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Abstract: Litter is an important component of terrestrial ecosystems and plays a significant role in
carbon cycles. Quantifying regional-scale patterns of litter standing crop distribution will improve our
understanding of the mechanisms of the terrestrial carbon cycle, and thus enable accurate predictions
of the responses of the terrestrial carbon cycle to future climate change. In this study, we aimed to
estimate the storage and climatic controlling factors of litter standing crop carbon in the Tibetan
Plateau shrublands. We investigated litter standing crop carbon storage and its controlling factors,
using a litter survey at 65 shrublands sites across the Tibetan Plateau from 2011–2013. Ordinary least
squares regression analyses were conducted to estimate the relationships between litter standing
crop carbon, longitude, and latitude. Multiple linear regressions were used to evaluate relationships
among litter standing crop carbon, mean annual temperature (MAT), mean annual precipitation
(MAP), and aboveground biomass. The litter standing crop carbon storage was 10.93 Tg C, 7.40 Tg C,
and 3.53 Tg C in desert shrublands and alpine shrublands, respectively. Litter standing crop carbon
decreased with longitude, and was stable with increasing latitude. Most (80%) of the litter standing
crop was stored in branches, with only 20% stored in foliage in the shrublands on the Tibetan Plateau.
The conversion coefficient was 0.44 for litter standing crop to litter standing crop carbon, and 0.39
and 0.45 for foliage and branch litter standing crop to foliage and branch litter standing crop carbon,
respectively. Aboveground biomass can accelerate more inputs of litter and has a positive effect on
litter standing crop carbon. MAT had a positive effect on litter standing crop carbon due to stimulating
more input of aboveground biomass. However, MAP had a negative relationship with litter standing
crop carbon by enhancing litter decomposition.

Keywords: litter standing crop carbon; conversion coefficient; climatic factors; Tibetan
Plateau; shrublands

1. Introduction

Litter is an important component of terrestrial ecosystems. Its production and accumulation
contribute to carbon sequestration and soil fertility [1]. The litter standing crop depends on the rates
of litter production and litter decomposition. If the litter production rate is greater than the litter
decomposition rate, litter becomes a sink of atmosphere CO2; if the litter decomposition rate is greater
than the litter production rate, it becomes a carbon source [2]. Although soil acts as the largest carbon
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pool [3], the litter standing crop pool also accounts for a non-ignorable amount of emissions; the global
litter standing crop carbon pool has been estimated to be 43 Pg C for all forest ecosystem carbon
stocks [4], and the litter standing crop carbon pool in both forest and grassland ecosystems in China has
been estimated as being 0.52 Pg C [5], which means litter plays a significant role in carbon cycles [1,6,7].
Most researchers have focused on litter production and litter decomposition [8,9], while few studies
have considered litter standing crop carbon in shrublands [2], especially on the Tibetan Plateau.

As a result of global climatic changes, the Tibetan Plateau has been experiencing warming, and the
mean annual temperature (MAT) has increased by 0.05 ◦C every year [10]. Meanwhile the mean annual
precipitation (MAP) has increased by 10.2 mm every ten years [10]. Furthermore, climatic conditions,
such as changes in precipitation and temperature, are predicted to not only continue, but also perhaps
to accelerate in the future [11,12]. It has been demonstrated that climatic factors such as MAP and
MAT greatly affect litter standing crop carbon [5]. Climatic factors also indirectly influence litter
decomposition through their effects on biotic factors [2]. It has been demonstrated that MAT and MAP
have positive effects on litter production in forests in China [13]. At the regional scale, a similar trend
was observed in Tiantong national forest park [14]. However, other studies have indicated that litter
production in northeastern China’s forests is influenced by temperature, but not significantly affected
by precipitation [15]. Therefore, the effects of climatic factors on litter production remain uncertain.
Compared with climatic effects on litter production, its effects on litter standing crop have been less
researched in the shrublands on the Tibetan Plateau.

