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a b s t r a c t

The effects of climate change and human activities on grassland degradation and soil carbon stocks have
become a focus of both research and policy. However, lack of research on appropriate sampling design
prevents accurate assessment of soil carbon stocks and stock changes at community and regional scales.
Here, we conducted an intensive survey with 1196 sampling sites over an area of 190 km2 of degraded
alpine meadow. Compared to lightly degraded meadow, soil organic carbon (SOC) stocks in moderately,
heavily and extremely degraded meadow were reduced by 11.0%, 13.5% and 17.9%, respectively. Our field
survey sampling design was overly intensive to estimate SOC status with a tolerable uncertainty of 10%.
Power analysis showed that the optimal sampling density to achieve the desired accuracy would be 2, 3,
5 and 7 sites per 10 km2 for lightly, moderately, heavily and extremely degraded meadows, respectively.
If a subsequent paired sampling design with the optimum sample size were performed, assuming stock
change rates predicted by experimental and modeling results, we estimate that about 5e10 years would
be necessary to detect expected trends in SOC in the top 20 cm soil layer. Our results highlight the utility
of conducting preliminary surveys to estimate the appropriate sampling density and avoid wasting re-
sources due to over-sampling, and to estimate the sampling interval required to detect an expected
sequestration rate. Future studies will be needed to evaluate spatial and temporal patterns of SOC
variability.

© 2016 Published by Elsevier Ltd.
1. Introduction

Monitoring natural resources over space and time is expected to
promote a better understanding of ecosystem processes, and to
provide information to inform decision making for resource
Research, Chinese Academy
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protection andmanagement (Lark, 2009). Soil organic carbon (SOC)
is of particular importance in building soil fertility for sustainable
development and in reducing atmospheric CO2 concentration
through carbon (C) sequestration (Lal, 2004). However, due to
typically large spatial and small temporal variability relative to SOC
stocks, efficient estimation of SOC stocks and their change remains
a challenge in monitoring programs (Allen et al., 2010). Research
can inform the design of cost-effective sampling schemes to ach-
ieve monitoring objectives.

Generally, sampling schemes are based on one of two
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contrasting philosophies of statistical investigation: the design-
and the model-based approach (Allen et al., 2010; de Gruijter et al.,
2006). The essential difference between the two approaches is
whether locations are chosen at random or purposively (Brus and
de Gruijter, 2012; de Gruijter et al., 2006). Studies estimating the
global or regional mean status of SOC stocks often select design-
based sampling, as fewer observations and fewer strong assump-
tions are required (Brus and de Gruijter, 2012; Lark, 2009). For
estimating the mean C stock and monitoring its change, sampling
design must consider both space and time dimensions (Brus and de
Gruijter, 2011). de Gruijter et al. (2006) distinguished and evaluated
several types of space-time designs for monitoring regional trends.
None of these designs scored best on both status and trend mea-
sures (Allen et al., 2010; Brus and de Gruijter, 2013). The applica-
bility of these designs depends on the aim of soil monitoring. Heim
et al. (2009) demonstrated that stratified sampling of parent ma-
terials reduced the error of SOC estimates in a forest site. Theo-
retical considerations and empirical studies indicate that a paired
sampling scheme is likely to be the most efficient for estimating
change in a soil variable (Heim et al., 2009; Lark, 2009).

The Tibetan plateau is a large C reservoir (Yang et al., 2008).
Significant warming and anthropogenic disturbance due to over-
grazing have led to widespread grassland degradation on the
plateau in the past five decades, which has caused rapid C loss
(Chen et al., 2013). On the other hand, ecological restoration pro-
grams can significantly promote grassland recovery and increase C
sequestration (Wang et al., 2011). Policy makers and environmental
managers have a pressing need for detailed information about the
status of and change in SOC stocks on the plateau. Unfortunately,
existing SOC inventories are characterized by large uncertainties
that stem from insufficient sample size or lack of a suitable sam-
pling design (Chang et al., 2014a; Yang et al., 2008).

In this study, we conducted an intensive sampling campaign in
two communities on the eastern Tibetan plateau. We investigated
the variability of SOC in grasslands at different levels of degrada-
tion. Our objectives were to: (1) estimate the optimum sample size
to meet a desired SOC stock estimate with an uncertainty of 10%,
and (2) estimate the minimum detectable change in C stock with
the optimum sample size. We then predicted the time interval
between soil inventories for detecting a specific sequestration rate
with the desired statistical confidence (95%) and power (0.80). On
the basis of this analysis, we recommend a sampling framework for
estimating the status of and trend in SOC stocks on the community
scale.

