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Abstract: Qinglong County in Guizhou, China is a typical karst canyon area. Using quadrat methods and a land
use transfer matrix we studied the carbon storage spatial distribution pattern and evolution process over three
independent periods (1988, 1999 and 2009) in this area. Based on the results we estimated the carbon pool
capacity of the entire karst canyon area in Guizhou and contribution ratios. Carbon storage and average carbon
density of the karst area in Qinglong decreased at first, and then increased over the sampling period. The actual
carbon storage of the karst canyon area in Guizhou was estimated to be 42.55 Tg. The average carbon intensity of
the karst canyon area in Guizhou is far higher than that of national terrestrial ecosystems, especially in vegetation
areas. Through cross comparison, we found that karst canyon areas have great carbon sequestration potential and
we suggest that it is necessary to control and prevent rocky desertification in karst areas in China.
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1 Introduction

Carbon storage in terrestrial ecosystems plays a crucial role
in regulating global carbon cycles and atmospheric CO,
concentration; hence they are often important factors in the
studies of global climate change (Chuai et al. 2011). Back
in the1950s scholars investigated and analyzed the carbon
storage of forests in different countries (Kozlowski 1986;
Remezon 1959; Rennie 1955). Most studies on carbon
storage have been focused on the analysis of the organic soil
carbon pool (Ramita et al. 2010; Batjes 1996; Bockheim et
al. 1990). Carbon storage studies started relatively later in
China. For example, Fang and Chen (2001) estimated forest
carbon storage in China, and Wang et al. (1999) and Pan et
al. (2008) looked at the Chinese soil carbon pool. However,
changes in land use types, whose impacts on terrestrial
ecosystem carbon storage and fluxes are far more significant
than natural causes, were often underestimated (Liu et al.
2004). As a consequence, it is necessary and critical to
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understand the relationship between land use type changes
and carbon storage dynamics. Although there are studies
involving the analysis of land use type changes, the study
areas were often limited to developed areas in northern and
southeastern China (Liu et al. 2003a; Yang et al. 2008; Liu
et al. 2003b), and few studies have estimated carbon storage
systematically in karst areas.

Bare rocks, thin soils and poor water storage capacities
are key characteristics of the environment of karst areas
in China. Under such circumstances, vegetation carbon
sequestration mechanisms are particular and complicated
(Peng et al. 2008). Based on these reasons, Guo et al. (2011)
raised the concern that more attention should be paid to the
ecological adaptability of plants and stony desertification
control of karst areas. Current research into carbon cycling
in karst areas has mainly focused on association of soil type
and soil organic carbon content at an ecological micro-scale
(Wang et al. 2007; Tian et al. 2011; Luo et al. 2010). Most of
these studies were focused on peak-cluster depression and the
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study areas were located in northwest Guangxi (Zhang et al.
2013; Fan et al. 2011) and Huanjiang in northern Guangxi
(Song et al. 2010). Little is known about the carbon storage
patterns of karst canyon areas. Tan et al. (2014) used
biomass methods to evaluate carbon storage of different
ecosystems in typical canyon areas in the Mengzhai Basin.
Tang et al. (2014) used potassium dichromate oxidation-
external heating and potassium permanganate oxidation
dilution methods to measure soil carbon at Huajiang,
Zhou et al. (2014) used potassium dichromate oxidation-
external heating methods to evaluate soil organic carbon at
Huajiang. The methods mentioned above do not estimate
total carbon storage level at a macro point of view. Carbon
storage estimation based on land use methods applied to
karst canyon areas was relatively few. This method can be
well developed into a spatial distribution, while the effects
of land use type changes remain elusive and the estimation
of total carbon storage level at a macro point of view is
missing. Here, we use the typical karst canyon area of
Qinglong county, Guizhou as a study area, and combining
carbon density results obtained via area sampling with
land use type change we drew a carbon storage distribution
map of Qinglong at a macro scale in order to reveal the
relationship between carbon storage and land use type
changes of the karst canyon areas. Moreover, we predicted
the total carbon storage of the karst areas of Guizhou,
providing scientific evidence for the significance of carbon
sequestration, sustainable usage of land resources and
restoration methods for fragile ecosystems.
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2 Data and methods
2.1 Study area

Qinglong is locate in the southwest of Guizhou (Fig. 1).
This region is a typical karst canyon zone with ragged
topography and a contiguous distribution of carbonate.
Qinglong has a humid subtropical climate, with mild
temperature and abundant precipitation. The entire area
is 1327.36 km® and the area of outcropping carbonate is
885.27 km?, which covers 66.70% of Qinglong.

