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Microbial necromass carbon (MNC) is key to soil organic carbon (SOC) storage. However, mechanisms regulating
MNC accumulation on large scales are poorly understood. Here we provide the first batch of regional-scale MNC
data based on amino sugars for the Qinghai-Tibet Plateau alpine grasslands. We show that Qinghai-Tibet
grasslands have similar microbial biomass carbon (MBC) but lower MNC concentrations in SOC than Mongo-

lian and other grasslands. The low contribution of MNC to SOC is mainly attributed to high aridity and low net
primary productivity of the Qinghai-Tibet grasslands. Our findings highlight climatic and plant influences on
MNC accumulation at regional scales.

Soil organic carbon (SOC) stabilization plays a critical role in regu-
lating atmospheric CO; levels (Lal, 2018). Soil microbes, while miner-
alizing SOC to CO», convert a fraction of degradable organic matter into
microbial biomass and byproducts, which build up as relatively stable
microbial necromass carbon (MNC) with iterative community turnover
(Liang and Balser, 2011; Miltner et al., 2012). This process, named soil
‘microbial carbon pump’, is considered to be a key SOC stabilization
mechanism (Cotrufo et al., 2013; Liang et al., 2017). However, our un-
derstanding of the drivers of MNC accumulation has remained rudi-
mentary (Liang et al., 2019; Ni et al., 2020). Investigating the regional
distribution of MNC and its regulating factors may help identify controls
on MNC abundance in the soil.

Using amino sugars as microbial necromass markers in soils (Ame-
lung et al., 2008), Ma et al. (2018) have previously demonstrated that
MNC increases with increasing SOC across Mongolian temperate grass-
lands. By comparison, alpine grassland soils on the Qinghai-Tibet
Plateau are characterized by a relatively high abundance of
plant-derived compounds in an undegraded state (Dai et al., 2018; Ma
et al., 2019), despite temperature-constrained plant inputs (i.e., low net

primary productivity, NPP; Gao et al., 2013; Zhang et al., 2014; Sun and
Du, 2017). We hence hypothesize that the contribution of MNC to SOC is
lower in alpine than in temperate grasslands due to constrained micro-
bial activity and turnover.

To test the above hypothesis, we analyzed amino sugars in surface
soils (0-10 cm) of 28 evenly distributed sites along the Qinghai-Tibet
grasslands (Fig. S1; detailed information in Dai et al., 2018). At each
site, three random soil cores were taken and homogenized to one com-
posite sample. Amino sugars were analyzed according to Zhang and
Amelung (1996). For comparison, we compiled published data of amino
sugars for surface soils of four additional Qinghai-Tibet sites, 60 Mon-
golian (0-10 cm) and 72 other grassland sites (Ni et al., 2020; 0-20 cm;
Table S1). Concentrations of MNC were estimated according to Liang
et al. (2019). To account for the influence of microbial community size
on MNC accumulation, we also measured microbial biomass carbon
(MBC) content for 16 soil samples from the Qinghai-Tibet grasslands
(where samples were available) and compiled 11 measured MBC data
from the literature for the other grasslands. For grasslands without
measured MBC values, MBC was calculated according to Xu et al. (2013)
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Fig. 1. Concentrations of soil organic carbon
(SOC; a), amino sugars (b), microbial necromass
carbon (MNC; c¢), microbial biomass carbon (MBC;
d) and ratios of MNC to MBC (e) in surface soils of
different grasslands. For amino sugar, 28 soils from
the Qinghai-Tibet grasslands were analyzed in this
study while the rest were compiled from the liter-
ature (details in Table S1). For MBC, 16 soils of the
Qinghai-Tibet grasslands were measured in this
study and 11 were compiled from the literature.
For grasslands without measured MBC values, MBC
was calculated according to Xu et al. (2013). Due
to the lack of specific amino sugar concentrations
for some sites in the other grasslands, MNC cannot
be calculated, resulting in different numbers of
samples for amino sugars and MNC. Solid line and
cross in the box mark the median and mean of each
dataset, respectively. The upper and lower ends of
boxes denote the 0.25 and 0.75 percentiles,
respectively. The upper and lower whisker caps
denote the maximum and minimum values,
respectively. Dots denote outliers. Shapes of the
violin represent the distribution pattern of the
corresponding parameters. Letters indicate signifi-
cant differences among different grasslands (p <
0.05).