2. Materials and methods

2.1. Study area

The study area is located in Tangde and Xiala villages in Zeku
County, Qinghai province, China (Fig. 1). It covers roughly 190 km2,
with elevations ranging between 3400 and 4100 m above sea level.
The site is characterized by a continental plateau climate. The mean
annual temperature is �2 to 2.3 �C and mean annual precipitation
is 460 mm. Under-developed gravel soils are relatively uniform,
which are classified as Typic Cryoboroll in the US soil taxonomy.
Alpine meadow occupies over 90% of the study area, which is
dominated by Kobresia pygmaea, Kobresia humilis and Kobresia
tibetica. Grassland degradation has taken place across the study
area due to overgrazing in past decades. Degraded alpine meadows
have native vegetation coverage of less than 85%, and can be further
characterized as lightly degraded (70e85% cover), moderately
degraded (50e70% cover), heavily degraded (30e50% cover) or
extremely degraded (<30% cover) (Ma et al., 2002). According to an
unpublished vegetation survey, lightly, moderately, heavily and
extremely degraded grasslands account for 41.6, 31.4, 13.5 and
13.5% of the study area, respectively.

2.2. Field sampling and analysis

Our intensive sampling survey was stratified by degradation
status. A total of 1196 sites were sampled between AugusteSep-
tember 2009 and 2010, with 591, 204, 121 and 280 sampling sites
for lightly, moderately, heavily and extremely degraded grasslands,
respectively. At each site, five 20 cm deep soil cores were taken
within a 25 m2 sampling plot and bulked to form a composite soil
sample. Bulk density was sampled with a 100 cm3 (5.04 cm in
diameter) metal core. When rock fragments prevented the inser-
tion of the core in soil, another position within the sampling plot
was chosen. Aboveground biomass at each site was measured by
clipping in one 0.25 m2 quadrat located at the center of each
sampling plot. One soil core (8 cm in diameter) was sampled to
determine root biomass. Root samples were then carefully washed
through a 0.25 mm mesh sieve. All plant tissue was dried at 60 �C
until a constant mass was achieved.

Composite soil samples were air-dried, sieved (2 mm mesh),
handpicked to remove fine roots, and then ground in a ball mill.
SOC concentration was determined by dry combustion analysis
with a Shimadzu carbon analyzer (TOC-5000, Shimadzu Corp.,
Kyoto, Japan). Soil texture was determined by a particle size
analyzer (MasterSizer, 2000) after removal of organic matter and
calcium carbonates. Samples for bulk density determination were
dried at 105 �C for 48 h, and passed through a 2 mm sieve to obtain
the fine earth fraction. Soil rock content was measured by dry
sieving the stones and measuring the dry weights of stones. For
each site, SOC density was determined as the product of SOC con-
centration, bulk density, and sampling depth, and corrected for rock
fragments.

2.3. Statistical analysis

The distribution of SOC densities was tested for normality by the
Kolmogorov-Smirnov test. One-way ANOVA was used to compare
soil and plant variables of different degradation strata using SPSS
version 16.0 (SPSS Inc. Chicago, Illinois, USA). To explore the role of
elevation, we additionally analyzed SOC in relation to elevation.

2.3.1. Statistical power for SOC stock estimates
We evaluated the efficacy of the current sampling scheme, i.e.

whether the number of sampling sites was sufficient or not. Pre-
vious studies have presented detailed descriptions of procedures
for power analysis (Allen et al., 2010; Kravchenko and Robertson,
2011). Here we summarize the key points relevant to the power
analysis conducted in this study. First, we calculated the individual
mean and variance for each degradation stratum. Then, we set a
tolerable uncertainty of 10% above and below the sample mean.
Once those parameters are specified, the probability (statistical
power) to detect a deviation greater than the tolerable uncertainty
with 95% confidence (using a two-tailed test) can be calculated for
different sample sizes. In our experience, the mean and variance of
the light degradation (591 samples) were m ¼ 9.75 kg C m�2 and
s2 ¼ 1.32 (kg C m�2)2, respectively. A significant deviation lies
outside the interval m ± 1.96 s, which corresponds to m < 7.50 and
m > 12.01. The mean at the limit of tolerance was m þ 0.1m ¼ 10.73.
For m ¼ 12.01 the normal deviate is zu ¼ (12.01e10.73)/s ¼ 1.11. For
m ¼ 7.50 the normal deviate is zl ¼ (7.50e10.73)/s ¼ �2.81. The
probability associated with these deviates are P(zl) < zl z 0
and P(zu) > zu ¼ 0.999. These quantities are summed to yield the
statistical power to detect a deviation greater than the tolerable
uncertainty with 95% confidence (two-tailed test). Power analysis