2.2 Data sources
2.2.1 Carbon intensity data

Carbon density data used are listed as below (Table 1). Raw
data for grass, shrub, plantation, natural forest, dry land and
paddy fields were obtained from Tan et al. (2014) with 18
sampling points (quadrat 20mx20m). Carbon intensities of
soil and vegetation in different ecosystems were acquired
from field tests, water carbon density, construction land
and difficult-to-use land data were obtained from published
work (Chuai et al. 2011; Jiao et al. 2007; Wang et al. 1999).

2.2.2 Land use data

Land use data were remote sensing images in three
independent periods (1988, 1999 and 2009). The Landsat
TM image of 1988, ETM+ image of 1999 and Landsat TM
image of 2009 all have 30-m resolution after image fusion.
Maps of land use were generated by visual interpretation.
Geomorphologic landscape of the study area is disperse
and broken. Based on landscape characteristics and
national land use classification standards issued in 2007,

Height(m)
1960

Fig. 1 Geographical location
of the study area.
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Table 1 Carbon intensity of different ecosystems in Qinglong County (kg C m™?).

Ecosystem Plant Ground cover Soil Aboveground Underground Total

Grass 3.605 0.047 15.312 2.206 16.758 18.964
Shrub 7.088 0.582 5.769 6.093 7.346 13.439
Plantation 27.242 0.396 6.040 24.941 9.201 34.141
Natural forest 22.961 1.834 12.611 23.499 13.907 37.406
Dry land - - 11.531 - 11.531 11.531
Paddy field - - 11.226 - 11.226 11.226
Water - - - - - 2.269
Construction land - - - - - 1.467
Difficult-to-use lands - - - - - 0.120

the research area was classified into nine different land
use types: grassland, shrub, plantation, natural forest, dry
land, paddy field, water, construction land and difficult-to-
use land. Based on the combination of provincial forestry
investigation data and field validation, we verified the
accuracy of these nine kinds of land use type vector map,
the results showed that accuracy in the three periods was
77.12%, 83.53% and 86.74%, respectively. This satisfies the
accuracy requirements of further analysis.

2.3 Methodology

In order to understand the relationship of the evolution
process between distribution patterns of carbon storage
and land use, the implementation process shown in Fig.2
was used. Firstly, LUCC (Land-Use and Land-Cover
Change) were obtained by GIS and RS techniques through
interpreting remote sensing images. At the same time,
carbon densities of various land use types were acquired via
area quadrat and subsequent standard chemical analysis. By
combining land use maps and usage transformation maps
with carbon density maps, we generated comprehensive
maps of carbon storage spatial distribution patterns. Finally,
we provide scientific evidence for the implementation of
sustainable use of land sources and restoration of fragile

Remote sensing image Carbon intensity

processing
Visual interpretation Samp|e area survey
Field validation Sampling
Revising data Experiment

4  (KCrO/HSOMethol) =

Land use data Carbon intensity data

ecosystem policies in karst areas on the basis of the
socioeconomic status of the study area.

2.3.1 Calculation of carbon storage and rate of change

Both aboveground and underground carbon storages were
taken into account. Carbon storage was calculated as the
summation of the product of carbon density and the area of
each land use type, expressed as:

V=2 (SxC) &

where, V is carbon storage; n is the total number of land
use types; i denotes the i" type of land use; and C; and S,
represent the carbon intensity and the area of i" land use
type.

The maximum carbon storage was calculated under
ideal circumstances when the entire area is covered by
natural forests. But the ideal circumstance is unrealistic
due to human activities, in this study the theoretical
maximum value of carbon storage was computed under the
circumstance that construction land, farming land (includes
dry land and paddy field) and natural forest were all taken
into account. After the implementation of ecosystem
restoration policies in recent years, the original grass land,

Fig. 2 Implementation process of
carbon storage evaluation.
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shrub and plantation have transformed to shrub, plantation
and natural forest dramatically. Therefore, the reachable
maximum value of carbon storage in the near future was
estimated in the scenario that all grass, shrub and plantation
lands are replaced by shrub, plantation and natural forest
lands.