a(31) Fig. 2. Relationships between the ratio of

microbial necromass carbon to microbial
biomass carbon (MNC/MBC) and environ-
mental variables among different grassland

soils: (a) aridity index; (b) net primary pro-
ductivity (NPP); (c) clay; (d) pH; (e) ratio of
soil organic carbon to total nitrogen (SOC/
N); (f) ratio of water-extractable organic
carbon (WEOC) to inorganic nitrogen (IN);
(g) mean annual temperature (MAT). Non-
normally distributed data were Napierian

logarithm (In) or square root transformed
(sqrt) before Pearson correlation. Error bars
represent standard error of mean for site
replicates. Symbols of the box and violin
charts are defined in Fig. 1. Letters indicate
significant  differences among different
grasslands (p < 0.05). * indicates a signifi-
cant correlation (p < 0.05). Numbers in pa-
rentheses represent the number of sites.
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(Fig. S2). The ratio of MNC/MBC was then calculated to estimate MNC
accumulation per unit of MBC (MNC accumulation coefficient). Poten-
tial factors influencing MNC/MBC were compiled. We also measured
water-extractable organic carbon (WEOC) and inorganic nitrogen (IN)
in 21 Qinghai-Tibet and 57 Mongolian soils to assess the availability of
carbon and N to microbes. The analytical and data details can be found
in the Supplementary Information.

Differences in the (non-normally distributed) variables among
different grasslands were analyzed by Kruskal-Wallis test. Consistent
with our hypothesis, Qinghai-Tibet grasslands had higher or similar SOC
contents but lower SOC-normalized concentrations of amino sugars and
hence MNC (343.4 + 34.1 mg g~ SOC) compared with Mongolian
(503.9 + 17.0 mg g~ ! SOC) and other grasslands (607.9 + 15.5 mg g~
SOC; p < 0.05; Fig. 1a-c), suggesting a lower contribution of MNC to
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Table 1

Values of r for the partial correlation analysis between environmental variables
and the ratio of microbial necromass carbon to microbial biomass carbon (MNC/
MBCQ) in grassland soils (p < 0.05). Numbers in parentheses represent the
number of sites. NPP, net primary productivity; In, Napierian logarithm trans-
formation; sqrt, square root transformation; na, not applicable; ns, not
significant.

Analyzed dataset Controlled Tested variable
variable In Aridity sqrt NPP InClay pH

index (gm™2) (%)

All grasslands In Aridity na ns (140) ns ns
index (138) (104)
sqrt NPP 0.29 na 0.19 ns

(140) (138) 99)
In Clay 0.26 ns (138) na ns
(138) (101)
pH 0.28 ns (99) 0.21 na
(104) (101)
Qinghai-Tibet and sqrt NPP ns (84) na na na
Mongolian In Aridity na 0.29 na na
grasslands index (84)

SOC in alpine grasslands. Qinghai-Tibet grassland soils had similar SOC-
normalized concentrations of MBC compared to other grasslands
(Fig. 1d), resulting in increasing ratios of MNC/MBC in the order of
Qinghai-Tibet < Mongolian < other grasslands (p < 0.05; Fig. 1e). This
finding suggests that the MNC accumulation coefficient is lowest in
Qinghai-Tibet alpine grasslands, which may be related to slow microbial
turnover and/or poor necromass preservation.