Fig. 1. (a) Location of the study area on the eastern Tibetan plateau and the location of sampling sites. (b) Distribution by elevation (m.a.s.l.) of lightly, moderately, heavily and
extremely degraded sites. Boxes have lines at the medians (50th), lower (25th), and upper (75th) quartiles, with the whiskers extended to 0.5 times the interquartile ranges. Outliers
are displayed as black dots.
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was conducted using the PROC MIXED procedure of SAS software
version 9.2 (SAS Institute, 2008).
2.3.2. Estimation of minimum detectable difference
The minimum detectable difference (MDD) represents the

smallest detectable difference between the two most different
means (Zar,1999). In the present study, the estimate of theMDDwas
based on the assumption of a paired sampling design, i.e. a repeated
inventory at exactly the same sampling locations as previous sam-
ples. In this case, because the future SOC stock change is not known,
variance in the estimate of the difference in SOC stocks between
paired samples (i.e., baseline and resampling observations at the
same site) was assumed to equal the variability of current (baseline)
SOC stocks. The MDD of SOC stock for each degradation stratumwas
determined for various sample sizes as follows (Zar, 1999):

MDD ¼
ffiffiffiffiffi
s2

n

s �
tað2Þ;n þ tbð1Þ;n

�

where s2 is the degradation stratum variance, n is the number of
samples, t is the t-statistic at a given significance level (a) and
power (1-b) (using a ¼ 0.05 and b ¼ 0.20), considering a two-sided
(2) test with n degrees of freedom.



Fig. 2. Variability of SOC stocks with elevation.

Fig. 3. Statistical power to detect a deviation within 10% of the sample mean of SOC
stocks with a 95% confidence (two-tailed test) for grassland at different degrees of
degradation. The dotted line represents a statistical power of 0.8.
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3. Results

3.1. Change in plant biomass and soil properties

Plant biomass decreased significantly with increasing degrada-
tion level (Table 1). Compared to lightly degraded meadow,
aboveground biomass in the moderately, heavily and extremely
degraded strata were 18.6%, 39.3% and 37.2% lower, respectively.
The decrease in belowground biomass was greater than that of
aboveground biomass. Soil texture was significantly different be-
tween different degradation strata. Specifically, a higher degree of
degradation was associated with increased soil sand content, and
with lower clay content. Soil bulk density was lower for lightly and
moderately degraded strata than for heavily and extremely
degradation strata. Grassland degradation also decreased both SOC
concentration and stocks. Although sampling sites varied widely in
elevation (Fig. 1b), the spatial distribution of SOC was unrelated to
elevation (Fig. 2). Overall, spatial variability was particularly high
for plant biomass, while soil properties exhibited a low spatial
variability (Table 1).

3.2. Estimation of sample size

In our field survey campaign, the sample sizes for each degra-
dation stratum levels were more than the optimum sizes to obtain
the desired accuracy with an uncertainty of 10% in SOC stocks.
Power analysis showed that 14, 19, 12 and 17 sites are required for
lightly, moderately, heavily and extremely degraded alpine
meadows, respectively (Fig. 3). To account for the different pro-
portions of the total study area covered by each degradation stra-
tum, we calculated the sampling density by dividing the required
sample size by the area of each degradation stratum. Results indi-
cate that the required sampling density is 2, 3, 5 and 7 sampling
sites per 10 km2 for lightly, moderately, heavily and extremely
degraded alpine meadows, respectively.

