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from decomposition (Schlesinger, 1977). Although cli-
mate and soil texture are the primary regional controls of
SOC storage, their influences on the vertical distribution
of SOC may be outweighed by the effects of changing
land use and vegetation cover (Jabbagy and Jackson,
2000).

The impacts of human activities and land use changes,
such as deforestation and cultivation, on the structural
and functional properties of an ecosystem can be studied
using stable isotopes (Boutton et al., 1998; Staddon,
2004). The naturally occurring δ13C values of biologi-
cally interesting carbon compounds vary from approxi-
mately 0 to –110‰ relative to the Pee Dee Belemnite
standard (Vagen et al., 2006). C3 plants use the Calvin-
Benson photosynthetic pathway (Calvin and Benson,
1948) and fractionate carbon differently than do C4 plants,
which use the Hatch-Slack pathway (Hatch and Slack,
1970). In C3 plants, CO2 is reduced to a three-carbon com-
pound. The δ13C values of C3 plants are generally be-
tween –33‰ and –22‰, with a mean of –27‰ for woody
plants (Vagen et al., 2006). However, C4 plants reduce
CO2 to a four-carbon compound and have δ13C values of
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Land use changes can affect soil carbon storage in terrestrial ecosystems by altering either the biotic or the abiotic
processes involved in carbon cycling, such as the adsorption of carbon on soil minerals. In this study, the organic carbon
contents and their stable carbon isotopic compositions (δ13C) of five soil profiles under different land uses in the Maolan
karst region in Southwest China were analyzed. Four non-forest samples from the karst were selected and examined to
determine whether farmlands or grasslands that were converted from forestland were more effective in sequestering car-
bon in soils. The soil organic carbon (SOC) contents decreased in the following order: virgin forest, burnt grassland,
shrubland, grassland, and farmland. However, no differences were observed in the δ13C values at the bottom of the five
profiles, which indicated that most of the soil organic carbon was derived from the original virgin forest. The percentages
of SOC that resulted from C4 plants in the virgin forest were significantly lower than the percentages in the other plots,
while the percentages of SOC that resulted from C3 plants in the virgin forest were significantly higher than the percent-
ages in the other plots. The δ13C values in the topsoils of the various profiles decreased in the following order: burnt
grassland, farmland, grassland, shrubland, and virgin forest. From the surface to the base of the farmland profiles, little
variation occurred in the δ13C values of the SOC (from –25.1 to –29.1‰). This variation in the δ13C values of the SOC in
the surface soils was associated with changes in the vegetation cover. In addition, our results suggest that the plant func-
tional type is important for controlling the depth-related changes in the SOC contents and the δ13C values of the SOC.
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INTRODUCTION

Soil is the largest pool of terrestrial organic carbon in
the biosphere. Soil stores more carbon than plants and
the atmosphere combined (Malhi et al., 1999). The abun-
dance of organic carbon in the soil affects and is affected
by plant production. In addition, the roles of organic car-
bon in soil fertility and agricultural production have been
recognized for more than a century (Jobbagy and Jackson,
2000). It is important to identify the patterns and con-
trols of soil organic carbon (SOC) storage to understand
how SOC is important in ecosystem processes and is di-
rectly linked to atmospheric composition and climate
change (Raich and Potter, 1995; Trumbore et al., 1996;
Woodwell et al., 1998; Jobbagy and Jackson, 2000; Feng
et al., 2010). SOC storage is controlled by balancing car-
bon inputs from plant photosynthesis and carbon outputs
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–17‰ to –9‰, with a mean of –14‰ (Boutton et al.,
1998). These differences occur because C3 plants discrimi-
nate more heavily against the heavier isotope than do C4
plants. The utility of δ13C isotopic tracers for soil organic
matter (SOM) studies stems from the fact that all plants
discriminate against δ13C during photosynthesis, but at
different degrees depending on their photosynthetic path-
way (Farquhar et al., 1989).