Pearson correlations between MNC/MBC and environmental vari-
ables were conducted to identify potential causes for the lowered MNC/
MBC ratios on the Qinghai-Tibet and Mongolian grasslands (Fig. 2).
MNC/MBC ratios were positively correlated with the aridity index (ratio
of mean annual precipitation to potential evapotranspiration), NPP and
soil clay content in all examined grasslands (p < 0.05; Fig. 2a—c). These
correlations reflect enhanced MNC accumulation due to elevated mi-
crobial turnover in soils with high water and energy (i.e., NPP) supply
(He et al., 2011; Jia et al., 2017; Prommer et al., 2019) and/or elevated
preservation of microbial necromass in clay-rich soils (Six et al., 2006;
Ma et al., 2018). In addition, lower soil pH may favor fungal relative to
bacterial growth (Kamble et al., 2014; Barcenas-Moreno et al., 2016),
leading to an accumulation of the more stable fungal necromass (Indorf
etal., 2015) and a higher MNC/MBC ratio in the relatively acidic soils (p
< 0.05; Fig. 2d). It should be noted that data are Napierian logarithm or
square root-transformed for the regression analysis, so the correlation of
MNC/MBC with aridity index, NPP and clay content is not linear.

Furthermore, partial correlation analysis showed that for all

(a) In (MAT+5) (b)

—0.49

0.44
In Aridity index — 0.51 —{sqrt NPP

0.36
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x>=0.17, P=0.68, Degrees of freedom = 1, n = 140
RMSEA = 0.00, CFI = 1.00, Bootstrap P = 0.99
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Soil Biology and Biochemistry 156 (2021) 108213

grasslands MNC/MBC remained positively correlated with the aridity
index when other variables were controlled for (Table 1). However,
none of the variables had any effect on MNC/MBC when the aridity
index was controlled for, suggesting a dominant impact of aridity on the
MNC accumulation coefficient across all grasslands analyzed. This
finding explains the lower MNC/MBC ratio in the relatively arid grass-
lands of Qinghai-Tibet and Mongolia (aridity index of 0.39 + 0.01)
compared with grasslands elsewhere (aridity index of 0.64 + 0.03;
Fig. 2a).

Other than aridity index, MNC/MBC was also positively correlated
with NPP in the Qinghai-Tibet and Mongolian grassland (p < 0.05;
Fig. 2a and b). As NPP and aridity index were interrelated (p < 0.05;
Fig. S3), partial correlation showed that aridity index was no longer
correlated with MNC/MBC when NPP was controlled for (Table 1). This
suggests that NPP had a more pronounced influence on MNC/MBC than
the aridity index in Qinghai-Tibet and Mongolian grasslands (Table 1).
This finding is confirmed by comparative correlation analysis of MNC/
MBC with NPP in grasslands under different aridity regimes (details in SI
discussion and Fig. S5). Moreover, low temperature is known to
constrain microbial activity and N mineralization (Carbutt et al., 2013;
Wingler and Hennessy, 2016), potentially stimulating microbial re-use
of its N-enriched necromass under N limitation (Jia et al., 2017).
Thus, the low level of MNC on the Qinghai-Tibet and Mongolian grass-
lands may also result from temperature-constrained microbial turnover
and/or N limitation-inhibited preservation of MNC. However, the
MNC/MBC ratios in the Qinghai-Tibet and Mongolian grasslands were
not correlated with either indicators of N limitation (p > 0.05; Fig. 2e
and f), including ratios of SOC/N and WEOC/IN (Taylor and Townsend,
2010; Wickland et al., 2012; Khan and Joergensen, 2019), or mean
annual temperature (MAT) (p > 0.05; Fig. 2g). This result suggests that
low MNC/MBC in Qinghai-Tibet and Mongolian grasslands was not
controlled by N limitation or temperature-constrained microbial
turnover.

To confirm the above results about environmental controls on MNC/
MBC ratios in grassland soils, structural equation modeling (SEM) was
employed to quantify the interaction between MNC/MBC and environ-
mental variables. The SEM was developed from a priori models (Fig. S4)
based on known effects and relationships among MNC/MBC and other
key drivers (Fig. $3). Non-significant 2 test (p > 0.05), high compara-
tive fit index (CFI > 0.95) and low root mean square error of approxi-
mation (RMSEA < 0.1) indicate that our SEM have a good model fit.
Based on the SEM, aridity index and NPP were direct and dominant
factors affecting MNC/MBC for all grasslands (Fig. 3a) and Qinghai-
Tibet and Mongolian grasslands (Fig. 3b), respectively. MAT indirectly
impacted MNC/MBC by strongly affecting NPP for Qinghai-Tibet and
Mongolian grasslands. These results suggest that NPP instead of MAT
predominantly constrains the MNC accumulation coefficient in Qinghai-