3.3. Minimum detectable differences

If using a paired sampling regime is implemented with the
current survey and resampling sites at the same locations, MDD
values of 0.10, 0.21, 0.19 and 0.18 kg Cm�2 were obtained for lightly,
moderately, heavily and extremely degraded strata, respectively,
which represent about a 1e3% change in C stock with a statistical
power of 0.80 and a 0.05 level of significance. Compared to lightly
Table 1
Grassland degradation in the study area, the distribution of sampling sites, plant biomas
different letter indicates that the means are significantly different (P < 0.05) between de

Light

Sampling sites 591
Aboveground biomass Mean (g m�2) 134.8 (75.6)a

CV (%) 56.1
Belowground biomass Mean (g m�2) 2625.0 (781.7)a

CV (%) 29.8
Clay Mean (%) 32.3 (2.3)a

CV (%) 7.1
Silt Mean (%) 39.9 (4.0)c

CV (%) 10.0
Sand Mean (%) 27.8 (4.0)c

CV (%) 14.4
Bulk density Mean (g m�3) 0.88 (0.07)b

CV (%) 8.0
SOC concentration Mean (g C kg�1) 55.1 (4.3)a

CV (%) 7.8
SOC stock Mean (kg C m�2) 9.75 (1.15)a

CV (%) 11.8
degraded grassland, the MDD in moderately, heavily and extremely
s and soil properties. Values represent means with standard error in parentheses. A
gradation levels.

Moderate Heavy Extreme

204 121 280
109.1 (58.1)b 81.4 (43.0)c 84.2 (43.6)c

53.3 52.8 51.8
1626.5 (205.1)b 908.8 (169.6)c 423.4 (770.5)d

12.6 18.7 182.0
29.2 (1.9)b 21.2 (2.3)c 16.3 (3.9)d

6.5 10.8 23.9
43.9 (4.8)a 41.6 (3.3)b 27.3 (6.3)d

10.9 7.9 23.1
26.8 (5.4)c 37.2 (4.3)b 56.5 (9.8)a

20.1 11.6 17.3
0.86 (0.10)c 0.91 (0.08)a 0.91 (0.09)a

11.6 8.8 9.9
50.3 (3.6)b 46.1 (3.9)c 44.0 (4.1)d

7.2 8.5 9.3
8.68 (1.28)b 8.43 (0.94)b 8.00 (1.09)c

14.7 11.2 13.6
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degraded strata were almost twice as high, which illustrates that
the ability of the paired sampling approach to detect statistically
significant change in C stocks in lightly degraded meadows is
relatively low. If we assume that the average change in SOC in each
degradation stratum is 10% of its initial SOC stock, sample sizes of
10e20 sites per degradation stratum would be required to detect
such a change with a paired sampling design (Fig. 4).
4. Discussion

4.1. SOC loss in grassland degradation

The observed decrease in SOC stocks in degraded grasslands was
consistent with commonly observed patterns (Huang et al., 2010),
even when using equivalent soil mass correction. We found that
changes in SOC stock due to soil compaction were negligible (�2 to
3%), as there were only slight differences in bulk density between
different degradation strata (Table 1). Therefore, the observed dif-
ferences in soil C stocks among degradation states appear to be
primarily driven by the negative effects of overgrazing. Overgrazing
often results in vegetation degradation and consequent soil C loss.
Studies have demonstrated that overgrazing reduces graminoids
and palatable legumes (Wang et al., 2012), and lowers plant pro-
duction and consequent C inputs to alpine meadows on the Tibetan
plateau (Bagchi and Ritchie, 2010; Wang et al., 2012). In addition, a
decrease in vegetation cover is accompanied by an increase in bare
ground, thereby accelerating soil erosion (Golluscio et al., 2009;
Steffens et al., 2008). Deterioration of soil physical properties
with grassland degradation (i.e. coarsening of the soil) can poten-
tially further decrease soil infiltrability and nutrient availability
(Golluscio et al., 2009) and reduce grassland capacity to accumulate
and store SOC (McSherry and Ritchie, 2013).
4.2. Implications for SOC sampling design