The conversion coefficient of litter standing crop to litter standing crop carbon is an important
parameter in the carbon budget [16]. Generally, researchers have used 0.50 to convert biomass to
biomass carbon [17]. However, the parameter of 0.50 overestimated carbon by 22% when estimating
the litter carbon budget in shrublands across south China [16]. Furthermore, different components play
important roles in shaping the magnitude of the conversion coefficient [18]. Although the conversion
coefficient of litter standing crop to litter standing crop carbon has been estimated in shrublands of
southern China [16], components such as foliage and branch standing crop to foliage and branch
standing crop carbon have not been considered. Furthermore, although biomass and soil organic
carbon have been explored in the Tibetan Plateau shrublands [19–21], it was difficult to assess the total
carbon storage in shrublands ecosystem without litter standing crop carbon. It has been demonstrated
that the biophysical processes that control soil carbon on the Tibetan Plateau may differ from those in
other regions [20,22]. We hypothesized that the conversion coefficient in the Tibetan Plateau shrublands
was different from that in the southern China shrublands. We also aimed to explore the litter standing
crop carbon responses to changes of MAT, MAP and aboveground biomass in the shrublands on the
Tibetan Plateau.

2. Materials and Methods

2.1. Study Area

This study investigated shrublands on the northeastern Tibetan Plateau (Figure 1). Shrublands
are one of the most widely distributed ecosystems on the plateau [23]. Shrublands compose woody
vegetation, with coverage of more than 30% and a mean height below 5 m [24] and are primarily
classified as desert shrublands or alpine shrublands [23]. Desert shrublands are mostly distributed in
drier areas, such as the Qaidam Basin, and are characterized by species that can endure severe drought,
such as Kalidium foliatum (Pall.) Moq, Salsola abrotanoides Bunge, and Sympegma regelii Bunge. Compared
with alpine shrublands, only a few types of super-xerophytic herbs grow in desert shrublands. Brown
desert soil and grey brown desert soil are mainly soil types in desert shrublands ecosystems, while soil
in desert shrublands is very thin and more infertile than that in alpine shrublands [23]. In contrast,
alpine shrublands are located in mountains with a cold and semiarid environment. Chestnut soil,
grey cinnamon soil, and alpine shrubby meadow soil are mainly soil types in alpine shrublands
ecosystems [23]. Representative species include Rhododendron thymifolium Maxim, R. capitatum Maxim,
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and Sibiraea laevigata (Linn.) Maxim. Mesophyte herbs, including Kobresia spp., Carex spp., and
Oxytropis spp., are located in alpine desertblands. MAP and MAT in the study regions range from 17.6
to 764.4 mm and −5.6 to 8.9 ◦C, respectively [25].

Figure 1. Distribution of 65 sampling sites in the shrublands of the Tibetan Plateau, which was based
on the vegetation of China (1:100 0000) [26].

2.2. Field Investigation and Laboratory Measurements

In line with China’s vegetation atlas (1:1000000) [26] and field investigations, we systematically
selected 195 plots in 65 sites across the northeastern Tibetan Plateau shrublands in July and August
from 2011 to 2013 (Figure 1). We selected three plots (1 m × 1 m) at each site and the distance of two
plots was between 5 m and 50 m. At each site, all of the litter, including older litter and decomposed
litter in the three plots, was collected to determine the litter standing crop [27]. Also, all shrubland
plants in three plots were harvested to measure aboveground biomass. The samples of litter and
aboveground biomass were oven dried at 65 ◦C to a constant weight, and weighed to the nearest
0.01 g. The litters were primarily foliage or branches. Carbon content of litter was determined using
an elemental analyzer (2400 II CHNS; Perkin-Elmer, Boston, MA, USA).

2.3. Climate Data

To investigate the potential effects of climate factors on the litter standing crop carbon, MAT and
MAP were extracted for each site from the WorldClim database (http://www.Worldclim.org/) with a
spatial resolution of 1 × 1 km2 [28,29].