2.3.2 Processing land use data dynamic changes

Regional differences in land use change rate can be
quantitatively assessed using the land use dynamic model
(Liu et al. 2002):

1 & AS,
S:?X E (S—]) x100% 2
ij i

where, s; is the area of ith land use type at the beginning
of measurement; As;;is the transformed area from type
i to type j during studying period; t is the duration of
measurement; and S is the change rate of land use.

Transfer matrix is the main approach to estimate the
transfer quantities and directions between different land use
types, which specifically reflect the structural characteristics
of land use change and changing directions (Bai et al.
2009). The mathematical form of the transfer matrix is
expressed as:

11 P12 in
P P ... P

P ®
P P ... P

nl n2 nn

where, P is the area; and pj; is the area transferred from the
i to the j" land use type.

3 Results
3.1 Spatial distribution patterns of carbon storage and
carbon densities in Qinglong karst areas

Combining the area of each land use type with their
corresponding carbon density, we calculated the carbon
storage of major ecosystems of Qinglong from 1988 to
2009 (Fig. 3). Our results show that the total carbon storage
of Qinglong karst areas in 1988 was 1.22 Tg C, decreasing
to 1.08 Tg C in 1999, and rebounding to 1.31 Tg C in 2009.
In these three historical periods, the carbon storage of
grass remained the highest among all land use types, while
that of water, construction land, and difficult-to-use was
constantly low. Our results also show that vegetation land
including grass, shrubs, plantations and natural forests are
the major carbon pools of Qinglong, while human usage
lands and difficult-to-use land have lost most of their carbon
sequestration capability due to the destruction of surface
cover and inner soil constitution.

3.1.1 Evolution process of carbon storage geographical
spatial distribution patterns

We overlaid carbon storage maps with geomorphological

maps and the results reveal the spatial distribution of
Qinglong county’s carbon storage in karst areas (Fig. 4).
Statistical analysis demonstrated that areas with higher
levels of carbon storage generally are large grass areas with
steeper slopes. Additionally, carbon enriched areas gradually
shifted from high altitude areas to low altitude areas from
1988-2009, and eastern and central northern regions had
the highest carbon storage, while the carbon storage of other
regions stayed at a very low level. From 1988 to 1999, high
carbon storage areas were usually located on steep slopes
(>15°%) and high altitude regions where human activities are
not impactful. These regions were diverted from eastern
and central regions to central regions and carbon storage in
the southern regions was relatively high. In contrast, from
1999 to 2009, higher carbon storage areas transformed
to areas with steady slopes (<15°), while the eastern and
southeastern regions were higher carbon storage areas, and
the central northern and southern regions took the second
place. These phenomena may be caused by the reason
that regions with steep slopes and high altitudes were less
accessible for human interference in the early 1990s, and
therefore vegetation was naturally preserved. However, with
the expansion of construction and cultivation, destruction
of vegetation in these regions may be responsible for the
decline in carbon storage. Due to the implementation of
the Green for Grain project in 2002 the ecology of steady
regions where forestation was possible has been restored,
leading to an increase in carbon storage.

3.1.2 Spatial distribution patterns of carbon densities in
different land use types

By overlaying maps of different land use types and their
carbon intensities, we acquired the spatial distribution
maps of carbon intensity in different historical periods
(Fig. 5). Statistical analysis shows that the distribution of

700
600
500
400

300

Carbon storage (Gg C)

200

100

1988

[=23
[=2]
—

1988

[=23 [ee]
(<23 [s'e]
— —

1999

@D ©© D D
S © o O
N A - N

1988

o @
D O
— N

2009
2009
1938
1999
2009

Grass Shrub  Plantation Natural forest Dry land  Paddy

Soil Vegetation

Fig. 3 Major ecosystems’ carbon storage of Qinglong from
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(a): 1988

Carbon storage
(GgQ)

Fig. 4 Spatial distribution 5409
of carbon storage across 122

Qinglong karst areas (Gg C).

carbon density was consistent with the geographic spatial
distribution for each land use/cover type. The average
carbon density in 1988, 1999 and 2009 for Qinglong was
13.80, 12.22 and 14.74 kg C m?, respectively, displaying
a similar trend to carbon storage. The reduction of average
carbon density from 1988 to 1999 was mainly caused by
land use type transformation from natural forests, plantation
and shrub to grass and difficult-to-use land. The conversion
of grasslands and difficult-to-use lands into plantation,
grass and shrub lands increased carbon storage significantly
from 1999 to 2009. In these three historical periods, most
of the high carbon density areas were difficult-to-use land,
grasslands and shrub lands, while grasslands, shrub lands
and natural forests contribute to most of the total carbon
storage. Although the area of difficult-to-use land was
large, their contribution to carbon storage was minimal
due to a low carbon density (0.12 kg m™). At different
periods, carbon intensities of plantations, grasslands,
water and construction lands expanded dramatically, while

Fig. 5 Spatial distribution
maps of carbon intensity of
Qinglong karst areas (kg m?).
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Carbon storage Carbon storage
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natural forests, dry lands and difficult-to-use lands display
shrinking trends on the spatial carbon density distribution.