Spatial heterogeneity is an important issue affecting soil C stock
inventories. In addition, SOC stock changes are usually expected to
be small compared to the size of SOC stocks (Allen et al., 2010).
Therefore, an intensive sampling effort is often necessary to attain a
meaningful level of precision. Our survey sample sizes were about
fifteen times more than the optimum sample sizes required to
Fig. 4. Relationship between sampling size and minimum detectable difference (MDD)
in SOC stocks with a 95% confidence level and a statistical power of 0.80 for grassland
at different degrees of degradation using a paired sampling approach. Sample size
requirements to detect a 10% change in carbon stocks are plotted by grey lines.
detect a deviation of 10% from the sample mean of SOC stocks. The
intensive sampling undertaken was sufficient, but is not recom-
mended when the labour and financial costs required for such an
inventory are considered. For monitoring programs, besides sample
size, choice of sampling design in space and time i.e. deciding
where and when to make observations, is a key issue (Brus and de
Gruijter, 2011, 2013). Studies have provided evidence that a paired
sampling scheme is more efficient than independent random
sampling for estimating change in SOC (Lark, 2009). If the optimal
sample sizes and locations for measuring baseline SOC status were
revisited for resampling, the MDD would be 0.89, 0.85, 0.83 and
0.79 kg C m�2 for lightly, moderately, heavily and extremely
degraded soils, respectively. Wang et al. (2011) estimated that
exclosure of degraded grasslands from grazing over 3e28 years
leads to an annual average C sequestration of 80.1 g C m�2 yr�1 in
northern China's grassland soils (0e20 cm). About 10 years would
be needed to detect such a sequestration rate of this magnitude.
Chang et al. (2014b) modelled C stocks and stock changes for
degraded grasslands in the same study area as the present study,
and predicted annual C sequestration rates of 60e107, 192e200,
188 and 193 g C m�2 yr�1 in lightly, moderately, heavy and
extremely degraded soils, respectively. These expected changes
could be detected after 9e15 years for lightly degraded soils, and
about 5 years for soils at higher levels of degradation.

When quantifying long-term SOC changes over decades, several
sampling rounds would need to be planned. The costs of repeat
sampling and analysis can make it difficult to revisit all sites in
every round, which might reduce feasibility of the paired sampling
design. Based on the results of extensive simulations, Brus and de
Gruijter (2013) provide insight into the performance of alterna-
tive space-time designs and make recommendations in situations
with and without the persistence of strong spatial patterns. How-
ever, identifying the persistence of spatial patterns is itself
complicated. On the one hand, it may be assumed that since the
passing of the revised Grassland Law in 2002, relatively uniform
restoration strategies and practices have been adopted and pro-
moted on the Tibetan plateau. Following this assumption, a smaller
variance of SOC could occur at resampling, and sampling schemes
based on baseline variance alone may underestimate the true
ability to detect statistically significant change in C stocks. On the
other hand, at community scale, there may be high variability in the
adoption of management practices by herder households, which
may increase the variance in SOC at resampling. Moreover, SOC
stock and SOC stock change are different variables, and their vari-
ability may differ (Lark, 2009). So, assuming identical variance of
the baseline and resampled data is hazardous. Further research on
variability in SOC stock changes over time at the landscape scale is
required.

4.3. Limitations and the way forward

It must be emphasized that application of our results to field
sampling should be treated with caution. Poor road networks and
difficult terrain in the study area constrained the ability of field
survey teams to conduct a perfectly random sampling, which led to
undersampling in some spatial locations (Fig. 1). So, inference for
the sample population is a challenge. Demarcating the geographic
area containing the sampled population should be useful to prop-
erly extrapolate results from a random sample of sites. Second,
unaccounted within-site variance increased uncertainty in the
evaluation of SOC (Chappell and Rossel, 2013). Degraded grassland
is characterized by areas of greater fertility interspersed with bare,
infertile soil, which increases landscape spatial variability. In our
study, the sampling support of a 25 m2 sampling plot in degraded
grasslands most likely only captured a small portion of within-site
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SOC variance, leaving a considerable proportion of SOC variance
unaccounted for. This unaccounted site uncertainty would
contribute significantly to noise in the explanation of SOC stock
change. Exploring the spatial extent of a local support based on
adequate information on the variogram of SOC at the small scale
would be needed (Chappell and Rossel, 2013; Lark, 2009). This
would require an approach such as nested sampling or transect
sampling (Liu et al., 2010; Hoffmann et al., 2014). Third, standards
and methods for determining degradation status are contested
(Harris, 2010). Quantifying degradation through SOC status rather
than changes in vegetation provides a direct way to assess the
status and trend of soil C (De Baets et al., 2013).

5. Conclusions

Grassland degradation is a geographically extensive phenome-
non that has the potential to significantly deplete SOC stocks.
Evaluation of SOC stock changes requires exploring an effective
sampling design for heterogeneous degraded grasslands that con-
siders sample effort, statistical power and the ability to detect
temporal trends in SOC. This study estimated the necessary sample
size to obtain a desired level of precision and the soil monitoring
interval to detect SOC trends when implementing a paired sam-
pling design on the community scale. Further work is needed to
determine the appropriate support area to represent within-site
variability in SOC, and to understand variability in stock changes
over time at the landscape level.