2.4. Data Analysis

Ordinary least squares regression analyses were used to estimate the relationships between litter
standing crop carbon, longitude, and latitude. Multiple linear regressions were conducted to evaluate
relationships among litter standing crop carbon, MAT, MAP, and aboveground biomass. All analyses
were conducted using SPSS 22.0 (SPSS Inc., Chicago, USA). Graphs were created in SigmaPlot 12.5
(Systat Software, Inc., Point Richmond, CA, USA).

http://www.Worldclim.org/


Forests 2019, 10, 987 4 of 11

3. Results

3.1. Size and Storage of Litter Standing Crop in Tibetan Plateau Shrublands

The litter standing crop ranged from 0.04 kg m−2 to 0.48 kg m−2. The branch standing crop ranged
from 0.02 kg m−2 to 0.48 kg m−2, and foliage was no more than 0.25 kg m−2. The mean litter standing
crop was 0.23 kg m−2 in the shrublands overall (Table 1), and it was 0.25 kg m−2 and 0.19 kg m−2

in desert shrublands and alpine shrublands, respectively (Table 1). The mean values for foliage and
branch standing crops in the shrublands were 0.04 kg m−2, and 0.19 kg m−2, respectively (Table 1). Most
litter standing crop was stored in the branch standing crop, accounting for 80% of all litter standing
crop overall (Figure 2a), and 76% and 87% in alpine shrublands and desert shrublands, respectively
(Figure 2b,c).

Table 1. Size, storage and carbon storage of foliage, branch, and litter standing crops in the shrublands
of the Tibetan Plateau.

Shrubland
Type

Area
(104 km2)

Litter Standing Crop
Density (kg m−2)

Litter Standing Crop
Storage (Tg)

Litter Standing Crop
Carbon Storage (Tg C)

Foliage Branch Litter Foliage Branch Litter Foliage Branch Litter

Desert
shrublands 6.69 0.03 0.22 0.25 2.11 14.63 16.74 0.82 6.58 7.40

Alpine
shrublands 4.29 0.05 0.14 0.19 1.94 6.15 8.09 0.76 2.77 3.53

Overall 10.98 0.04 0.19 0.23 4.05 20.78 24.83 1.58 9.35 10.93

Figure 2. The proportions of branch and foliage standing crop in the litter standing crop on the Tibetan
Plateau, (a) all shrublands, (b) alpine shrublands, (c) desert shrublands.

Overall, the litter standing crop storage in the shrublands was 24.83 Tg; 16.74 Tg and 8.09 Tg in
desert shrublands and alpine shrublands, respectively. Storages in the foliage and branch standing
crops were 4.05 Tg and 20.78 Tg, respectively (Table 1).

3.2. Conversion Coefficient, Storage, and Distribution of Litter Standing Crop Carbon

The conversion coefficient of litter standing crop to litter standing crop carbon was 0.44 in the
shrublands of the Tibetan Plateau, which supported our hypothesis that the conversion coefficient
was different from that in the shrublands of southern China. The conversion coefficients for foliage
and branch standing crop to foliage and branch standing crop carbon were 0.39 and 0.45, respectively.
Litter standing crop carbon was 10.93 Tg C in the northeastern Tibetan Plateau shrublands, and they
were 7.40 Tg C and 3.53 Tg C in desert shrublands and alpine shrublands, respectively (Table 1).
Furthermore, the conversion coefficients of branch standing crop to branch standing crop carbon were
0.42 and 0.46 in desert shrublands and alpine shrublands, respectively. Meanwhile, the conversion
coefficients of foliage standing crop to foliage standing crop carbon were 0.27 and 0.40 in desert
shrublands and alpine shrublands, respectively.
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Spatially, the litter standing crop carbon was stable with increased latitude (Figure 3a), but it
decreased with longitude in total shrublands (Figure 3b). Similarly, the significant trend also existed
in the alpine shrublands (Figure 3c). In the desert shrublands, the range of longitude was between
94.51◦ and 98.73◦. The litter standing crop carbon has a decreasing trend with an increasing longitude
in desert shrublands (Figure 3d). Specifically, the highest litter standing crop carbon was in a low
longitude (94.51◦–95.91◦), while the lowest litter standing crop carbon was in high MAT (97.32◦–98.73◦).
In medium MAT (95.91◦–97.32◦), the litter standing crop carbon was moderate (Figure 3d).