Fig. 3. Cascading relationships for the ratio of
microbial necromass carbon to microbial biomass
carbon (MNC/MBC) and environmental variables
in: (a) all grasslands (b) Qinghai-Tibet and Mon-
golian grasslands. Black and red arrows indicate
positive and negative flows of causality (p < 0.05),
respectively. Gray dotted lines indicate insignifi-
cant pathways from a priori models. Numbers on
the arrow indicate significant standardized path
coefficients. R? indicates the variance of ratios
explained by the model. NPP: net primary pro-
ductivity; MAT: mean annual temperature; SOC/N:
ratio of soil organic carbon to total nitrogen; In:
n SOC/N Napierian logarithm transformation; sqrt: square
root transformation. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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Tibet grasslands, leading to the lower contribution of MNC to SOC
relative to the temperate counterparts. In other words, the soil ‘micro-
bial carbon pump’, ultimately fueled by primary productivity, is less
effective in alpine grasslands due to lack of organic matter and energy
supply from plants (Cotrufo et al., 2013).

In all, we show that compared to grasslands elsewhere, Qinghai-
Tibet alpine grasslands have a lower contribution of MNC to SOC,
mainly constrained by low NPP and indirectly affected by low MAT and
high climatic aridity. Given the wide occurrence of soil drying under
global warming (Cheng and Huang, 2016), the soil ‘microbial carbon
pump’ process may be curbed. Meanwhile, Qinghai-Tibet is experi-
encing greening (increased NPP) under climate change (Chen et al.,
2013; Zhang et al., 2013; Qin et al., 2016). Further research is needed to
examine how MNC accumulation responds to drying and increased plant
growth in this climate-sensitive region.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This study was supported by the National Key R&D Program of China
(2019YFA0607303), National Natural Science Foundation of China
(42025303, 31988102) and Chinese Academy of Sciences K.C.Wong
Education Foundation (GJTD-2019-10). Dr. Yu Shi is acknowledged for
providing samples for the MBC analysis.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.s0ilbio.2021.108213.

References

Amelung, W., Brodowski, S., Sandhage-Hofmann, A., Bol, R., 2008. Combining
biomarker with stable isotope analyses for assessing the transformation and turnover
of soil organic matter. Advances in Agronomy 100, 155-250.

Barcenas-Moreno, G., Baath, E., Rousk, J., 2016. Functional implications of the pH-trait
distribution of the microbial community in a re-inoculation experiment across a pH
gradient. Soil Biology and Biochemistry 93, 69-78.

Carbutt, C., Edwards, T.J., Fynn, R.W.S., Beckett, R.P., 2013. Evidence for temperature
limitation of nitrogen mineralisation in the Drakensberg Alpine Centre. South
African Journal of Botany 88, 447-454.

Chen, H., Zhu, Q., Peng, C., Wu, N., Wang, Y., Fang, X., Gao, Y., Zhu, D., Yang, G.,
Tian, J., Kang, X., Piao, S., Ouyang, H., Xiang, W., Luo, Z., Jiang, H., Song, X.,
Zhang, Y., Yu, G., Zhao, X., Gong, P., Yao, T., Wu, J., 2013. The impacts of climate
change and human activities on biogeochemical cycles on the Qinghai-Tibetan
Plateau. Global Change Biology 19, 2940-2955.

Cheng, S., Huang, J., 2016. Enhanced soil moisture drying in transitional regions under a
warming climate. Journal of Geophysical Research-Atmospheres 121, 2542-2555.

Cotrufo, M.F., Wallenstein, M.D., Boot, C.M., Denef, K., Paul, E., 2013. The Microbial
Efficiency-Matrix Stabilization (MEMS) framework integrates plant litter
decomposition with soil organic matter stabilization: do labile plant inputs form
stable soil organic matter? Global Change Biology 19, 988-995.