Soil degradation is the main cause of land degrada-
tion (Raich and Potter, 1995). Soil organic matter plays
important roles in soil degradation and in the global car-

bon cycle. In addition, soil is an important element in
karst processes and karst ecosystems (Wang et al., 1999),
with soil organic matter and soil microorganisms signifi-
cantly reducing the rates of limestone erosion (Li et al.,
2004). Regional rock desertification is a serious ecologi-
cal problem in the subtropical karst regions of Southwest
China because it results in the progressive impoverish-
ment of local residents, and rock desertification is a proc-
ess of land degradation resulting from the comprehen-
sive action due to the overprint of irrational anthropo-
logical activities on the karst fragile environment (Yuan,

Fig. 1.  Map showing the lithology and land uses in the Maolan National Nature Reserved Park.
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1997).  As part  of the ongoing research of rock
desertification and the rehabilitation of karst ecosystems,
increasing attention has been directed to the interactions
between human activities and natural karst systems, es-
pecially the effects of land use cover on natural systems
(Zhang and Yuan, 2004).

However, little research has been conducted regard-
ing the changes in the stable carbon isotopic composi-
tions of modern soils at different depths and under differ-
ent types of land use in karst areas (Zhu and Liu, 2006).
This study examines the depth profiles of SOC and δ13C
in five plots with differing vegetation cover in a typical
karst area in Southwest China. The nature of plant cover
(forest, grass, crops) affects pedogenetic weathering and
changes the soil organic matter properties. Thus, we aimed
to determine the potential effects of vegetation changes
on soil carbon storage in a typical karst ecosystem in or-
der to clarify the relationships between dominant vegeta-
tion types and the vertical distribution of SOC and stable
carbon isotopes. In addition, this study aimed to provide
fundamental information to support the protection of frag-
ile soil resources and adjust land use structures in Maolan,
Southwest China.

MATERIALS AND METHODS

Study area
The Maolan National Nature Reserve Park in the

southeastern region of Guizhou Province, Southwest
China, is famous for its dense virgin evergreen forests,
which grow on the peak cluster karst. Our study sites are
located between latitudes of 25°09′20″N and 25°20′50″N
and longitudes of 107°52′10″E and 108°05′40″E (Fig. 1).
The climate in this region is subtropical, monsoon, and
humid, with a mean annual temperature of 17°C and a
mean annual precipitation of 1750 mm. The rock expo-
sures in the study area are sedimentary formations of lime-
stone, dolomite, sandstone, and clay of the Middle to
Lower Carboniferous period (Fig. 1a).

Soil samples were collected from the park to repre-
sent chronosequences of deforestation and land use
changes. The reserve covers an area of ca. 200 km2, con-
sisting mostly of mountains of jagged carbonate rocks
with 90% forest cover (Fig. 1b). The sampling strategy
was designed to collect representative data from various
landforms, land use types, and areas with different con-
version histories to cover a range of soil conditions. The
sampling areas were selected based on field surveys and
interviews with farmers and local experts. Five types of
soil profiles were chosen for sampling during the sum-
mer of 2007. In addition to the virgin forest site, one sam-
ple site was converted to intensive maize cropping, one
site was converted to shrubland, and two sites were con-
verted to grassland in recent decades. The visible charac-
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teristics of the studied profiles are summarized in Table
1. The grassland (GL), shrubland (SL), burnt grassland
(BGL), and virgin forestland (VFL) species profiles
mainly contained C3 plants. Maize, an important food crop
that uses C4-photosynthesis, was grown in the farmland
(FL) profile.

Soil sampling and analysis
Three soil profiles were chosen under each type of

land use. At each site, soil samples were collected at in-
tervals of 10 cm to a depth of up to 120 cm from the
walls of the soil pits (Table 1). The three soil profiles
under the same land uses were very similar (data not
shown), therefore, the authors chose the longest profiles
under the different vegetation covers for further discus-
sion. Soil samples were air dried and then sufficiently
disaggregated by passing through a 2 mm sieve.