Figure 3. Relationships between litter standing crop carbon and latitude and longitude, (a) and (b)
total shrublands, (c) alpine shrublands, (d) desert shrublands.

3.3. Effects of MAP and MAT on Litter Standing Crop Carbon

Litter standing crop carbon significantly decreased with MAP (Figure 4a) (p < 0.01). In the alpine
shrublands, the range of MAP was between 160.83 mm and 572.50 mm. The litter standing crop carbon
showed a negative trend with MAP in alpine shrublands. Specifically, the highest litter standing crop
carbon was in low MAP (160.83 mm–298.06 mm), while the lowest litter standing crop carbon in high
MAP (435.28–572.50 mm), and in medium MAP (298.06 mm–435.28 mm), the litter standing crop carbon
was moderate (Figure 4b). Similarly, and the range of MAP was between 35.83 mm and 265.00 mm in
desert shrublands. The highest litter standing crop carbon was in low MAP (35.83 mm–112.22 mm),
while the lowest litter standing crop carbon in high MAP (188.61 mm–265.00 mm), and in medium
MAP (112.22 mm–188.61 mm), the litter standing crop carbon was moderate (Figure 4c).

Litter standing crop carbon increased with MAT (p < 0.01) (Figure 4d). In the alpine shrublands,
the range of MAT was between −2.83 ◦C and 3.20 ◦C. The litter standing crop carbon showed a positive
trend with MAT in alpine shrublands. Specifically, the highest litter standing crop carbon was in high
MAT (1.18 ◦C–3.20 ◦C), while the lowest litter standing crop carbon in low MAT(−2.85 ◦C–−0.83 ◦C),
and in medium MAT (−0.83 ◦C–1.18 ◦C), the litter standing crop carbon was moderate (Figure 4e).
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Similarly to desert shrublands, and the range of MAT was between −1.14 ◦C and 5.47 ◦C. The litter
standing crop carbon showed a positive trend with MAT in desert shrublands. Specifically, the highest
litter standing crop carbon was in high MAT (3.65 ◦C–5.47 ◦C), while the lowest litter standing crop
carbon was in low MAT (−1.14 ◦C–0.42 ◦C), and in medium MAP (0.42 ◦C–3.65 ◦C), the litter standing
crop carbon was moderate (Figure 4f). Generally, multiple linear regressions showed that in total
shrublands, litter standing crop carbon = −0.001 MAP + 0.01 MAT + 0.25 (r = 0.40, p < 0.01).

Figure 4. Relationships among mean annual precipitation (MAP) and mean annual temperature (MAT)
and litter standing crop carbon, (a,d) total shrublands, (b,e) alpine shrublands, (c,f) desert shrublands.

3.4. Effects of Aboveground Biomass and Climatic Factors on Litter Standing Crop Carbon

Increasing aboveground biomass can stimulate litter standing crop carbon (Figure 5a) (p < 0.01),
specifically, the positive trend also existed in both alpine shrublands and desert shrublands (Figure 5b).
Generally, multiple linear regressions showed that litter standing crop carbon = −0.001 MAP + 0.01
MAT + 0.0001Aboveground biomass + 0.11 (r = 0.42, p < 0.01). Furthermore, the relationships among
litter standing crop carbon, aboveground biomass, MAT, and MAP were shown in Figure S1.



Forests 2019, 10, 987 7 of 11

Figure 5. Relationships between aboveground biomass and litter standing crop carbon, (a) total
shrublands, (b) red circle means alpine shrublands, green triangle means desert shrublands.