Dai, G., Ma, T., Zhu, S., Liu, Z., Chen, D., Bai, Y., Chen, L., He, J.-S., Zhu, J., Zhang, Y.,
Li, X., Wang, X., Han, X., Feng, X., 2018. Large-scale distribution of molecular
components in Chinese grassland soils: the influence of input and decomposition
processes. Journal of Geophysical Research: Biogeosciences 123, 239-255.

Soil Biology and Biochemistry 156 (2021) 108213

Gao, Y., Zhou, X., Wang, Q., Wang, C., Zhan, Z., Chen, L., Yan, J., Qu, R., 2013.
Vegetation net primary productivity and its response to climate change during 2001-
2008 in the Tibetan Plateau. The Science of the Total Environment 444, 356-362.

He, H., Zhang, W., Zhang, X., Xie, H., Zhuang, J., 2011. Temporal responses of soil
microorganisms to substrate addition as indicated by amino sugar differentiation.
Soil Biology and Biochemistry 43, 1155-1161.

Indorf, C., Dyckmans, J., Joergensen, R.G., 2015. Short-term changes in amino sugar-
specific 5'°C values after application of C4 and C3 sucrose. Soil Biology and
Biochemistry 91, 92-98.

Jia, J., Feng, X., He, J.-S., He, H., Lin, L., Liu, Z., 2017. Comparing microbial carbon
sequestration and priming in the subsoil versus topsoil of a Qinghai-Tibetan alpine
grassland. Soil Biology and Biochemistry 104, 141-151.

Kamble, P.N., Gaikwad, V.B., Kuchekar, S.R., Baath, E., 2014. Microbial growth,
biomass, community structure and nutrient limitation in high pH and salinity soils
from Pravaranagar (India). European Journal of Soil Biology 65, 87-95.

Khan, K.S., Joergensen, R.G., 2019. Stoichiometry of the soil microbial biomass in
response to amendments with varying C/N/P/S ratios. Biology and Fertility of Soils
55, 265-274.

Lal, R., 2018. Digging deeper: a holistic perspective of factors affecting soil organic
carbon sequestration in agroecosystems. Global Change Biology 24, 3285-3301.

Liang, C., Amelung, W., Lehmann, J., Kastner, M., 2019. Quantitative assessment of
microbial necromass contribution to soil organic matter. Global Change Biology 25,
3578-3590.

Liang, C., Balser, T.C., 2011. Microbial production of recalcitrant organic matter in
global soils: implications for productivity and climate policy. Nature Reviews
Microbiology 9, 75.

Liang, C., Schimel, J.P., Jastrow, J.D., 2017. The importance of anabolism in microbial
control over soil carbon storage. Nature Microbiology 2, 17105.

Ma, T., Zhu, S., Wang, Z., Chen, D., Dai, G., Feng, B., Su, X., Hu, H,, Li, K., Han, W.,
Liang, C., Bai, Y., Feng, X., 2018. Divergent accumulation of microbial necromass
and plant lignin components in grassland soils. Nature Communications 9, 3480.

Ma, T., Dai, G., Zhu, S., Chen, D., Chen, L., Lii, X., Wang, X., Zhu, J., Zhang, Y., He, J.-S.,
Bai, Y., Han, X., Feng, X., 2019. Vertical variations in plant- and microbial-derived
carbon components in grassland soils. Plant and Soil 446, 441-455.

Miltner, A., Bombach, P., Schmidt-Briicken, B., Kastner, M., 2012. SOM genesis:
microbial biomass as a significant source. Biogeochemistry 111, 41-55.

Ni, X., Liao, S., Tan, S., Wang, D., Peng, Y., Yue, K., Wu, F., Yang, Y., 2020. A quantitative
assessment of amino sugars in soil profiles. Soil Biology and Biochemistry 143,
107762.