Soil samples were treated with 0.5 mol/L HCl at 25°C
for 24 h to remove carbonates (Midwood and Boutton,
1998) before washing to neutrality with distilled water,
centrifuging and drying at 60°C. Next, the samples were
pulverized and saved for carbon and isotopic analyses.

Soil pH was measured using a glass electrode in a 1:2.5
soil:water suspension (Liu et al., 1996) with a precision
of ±0.05. The organic carbon content was analyzed by
combustion using an elemental analyzer (PE2400, Perkin
Elmer, USA) with a precision of ≤0.1%.

For the stable isotopic analysis, a sample mass yield-
ing 0.5 mg of carbon was placed in a quartz tube with
CuO and Pt wire. Next, the sample tube was evacuated
and flame sealed. The organic carbon in the sample was
oxidized to CO2 at 850°C for 5 h. CO2 was collected and
purified cryogenically in a vacuum extraction line, and
the quantity of CO2 was measured before collecting it in
the break-seal tube for subsequent mass spectrometric
analysis (Boutton et al., 1983). The stable carbon isotope
ratios (13C/12C) were measured using a mass spectrometer
(MAT-252, Finnigan MAT, USA). The carbon isotope
values in this study are reported using the δ notation rela-
tive to international standard; Pee Dee Belemnite (PDB):

δ13C(‰) = [(Rsample – RPDB)/RPDB] × 1000,

where R = 13C/12C.
Routine δ13C measurements were conducted with an

overall precision of ±0.1‰. Isotopic standards of carbon-
ate and IAEA-C3 (cellulose) were repeatedly measured
to determine the reproducibility of the analyses. Each
sample was run in duplicate, and the results indicated that
the differences were less than the range of measurement
accuracy.

Calculation and data analyses
The proportion of past C4 versus C3 vegetation is of-

pH

Fig. 2.  Changes in soil pH with depth in the five soil profiles.
Fig. 3.  Changes in soil organic carbon with depth in the five
soil profiles.
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ten calculated using the δ13C values of SOC in a simple
mass balance mixing formula (Resh et al. ,  2002;
Biedenbender et al., 2004; Li and Mathews, 2010).

δ13Csample = xδ13C4 + (1 – x)δ13C3.

This two-end-member model can be used where the
dominant photosynthetic pathway of the plant commu-
nity has changed. In this case, δ13Csample is the δ13C value
of the soil sample, x corresponds with the percentage of
SOC that results from the previous C4 vegetation, δ13C3
is the δ13C value of the C3 vegetation, and δ13C4 is the
δ13C value of the C4 vegetation.

x = [ (δ13Csample – δ13C3)/(δ13C4 – δ13C3)].

In this case, δ13C3 is the average δ13C value of the
forest litter, stems, and roots in the Maolan areas (–29.1‰,
Piao et al., 2001), and δ13C4 is the average δ13C value of
the maize litter, stems, and roots in the Maolan areas
(–11.4‰, Piao et al., 2001). These calculations were based
on the assumption that most virgin forests are composed
of C3 vegetation. However, some of the understory veg-
etation is composed of C4 vegetation (most grasses, in-
cluding maize, are C4 species).

RESULTS

Soil pH
The soils from the five land use types had different

pH values (Fig. 2), but the pH generally increased with
soil depth in all types. The soil samples in the SL profile
had relatively high pH values that varied from 7.2 at the
surface to 7.8 at the base. The pH ranges in the GL, FL,
and VFL profiles were 6.5 to 7.8, 6.7 to 7.1, and 6.7 to
7.5, respectively. The BGL profile had the lowest pH val-
ues of 5.5 to 6.0.