4. Discussion

4.1. Size of Litter Standing Crop

The density of the litter standing crop in the Tibetan Plateau shrublands was 0.23 kg m−2, nearly
half of the litter standing crop in the forests (0.45 kg m−2) of the Tibetan Plateau [5], and was more
than three times as much as the litter standing crop of the grasslands (0.05 kg m−2) of the Tibetan
Plateau [5]. The mean aboveground biomass in the shrublands was 1.10 kg m−2 [19], less than that of
4.22 kg m−2 in the forests [30], and greater than that of 0.08 kg m−2 in the grasslands of the plateau [31].
As aboveground biomass made the greatest contribution to litter standing crop in ecosystem [1],
the litter standing crop in shrublands was in the range between forest and grasslands.

The litter standing crop in the shrublands of south China was 0.32 kg m−2 [16], larger than our
result of 0.23 kg m−2 for the Tibetan Plateau. This difference may result from the greater amount
of aboveground biomass in the shrublands across south China, compared to the Tibetan Plateau
shrublands. Aboveground biomass can shape the input resource of litter standing crop [1] and
significantly accumulate litter standing crop. It has been demonstrated that aboveground biomass
in shrublands in the south region of China was 1.44 kg m−2 [32], greater than the 1.10 kg m−2 of the
Tibetan Plateau shrublands [19].

4.2. Controlling Factors of Litter Standing Crop Carbon

Climatic factors can significantly shape litter standing crop [33,34]. Generally, precipitation
not only stimulates vegetation growth in arid regions [35], and furthermore increases input of litter
standing crop, but also affects the leaching of chemical substances from litter and consequently limits
the litter decomposition rate [2]. So precipitation has been shown to have a positive effect on litter
production [13] and stimulates accumulation of litter standing crop. However, precipitation has
restrained effects on accumulation of litter standing crop carbon in the Tibetan Plateau shrublands. This
result was different from those for other regions and biomes. For forests, precipitation did not have a
significant effect on litter standing crop in forests of the eastern Inner Mongolia Plateau [18] or forests
in China [5]. Litter standing crop carbon was stable with increasing precipitation in southern regions
of China shrublands [16]. It should be noted that precipitation can also enhance litter decomposition
by maximizing decomposer activity [11,36], which can reduce litter standing crop storage. Litter
production and litter decomposition determine litter standing crop [37]. The restrain effects on
the accumulation of litter standing crop carbon from precipitation may exceed the positive effects;
consequently, increasing MAP decreases litter standing crop carbon in the shrublands, both alpine
shrublands and desert shrublands, on the Tibetan Plateau.

Temperature is considered to be the most significant factor determining litter decomposition [38,39].
Rising temperature increases the litter decomposition rate [2]. In our study, MAT contributed to
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the accumulation of litter standing crop carbon in the shrublands on the Tibetan Plateau, which
was different from other reported findings, specifically, that temperature had negative effects on
accumulation of litter standing crop carbon in shrubland ecosystems in southern China [15] and in
forests in China [5], whereas temperature was not a significant controlling factor for litter standing crop
carbon in grasslands in China [5]. One of the most significant climate characteristics on the Tibetan
Plateau is cold, and in the Tibetan Plateau shrublands, increasing temperature has been shown to play
a significant role in shaping the amount of aboveground biomass [40]. Temperature contributes to
the accumulation of aboveground biomass [40], which shapes amount of litter input, and stimulates
more inputs into the litter standing crop; consequently, the litter standing crop in the shrublands of the
Tibetan Plateau shows an increasing trend with MAT.

The climatic controlling factors on the litter standing crop carbon in the Tibetan Plateau shrublands,
such as MAT and MAP, were different from those in other regions, which may indicate that the
biophysical processes that control carbon on the Tibetan Plateau may differ from those in other
regions [20,22]. In the global warming scenario, MAT is increasing by 0.05 ◦C every year [10,41],
which, combined with the positive relationship between litter standing crop carbon and temperature,
contributes to the carbon sink trend in the Tibetan Plateau shrublands.