Acknowledgements

Funding was provided by the National Basic Research Programs
(2013CB956000), the Strategic Priority Research Program (B) of the
Chinese Academy of Sciences (XDB03030403), the National Science
Foundation for Young Scientists (41303062), the Fundamental
Research Fund for Central Universities (Z109021427, Z109041536),
the CGIAR Research Program on Forests, Trees and Agroforestry,
and UN FAO.

References

Allen, D.E., Pringle, M.J., Page, K.L., Dalal, R.C., 2010. A review of sampling designs for
the measurement of soil organic carbon in Australian grazing lands. Rangel. J.
32, 227e246.

Bagchi, S., Ritchie, M.E., 2010. Introduced grazers can restrict potential soil carbon
sequestration through impacts on plant community composition. Ecol. Lett. 13,
959e968.

Brus, D.J., de Gruijter, J.J., 2011. Design-based generalized least squares estimation of
status and trend of soil properties from monitoring data. Geoderma 164,
172e180.

Brus, D.J., de Gruijter, J.J., 2012. A hybrid design-based and model-based sampling
approach to estimate the temporal trend of spatial means. Geoderma 173,
241e248.
Brus, D.J., de Gruijter, J.J., 2013. Effects of spatial pattern persistence on the per-
formance of sampling designs for regional trend monitoring analyzed by
simulation of space-time fields. Comput. Geosci. 61, 175e183.

Chang, X.F., Wang, S.P., Cui, S.J., Zhu, X.X., Luo, C.Y., Zhang, Z.H., Wilkes, A., 2014a.
Alpine grassland soil organic carbon stock and its uncertainty in the three rivers
source region of the Tibetan Plateau. PLoS One 9, e97140. http://dx.doi.org/
10.1371/journal.pone.0097140.

Chang, X.F., Zhu, X.X., Wang, S.P., Cui, S.J., Luo, C.Y., Zhang, Z.H., Wilkes, A., 2014b.
Impacts of management practices on soil organic carbon in degraded alpine
measows on the Tibetan Plateau. Biogeosciences 11, 3495e3503.

Chappell, A., Rossel, R.A.V., 2013. The importance of sampling support for explaining
change in soil organic carbon. Geoderma 193, 323e325.

Chen, H., Zhu, Q.A., Peng, C.H., Wu, N., Wang, Y.F., Fang, X.Q., et al., 2013. The impacts
of climate change and human activities on biogeochemical cycles on the
Qinghai-Tibetan Plateau. Glob. Change Biol. 19, 2940e2955.

De Baets, S., Meersmans, J., Vanacker, V., Quine, T.A., Van Oost, K., 2013. Spatial
variability and change in soil organic carbon stocks in response to recovery
following land abandonment and erosion in mountainous drylands. Soil Use
Manag. 29, 65e76.

de Gruijter, J., Brus, D.J., Bierkens, M.F., Knotters, M., 2006. Sampling for Natural
Resource Monitoring. Springer Press, Netherlands.

Golluscio, R.A., Austin, A.T., Martinez, G.C., Gonzalez-Polo, M., Sala, O.E.,
Jackson, R.B., 2009. Sheep grazing decreases organic carbon and nitrogen pools
in the patagonian steppe: combination of direct and indirect effects. Ecosys-
tems 12, 686e697.

Harris, R.B., 2010. Rangeland degradation on the Qinghai-Tibetan plateau: a review
of the evidence of its magnitude and causes. J. Arid. Environ. 74, 1e12.

Heim, A., Wehrli, L., Eugster, W., Schmidt, M.W.I., 2009. Effects of sampling design
on the probability to detect soil carbon stock changes at the Swiss CarboEurope
site Lageren. Geoderma 149, 347e354.

Hoffmann, U., Hoffmann, T., Jurasinski, G., Glatzel, S., Kuhn, N.J., 2014. Assessing the
spatial variability of soil organic carbon stocks in an alpine setting (Grind-
elwald, Swiss Alps). Geoderma 232, 270e283.

Huang, Y., Sun, W.J., Zhang, W., Yu, Y.Q., 2010. Changes in soil organic carbon of
terrestrial ecosystems in China: a mini-review. Sci. China Life Sci. 53, 766e775.

Kravchenko, A.N., Robertson, G.P., 2011. Whole-profile soil carbon stocks: the
danger of assuming too much from analyses of too little. Soil Sci. Soc. Am. J. 75,
235e240.

