromatic rings of guaiacyl and syringyl units in lignin and could
be structurally stable [11,36], was positively related to the C loss of decomposing litter in
our study. This might be due to the region of initial methoxyl C also arising from other
sources including proteins and amino acids [14].

5. Conclusions

Our results indicated that the initial C quality of newly shed foliar litter significantly
varied with the plant species over time. Newly shed foliar litter of fir, spruce and willow
comprising more labile C might contribute to the magnitude of accumulation of the soil
C pool in alpine forests. Rosa litter, obtaining more structurally complex recalcitrant C
fractions, might qualitatively contribute to the stability and sequestration of soil organic C.
Moreover, other litter quality-related factors, such as N, DOC, and Mn, strongly controlled
the initial C quality of newly shed foliar litter. In addition, the initial methoxyl C, aromatic
C and phenolic C were the best predictors of C loss during litter decomposition in the
alpine forests. However, our study did not consider the C quality in soils, and we could
speculate that labile and recalcitrant C fractions could exhibit different characteristics in
soils. Therefore, future efforts should be devoted to thoroughly studying the C quality
based on the continuous process of “newly shed litter-decomposing litter-soils” to obtain
the contributions of litter-derived C to soil C sequestration in alpine forests.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13111886/s1, Figure S1: Results of stepwise regression analyses of
initial organic components ((a): WSE, water-soluble extractives; (b): OSE, organic-soluble extractives;
(c): ASE, acid-soluble extractives; (d): AUR, acid-unhydrolyzable residues) using litter quality and
environmental conditions (C: carbon; DOC: dissolved organic carbon; N: nitrogen; P: phosphorus;
Mn: manganese; MAT: monthly average temperature; MAP: monthly average precipitation). The
dominant variables are emphasized by red color in the regression model, Values represent the
standardized coefficients, The * indicates significant effects of variables on C fractions in a given
regression model * p < 0.05, ** p < 0.01, and *** p < 0.001. For example, OSE was significantly impacted
by MAT (p < 0.05), Mn (p < 0.001), P (p < 0.001), and DOC (p < 0.001) in the stepwise regression testing
the effects of litter chemical quality and environmental conditions on OSE (a).
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