3.2 Relationship between carbon storage and land use
type transformation

To reveal the relationship between land use type
transformation and spatial distribution of carbon storage we
integrated a land use transfer matrix with spatial distribution
maps of carbon density. Land use type transformation
contributes significantly to the evolution of carbon storage
(Fig. 6). Statistical analysis indicated that due to land use
type transformation, carbon storage decreased 0.14 Tg from
1988 to 1999, and increased 0.23 Tg in the next ten years,
showing a net increment of 0.08 Tg in carbon storage from
1988 to 2009. The total count of land use type change is
72 during this period, of which 21 types had more than 1%
area of change. To note, diverse transformation types but
small changes in area is one of the characteristics of land
use transformation in the study area.

C intensity
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a:1988-1999 b: 1999-2009

15000

Generally, transformation from grasslands to difficult-
to-use lands, from natural forests to difficult-to-use lands,
from natural forests to grass and from shrubs to grass do not
benefit carbon sequestration and often lead to carbon storage
reduction. In contrast, transformations from difficult-to-use
land to grass, plantation, natural forest and shrub contribute
to carbon fixation, and increased carbon storage. Variations
in paddy, water and dry land have little influence on carbon
storage.

4 Discussions
4.1 Estimation of total carbon storage of karst canyon
areas in Qinglong

Based on the carbon densities of each ecosystem in karst
areas of Qinglong, we estimated the total carbon storage of
Qinglong (Fig. 7). The results show that carbon storage is
closely related to the area of each land use type. This study
calculated four circumstances of Qinglong county’s carbon
storage which included the actual situation, reachable
maximum, theoretical maximum and ideal circumstances.
Under ideal circumstances of natural forests being the only
land use type, the maximum carbon storage in Qinglong
karst areas can reach 3.20 Tg C. Taking 2009 as an example,
the theoretical and reachable maximum carbon storage
were calculated to be 2.91 and 1.86 Tg C, respectively. In
contrast, the actual carbon storage in 2009 was 1.31 Tg
C, accounting for 41.10% of the ideal maximum, 45.26%
of the theoretical maximum and 70.79% of the reachable
maximum.

4.2 Estimation of total carbon storage and the
contribution rate of karst canyon areas in Guizhou
province

We analyzed the geomorphological map and the area of
karst canyon was calculated to be 27 675.80 km® When
natural forests are the only land use types, the ideal
maximum carbon storage is expected to be 103.54 Tg, with

(c): 1988-2009

7500 0

—-_— e —— 1

N

A Shrub-grass
[ Natural forest-grass

| Natural forest-difficult-to-use

| Grass—difficult-to-use
I Difficult-to-use-plantation
I Difficult-to-use-shrub
I Difficult-to-use-natural forest

Difficult-to-use-grass

Fig. 6 Major land use
transformation of carbon
storage in different
periods.

an average of carbon density of 37.41 kg m™. Similarly, the
actual value, theoretical maximum and reachable maximum
of carbon storage in Guizhou karst canyon areas were 42.55,
60.11 and 94.12 Tg, respectively. Moreover, corresponding
average carbon densities were estimated to be 16.26, 21.72
and 33.97 kg m™.

The actual carbon density of Guizhou karst canyon
areas is much higher than that of the terrestrial ecosystems
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Fig. 7 Estimation of carbon storage of Qinglong karst canyon
area.
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in China, as computed by Li et al. to be 10.64 kg m® (Li
et al. 2003). The theoretical maximum carbon density is
about 3.19 times the national average, suggesting the great
potential for carbon sequestration of Guizhou karst canyon
areas.