Prommer, J., Walker, T.W.N., Wanek, W., Braun, J., Zezula, D., Hu, Y., Hofhansl, F.,
Richter, A., 2019. Increased microbial growth, biomass, and turnover drive soil
organic carbon accumulation at higher plant diversity. Global Change Biology 26,
669-681.

Qin, X., Sun, J., Liu, M., Lu, X., 2016. The impact of climate change and human activity
on net primary production in Tibet. Polish. Journal of Environmental Studies 25,
2113-2120.

Six, J., Frey, S.D., Thiet, R.K., Batten, K.M., 2006. Bacterial and fungal contributions to
carbon sequestration in agroecosystems. Soil Science Society of America Journal 70,
555-569.

Sun, J., Du, W., 2017. Effects of precipitation and temperature on net primary
productivity and precipitation use efficiency across China’s grasslands. GIScience
and Remote Sensing. https://doi.org/10.1080/15481603.2017.1351147.

Taylor, P.G., Townsend, A.R., 2010. Stoichiometric control of organic carbon-nitrate
relationships from soils to the sea. Nature 464, 1178-1181.

Wickland, K.P., Aiken, G.R., Butler, K., Dornblaser, M.M., Spencer, R.G.M., Striegl, R.G.,
2012. Biodegradability of dissolved organic carbon in the Yukon River and its
tributaries: seasonality and importance of inorganic nitrogen. Global
Biogeochemical Cycles 26, GBOE03.

Wingler, A., Hennessy, D., 2016. Limitation of grassland productivity by low temperature
and seasonality of growth. Frontiers of Plant Science 7, 1130.

Xu, X., Thornton, P.E., Post, W.M., 2013. A global analysis of soil microbial biomass
carbon, nitrogen and phosphorus in terrestrial ecosystems. Global Ecology and
Biogeography 22, 737-749.

Zhang, G., Zhang, Y., Dong, J., Xiao, X., 2013. Green-up dates in the Tibetan Plateau have
continuously advanced from 1982 to 2011. Proceedings of the National Academy of
Sciences of the United States of America 110, 4309-4314.

Zhang, X., Amelung, W., 1996. Gas chromatographic determination of muramic acid,
glucosamine, mannosamine, and galactosamine in soils. Soil Biology and
Biochemistry 28, 1201-1206.

Zhang, Y., Qi, W., Zhou, C., Ding, M., Liu, L., Gao, J., Bai, W., Wang, Z., Zheng, D., 2014.
Spatial and temporal variability in the net primary production of alpine grassland on
the Tibetan Plateau since 1982. Journal of Geographical Sciences 24, 269-287.


https://doi.org/10.1016/j.soilbio.2021.108213
https://doi.org/10.1016/j.soilbio.2021.108213
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref1
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref1
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref1
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref2
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref2
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref2
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref3
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref3
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref3
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref4
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref4
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref4
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref4
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref4
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref5
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref5
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref6
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref6
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref6
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref6
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref7
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref7
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref7
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref7
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref8
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref8
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref8
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref9
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref9
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref9
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref10
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref10
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref10
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref11
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref11
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref11
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref12
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref12
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref12
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref13
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref13
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref13
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref14
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref14
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref15
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref15
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref15
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref16
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref16
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref16
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref17
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref17
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref18
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref18
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref18
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref19
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref19
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref19
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref20
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref20
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref21
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref21
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref21
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref22
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref22
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref22
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref22
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref23
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref23
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref23
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref24
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref24
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref24
https://doi.org/10.1080/15481603.2017.1351147
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref26
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref26
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref27
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref27
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref27
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref27
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref28
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref28
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref29
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref29
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref29
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref30
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref30
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref30
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref31
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref31
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref31
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref32
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref32
http://refhub.elsevier.com/S0038-0717(21)00085-7/sref32

	Aridity and NPP constrain contribution of microbial necromass to soil organic carbon in the Qinghai-Tibet alpine grasslands
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