SOC content
The SOC contents exceeded 1.0% in all of the hori-

zons of the five profiles, with a maximum value of 7.1%
(the topsoil in the VFL profile). The SOC contents in the
VFL profile were distinctly different from the contents in
the FL profile, and the soils in the GL and FL profiles
were characterized by relatively low surface SOC con-
tents of 1.59% and 1.49%, respectively (Fig. 3). The high-
est SOC content (7.1%) was recorded in the VFL profile,
and the SOC contents in the SL and BGL profiles were
3.56% and 5.63%, respectively. The change in the SOC
content with depth was categorized by two soil layers in
each of the five soil profiles (Fig. 3). From the maximal
SOC contents in the topsoil, the SOC content decreased
exponentially with depth before decreasing more slowly
below a certain depth (approximately 30 cm) and becom-

ing more or less stable in the deepest layer. However, the
rate of the decrease and the thickness of the surface soil
layer were different in each profile. The rate of decreas-
ing SOC with depth in the BGL profile was greater than
the rate observed in the other profiles. The VFL profile
had the highest SOC content, and the other sites were
ranked as follows: SOCVFL > SOCBGL > SOCSL > SOCGL
> SOCFL.

Stable carbon isotopic composition of the soil
The δ13C values of the topsoil from the GL, SL, FL,

BGL and VFL profiles were –25.6‰, –27.3‰, –25.1‰,
–23.3‰ and –28.6‰, respectively (Fig. 4). The δ13C val-
ues of the VFL showed no significant changes with depth.
The δ13C values of soil samples from GL, SL, BGL, and
FL profiles gradually decreased with depth when com-
pared with the surface horizons. The greatest enrichment
of 12C occurred at the bottoms of the profiles.

The δ13C values of the soils in all of the profiles
changed with depth from 0–30 cm, but the values of all
profiles decreased gradually below 30 cm with depth (Fig.
4). The δ13C values did not increase continuously with
depth in the FL and VFL profiles, but reached a maxi-
mum at a certain depth (30 cm) before gradually decreas-
ing. From the topsoil to 30 cm, the δ13C values of the

Fig. 4.  Vertical patterns of the stable carbon isotope (δ13C) in
the bulk soil from the five soil profiles.
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SOC from the FL and VFL profiles increased by approxi-
mately 3‰ and 2.2‰ with depth, respectively, while the
δ13C values of the SOC from the GL profile showed al-
most no change.

In the soils under different vegetation cover, two pos-
sible isotopic sources (C3 and C4 plants) of SOC were
present. We calculated the proportion of SOC originated
from C3 plants (SOC3) and from C4 plants (SOC4) ac-
cording to the equation mentioned above section. The
results (Table 2) indicated that the SOC4 fraction was
derived from the land use change to maize culture. The
δ13C value of the topsoil in the FL profile was higher than
that of the topsoil in the VFL profile. However, the δ13C
value from the deepest soil in the FL profile was very
similar to the value in the deepest soil layer in the VFL
profile. This result indicates that the δ13C values (a pre-
cursor of SOC input) were affected by the variations in
land use and type following several decades of cultiva-
tion after deforestation. However, as shown in Table 2,
most of the SOC was derived from the original virgin
forest, with only a minority of SOC4. The percentage of
SOC4 varied from 20% to 36% in the upper soil and was
lower than 10% in the deepest soil.

DISCUSSION

An inverse relationship was observed between soil
organic matter and soil pH, with higher soil organic mat-
ter contents corresponding to lower pH values (Figs. 2
and 3). The distribution of SOC with depth was closely
related to the evolution of the soil profiles (Chen et al.,
2005). With increasing depth, the source of organic mat-
ter gradually decreased as the period of soil formation
increased. However, the SOC losses due to decomposi-
tion continuously increased with depth. Consequently, the
SOC content decreased with increasing profile depth. The
SOC of the topsoil showed a rapid decomposition and
turnover rate due to the increased presence of microor-
ganisms (Chen et al., 2002). The SOC content decreased
exponentially with depth from the highest SOC content
in the topsoil (Fig. 2). In addition, the microbial popula-
tion continuously decreased, and the turnover rates of
SOC slowly decreased with depth in the FL profile (Fierer
et al., 2003). Despite the lower SOC contents with depth,
the SOC was mainly composed of refractory components
(below 30 cm). This result occurred because the SOC
content reflects the balance between plant material in-
puts and organic carbon losses that result from hetero-
trophic decomposition (Li and Zhao, 2001). In the sub-
tropical, monsoonal, and humid climate, the high tem-
peratures and abundant rainfall encourage rapid vegeta-
tion growth, which results in a considerable annual input
of plant debris into the soil. In Maolan, where calcium-
rich limestone soils prevail, the activity of microorgan-D
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isms such as bacteria and actinomycetes is very high (Of-
fice of General Survey on Soil, 1998). These microor-
ganisms continuously decompose the organic matter to
form humus. When combined, the humus and calcium ions
produce polymeric and stable humus-calcium, which re-
sults in the accumulation of humus-calcium in the lime-
stone soil (Zhu and Liu, 2006). Consequently, the SOC
in the VFL profile maintained a higher SOC content than
the other profiles.