Lal, R., 2004. Soil carbon sequestration impacts on global climate change and food
security. Science 304, 1623e1627.

Lark, R., 2009. Estimating the regional mean status and change of soil properties:
two distinct objectives for soil survey. Eur. J. Soil Sci. 60, 748e756.

Liu, F., Wu, X.B., Bai, E., Boutton, T.W., Archer, S.R., 2010. Spatial scaling of ecosystem
C and N in a subtropical savanna landscape. Glob. Change Biol. 16, 2213e2223.

Ma, Y.S., Lang, B.N., Li, Q.Y., Shi, J.J., Dong, Q.M., 2002. Study on rehabilitating and
rebuilding technologies for degenerated alpine meadow in the Changjiang and
Yellow river source region. Pract.. Sci. 19, 1e4 (in Chinese with English
abstract.).

McSherry, M.E., Ritchie, M.E., 2013. Effects of grazing on grassland soil carbon: a
global review. Glob. Change Biol. 19, 1347e1357.

SAS Instiute, 2008. SAS/STAT Software. Ver.9.3. SAS Institute, Cary, NC.
Steffens, M., K€olbl, A., Totsche, K.U., K€ogel-Knabner, I., 2008. Grazing effects on soil

chemical and physical properties in a semiarid steppe of Inner Mongolia (PR
China). Geoderma 143, 63e72.

Wang, S.P., Wilkes, A., Zhang, Z.C., Chang, X.F., Lang, R., Wang, Y.F., Niu, H.S., 2011.
Management and land use change effects on soil carbon in northern China's
grasslands: a synthesis. Agric. Ecosyst. Environ. 142, 329e340.

Wang, S.P., Duan, J.C., Xu, G.P., Wang, Y.F., Zhang, Z.H., Rui, Y.C., et al., 2012. Effects of
warming and grazing on soil N availability, species composition, and ANPP in an
alpine meadow. Ecology 93, 2365e2376.

Yang, Y.H., Fang, J.Y., Tang, Y.H., Ji, C.J., Zheng, C.Y., He, J.S., Zhu, B.A., 2008. Storage,
patterns and controls of soil organic carbon in the Tibetan grasslands. Glob.
Change Biol. 14, 1592e1599.

Zar, J.H., 1999. Biostatistical Analysis. Pearson Education Press, India.

http://refhub.elsevier.com/S0301-4797(16)30102-5/sref1
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref1
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref1
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref1
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref2
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref2
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref2
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref2
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref3
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref3
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref3
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref3
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref4
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref4
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref4
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref4
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref5
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref5
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref5
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref5
http://dx.doi.org/10.1371/journal.pone.0097140
http://dx.doi.org/10.1371/journal.pone.0097140
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref7
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref7
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref7
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref7
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref8
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref8
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref8
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref9
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref9
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref9
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref9
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref10
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref10
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref10
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref10
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref10
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref11
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref11
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref12
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref12
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref12
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref12
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref12
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref13
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref13
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref13
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref14
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref14
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref14
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref14
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref15
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref15
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref15
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref15
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref16
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref16
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref16
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref17
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref17
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref17
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref17
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref18
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref18
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref18
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref19
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref19
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref19
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref20
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref20
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref20
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref21
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref21
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref21
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref21
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref21
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref22
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref22
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref22
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref23
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref24
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref24
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref24
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref24
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref24
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref24
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref25
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref25
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref25
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref25
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref26
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref26
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref26
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref26
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref27
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref27
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref27
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref27
http://refhub.elsevier.com/S0301-4797(16)30102-5/sref28

	Exploring effective sampling design for monitoring soil organic carbon in degraded Tibetan grasslands
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Field sampling and analysis
	2.3. Statistical analysis
	2.3.1. Statistical power for SOC stock estimates
	2.3.2. Estimation of minimum detectable difference


	3. Results
	3.1. Change in plant biomass and soil properties
	3.2. Estimation of sample size
	3.3. Minimum detectable differences

	4. Discussion
	4.1. SOC loss in grassland degradation
	4.2. Implications for SOC sampling design
	4.3. Limitations and the way forward

	5. Conclusions
	Acknowledgements
	References