4.3 Comparison of average carbon density between
Guizhou karst canyon areas and other areas

The carbon storage of karst canyon areas in Guizhou has
received little attention and so we compared the average
carbon density with the results obtained in other areas
(Fig. 8). Our result is consistent with other studies (Zhong
et al. 2014; Qiu et al. 2012; Ding et al. 2012; Zhou et al.
2011), which demonstrate the specificity of karst areas and
the validity of our estimation methods. Furthermore, our
estimation of soil carbon density is approximate to that of
non-karst areas (Pan et al. 2008; Li et al. 2004; Chen et al.
2007), but far less than northeastern regions (Wang et al.
2001a) and Chinese forests (Zhou, 2000) possibly because
of organic substance abundance, high fertility and higher
capability for carbon sequestration in northeastern regions
and forests. Interestingly, our estimation of vegetation
carbon density is much higher than Chinese terrestrial
ecosystems (Zhou et al. 2000; Wang et al. 2001b) and forest
ecosystems in other provinces (Wang et al. 2010; Huang
et al. 2007; Ma et al. 2013) and is close to the average of
Chinese forest ecosystems. High levels of vegetation carbon
density are mainly due to the formation of developed
vegetation ecosystems with a mild climate, abundant
precipitation and sufficient solar resources. In conclusion,
despite its barren soil layer, the soil carbon density of karst
areas can still reach the average level of national terrestrial
ecosystems, while the vegetation carbon intensity is far
higher than the average of forest ecosystems in most
provinces, demonstrating the great potential of carbon
sequestration and the need for rocky desertification control

10 5 0 5 10 15 20 25
This study
Karst area (Zhou et al. 2011)
Forest system of center of Guizhou (Ding et al. 2012)
Karst valley (Zhong et al. 2014)
Karst plateau (Qui et al. 2012)
Forest system of Gansu Province (Peng et al. 2010)
Forest system of Sichuan Province (Huang et al. 2007)
Forest system of Jiangsu Province (Wang et al. 2010)
Forest system of Three Gorges (Chen et al. 2007)
Forest system of Shanxi Province (Ma et al. 2012)
Northeast China (Wang et al. 2001)
Forest system of China (Zhou et al. 2000)
Forest system of China (Wang et al. 2001)
China (Pan et al. 2003)
China (Li et al. 2003)
10 5 0 5 10 15 20 25
Vegetation Soil

Fig. 8 Comparison of the carbon density of karst canyon
areas in Guizhou to other areas (kg m?).

in Guizhou karst canyon areas.

4.4 The uncertainty of carbon storage evaluation based
on land use

Unique geologic structure characteristic make carbon
cycles in these karst areas follow special patterns. Although
combining LUCC and ecosystem carbon density is a
traditional method yielding accurate results, there are
uncertainties that need to be considered. First, this study
assumes the carbon density of nine kinds of land use is
stable, whereas carbon density changed weakly during
different periods and this may have some impacts on the
evaluation of carbon storage. Second, soil carbon density
changes slower than land use change, and the recovery
ability of different kinds of soils is different; this study did
not consider this factor and this may mean we overestimated
carbon storage.

5 Conclusions

From 1988 to 2009 the carbon storage and average carbon
intensity decreased initially and then increased. Vegetation
ecosystems including grasslands, shrub lands, plantation
and natural forests contribute to the majority of carbon
storage, and their expansion is the main reason for the
increase in carbon storage. On the contrary, human use
lands and difficult-to-use lands have lower capabilities for
carbon sequestration. Consequently, increases in difficult-
to-use areas leads to the reduction of carbon storage.

Population expansion, economic growth and government
policies are critical factors that affect carbon storage.
Specifically, from 1988 to 1999, expansion of population
and lands for construction, cultivation and deforestation
led to land degradation and contributed to the drastic
reduction in carbon storage in the study area. However,
the implementation of the Green for Grain policy in 2002
and ecological immigration facilitated restoration ecology,
resulting in significant increases in carbon storage in
Qinglong karst areas.

Based on current results for carbon storage in Qinglong
karst canyon areas, we estimated the actual, reachable
maximum and ideal maximum values of carbon storage
and carbon intensities in Guizhou karst canyon areas.
Interestingly, the actual carbon density is much higher than
the average of terrestrial ecosystems in China, and the ideal
maximum average carbon density is 3.19 times higher than
the average national level. Thus, Guizhou karst canyon
areas have great potential for carbon sequestration, and their
ecological restoration is necessary for increasing carbon
storage across terrestrial ecosystems in China.
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