In the same climate, the SOC contents and the nature
of the surface vegetation are directly correlated, which
significantly controls the vertical distribution of the SOC
(Jobbagy and Jackson, 2000). Plant debris and root exu-
dation are major sources of SOC under native vegetation.
The net primary productivity of forest vegetation is gen-
erally higher than that of shrub vegetation (Zhu and Liu,
2006). Consequently, the rate of organic matter input into
the soil is reduced when the land use changes from virgin
forest to burnt grassland and farmland in Maolan areas.
In contrast, the surface vegetation affects the soil texture.
The topsoil of a virgin forest profile has a high SOC con-
tent and a loose soil texture (Zhu and Liu, 2006), which
facilitates the downward transfer of SOC. Consequently,
this uppermost layer, which has the highest SOC content,
is thicker in the virgin forest profile than in the other pro-
files. Li and Zhao (2001) suggested that SOC levels
mainly differ in the upper horizon under different land
uses, especially in the upper 30 cm of the soils. In this
study, the forest soil had a higher SOC content than the

Fig. 5.  SOC vs. δ13C of the samples from the five soil profiles. a. SOC and δ13C values from the surface of the soil profiles to a
depth of 30 cm. b. SOC and δ13C values from a depth of 30 cm to the bottom of the soil profiles.

soils associated with other land uses. The soils under
meadow and tilled lands, which represented seriously
degraded land use patterns in the region, generally had
the lowest organic carbon levels. The farmland soils were
characterized by a slow decrease in carbon with depth
and relatively low SOC levels in the topsoil. In contrast,
the SOC sharply decreased in the shrub and forest soils,
especially in the upper 30 cm. The grasslands and farm-
lands that were created from forestland experienced in-
tensive human disturbance; consequently, the carbon
losses were linked to human activities, not only in the
upper 30 cm of the profiles but also at much deeper lev-
els.

SOC is composed of several fractions that vary from
very labile to refractory. The refractory organic matter
fraction can have a turnover time of several hundred years,
whereas the labile SOC pool has a turnover time of less
than a few years (Campbell et al., 1967; Hsien, 1992).
The distribution of organic matter among these pools is
influenced by soil management practices such as crop
rotation, tillage and fertilizer application. Based on these
data, the turnover of SOC under the virgin forest was much
slower than the turnover under the cultivated soils. Sev-
eral decades after deforestation, the SOC content in the
farmland soil approached a new equilibrium position.
However, this equilibrium was established based on the
low SOC content. In this study, some of the SOC3 disap-
peared after cultivation. The remnant SOC was refrac-
tory organic matter that belonged to organo-mineral com-
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plexes, which can remain unchanged for long periods and
maintain soil structure and fertility.

The δ13C versus depth curves showed different pro-
files for the different types of vegetation cover. These
differences potentially resulted from vegetation changes
that occurred during profile development. From the sur-
face soil to the base of the profiles, the δ13C values of
SOC were divided into two stages (Figs. 4 and 5). (1) In
the first stage (from the topsoil to a depth of 30 cm), the
δ13C values of the SOC in GL, SL, FL, and VFL profiles
increased (but not in the BGL profile). The δ13C values
of the SOC rapidly became enriched in 13C values at a
depth of 30 cm in the GL, SL, FL, and VFL profiles. This
enrichment may have resulted from the fractionation ef-
fects of carbon isotopes during SOM decomposition rather
than from a vegetation shift (Chen et al., 2002). (2) At
the second stage (below the depth of 30 cm), the δ13C
values of the SOC slightly decreased and eventually sta-
bilized. At the bottoms of all of the soil profiles, the δ13C
values of the SOC appeared to be homogeneous, and the
SOM began to decompose due to the net effects of the
carbon isotope fractionation.