4.3. Distribution and Conversion Coefficient of Litter Standing Crop to Litter Standing Crop Carbon

Spatially, the litter standing crop carbon decreased with longitude in shrublands, which may
result from climatic changes with different regions. With an increasing longitude, the MAP has an
increasing trend (Figure S2a), and consequently, increasing precipitation limited accumulation of litter
standing crop carbon (Figure 4a–c). At the same time, MAT has a decreasing trend with longitude
(Figure S2b), and decreasing temperature also limited the accumulation of litter standing crop carbon
(Figure 4d–e). The climatic changes with longitude can explain the distribution of litter standing crop
carbon in shrublands on the Tibetan Plateau.

It has been estimated that the conversion coefficient for litter standing crop to litter standing
crop carbon is 0.41 in the shrublands of southern China [16], which is lower than our result of 0.44.
Different vegetation types result in various rates of litter production and litter decomposition due
to climatic conditions [33,34], and eventually, shape the conversion coefficient for litter standing
crop to litter standing crop carbon. Cold weather is the most significant climatic characteristics of
the Tibetan Plateau [42], due to its high elevation. On the one hand, lower temperature suppresses
decomposer activity [11,43], which contributes to the weak decomposition of litter on the Tibetan
Plateau. On the other hand, plants tend to produce organic matter with a higher carbon content [44–46].
Therefore, the conversion coefficient for litter standing crop to litter standing crop carbon in
shrublands was smaller on the Tibetan Plateau compared with in shrublands of southern China.
Researchers use a coefficient of 0.50 to convert biomass to biomass carbon in woody ecosystems such
as forests [47,48] and shrublands [17], while the coefficient is smaller (0.45) in herbaceous ecosystems
such as grasslands [49,50]. Our results reveal that the conversion coefficient for branch standing crop
to branch standing crop carbon was 0.45, larger than the conversion coefficient of 0.36 for foliage
standing crop to foliage standing crop carbon, which indicates that the conversion coefficient in woody
ecosystems is larger than in herbaceous ecosystems. Studies of forest and grassland ecosystem support
this trend, with a conversion coefficient of 0.46 in forests and 0.40 in grasslands in China [5]. Therefore,
it is better to use specific conversion coefficients for different ecosystems to estimate litter standing
crop carbon. Furthermore, even with in the same ecosystem, such as shrublands, it is better to use a
specific parameter to assess carbon pools, specifically, 0.41 for the shrublands of southern China [16]
and 0.44 for the Tibetan Plateau shrublands. To conduct a more accurate estimation of the carbon pool,
it is necessary to use conversion coefficients for the different components of litter standing crop (in this
case, 0.45 and 0.36, respectively, for branch and foliage standing crop in the shrublands of the Tibetan
Plateau). Meanwhile, in the Tibetan Plateau, conversion coefficients of branch standing crop to branch
standing crop carbon and foliage standing crop to foliage standing crop carbon were 0.46 and 0.42,
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0.40, and 0.27 greater in alpine shrublands than in desert shrublands, respectively, which furthermore
means that in the neighborhood regions (such as the Tibetan Plateau), the given conversion coefficient
needs to be considered for more accurate estimation.

5. Conclusions

We used data from 65 sites to explore the storage, distribution, and environmental controls of litter
standing crop carbon in the shrublands of the Tibetan Plateau. The litter standing crop carbon was
10.93 Tg C in the shrublands of the plateau. Most of the litter standing crop was stored in the branch
standing crop, which accounted for 80% of all litter standing crop. The conversion coefficient was
0.44 for litter standing crop to litter standing crop carbon. Spatially, the litter standing crop showed a
decreasing trend with increasing longitude, and was stable with latitude. Litter standing crop carbon
decreased with increasing MAP, but MAT and aboveground biomass have had positive effects on litter
standing crop carbon in the shrublands on the Tibetan Plateau.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/11/987/s1,
Figure S1: Relationships among aboveground biomass, litter standing crop carbon, and climatic factors, (a) mean
annual temperature (MAT), (b) mean annual precipitation (MAP); Figure S2: Relationships among longitude, (a)
mean annual precipitation (MAP), (b) mean annual temperature (MAT).
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