The increasing of the δ13C values with depth was re-
lated to the increasing age and degree of decay of the
organic carbon (Stout et al., 1981; Balesdent et al., 1990),
i.e., the increasing potentially resulted from the isotope
fractionation that is associated with decay and the pres-
ence of millennia-old SOC throughout the profile, which
was richer in 13C than the young SOC. This finding indi-
cates that the carbon in the deepest soils is mainly of C3
origin, while the organic matter in the surface soil was
derived from the covering vegetation litter.

The changes in the δ13C values with depth have sev-
eral possible explanations (Balesdent et al., 1990; Chen
et al., 2002). The first explanation is the decrease in the
δ13C values of CO2 or vegetation with time due to fossil
fuel combustion. The second explanation involves the
different decay rates of the functional group components
with different δ13C value. Finally, the third explanation
is that the change results from real fractionation in the
soil (Chen et al., 2002). The second and third explana-
tions are consistent with our findings, in which the en-
richment of δ13CSOC values resulted from the differential
decay rates of the different organic matter components
and the fractionation of the C isotopes during organic
matter decomposition (Chen et al., 2002). The δ13C val-
ues in the topsoil of the VFL were enriched in 13C, largely
due to carbon isotope fractionation, which indicated that
this surface layer is the dominant source of CO2 emis-
sions that result from SOM decomposition.

From the surface of the soil profile to a depth of 30
cm, a clear negative linear correlation occurred between
the δ13C values in the SOC and the SOC contents in all
but the GL and BGL profiles (Fig. 5a). Between 30 cm

and the bottom of the profile, the positive correlation be-
tween the δ13C values and SOC contents was well estab-
lished. The variations of the δ13C values in the SOC and
the SOC contents with depth indicated that vegetation
cover directly controlled the SOC storage. The SOC con-
tent of the topsoil mainly responds directly to the type of
vegetation. In addition, the vegetation transfers organic
material to deeper portions of the soil profile.

CONCLUSIONS

We measured the SOC contents and their δ13C values
of bulk soil samples that were collected at five sites in
the karst area of Southwest China, where had a different
vegetation cover. Variations in the δ13C values and de-
creases in the SOC contents with depth were well corre-
lated. A distinct difference was observed in the vertical
patterns of the stable carbon isotopic compositions of the
SOC in these profiles. This difference potentially reflects
site-specific factors, such as soil type, vegetation cover,
and soil pH, which control the different organic compo-
nent contents that comprise SOC and the soil carbon
turnover rates in the profiles. The vertical patterns of sta-
ble carbon isotopic composition in this study region dif-
fered according to the type of vegetation cover. Topsoil
is susceptible to variations in vegetation cover and is the
main element of a soil profile that reflects the weathering
of the underlying bedrock. Vegetation cover facilitates
the transport of larger amounts of organic matter to greater
depths in the soil profile.

Previous studies have paid little attention to the ef-
fects of vegetation cover on karst processes. This research
was based on a relatively small, but typical and repre-
sentative area, in which the most common forms of land
use were represented. This study showed clear interrela-
tionships between the types of vegetation cover and the
characteristics of soil organic matter in a typical karst
forest area. The SOC concentration changed according
to the extent of human interference in the natural soil pro-
file. A better understanding of the soil carbon distribu-
tions and concentrations under a variety of land uses could
be useful for estimating recent and future releases of se-
questered soil carbon. We believe that our results make a
significant contribution to the protection of fragile karst
soil resources and the readjustment of the land use struc-
ture in Southwest China.
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