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ABSTRACT

To probe the processes and mechanisms of soil organic carbon (SOC) changes during forest recovery, a 150-year
chronosequence study on SOC was conducted for various vegetation succession stages at the Ziwuling area, in the central
part of the Loess Plateau, China. Results showed that during the 150 years of local vegetation rehabilitation SOC increased
significantly (P < 0.05) over time in the initial period of 55-59 years, but slightly decreased afterwards. Average SOC
densities for the 0-100 cm layer of farmland, grassland, shrubland and forest were 4.46, 5.05, 9.95, and 7.49 kg C m~3,
respectively. The decrease in SOC from 60 to 150 years of abandonment implied that the soil carbon pool was a sink for
COg2 before the shrubland stage and became a source in the later period. This change resulted from the spatially varied
composition and structure of the vegetation. Vegetation recovery had a maximum effect on the surface (0-20 cm) SOC
pool. It was concluded that vegetation recovery on the Loess Plateau could result in significantly increased sequestration
of atmospheric COz in soil and vegetation, which was ecologically important for mitigating the increase of atmospheric
concentration of CO2 and for ameliorating the local eco-environment.
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Soil functions not only as a nutrient pool for terrestrial plants, soil animals, and microbes, but also
as the biggest carbon pool for terrestrial ecosystems (Eswaran et al., 1993; Schlesinger, 1995; Batjes,
1996). Since it could improve degraded soil quality, increase biomass amounts, clean surface water and
groundwater, and also reduce the rate of atmospheric CO5 enrichment (by counteracting CO5 released
from fossil-fuel combustion) (Lal, 2000; Zhao and Zhou, 2002), enhancing soil carbon sequestration was
recognized as a win-win strategy. So probing the soil carbon cycle’s processes and mechanisms, along
with the interaction between soil and vegetation during vegetation restoration, have become key global
issues (Cheng et al., 2004; Marland et al., 2004; Zhang et al., 2004). This is also important for accurately
assessing and supervising the restoration and reconstruction of degraded ecosystems (Xu and Xu, 2003).

The Loess Plateau is famous for its deep loess and as the cradle of traditional Chinese culture. How-
ever, during its history frequent and long-term anthropogenic activities have caused negative impacts on
local environments, namely severe degradation of natural vegetation and attendant soil erosion (Peng
and Yu, 1995; Shi and Shao, 2000). These have led to a fragile eco-environmental status within the Loess
Plateau and have become the main source of sediment in the Yellow River (Zhu, 1999). Due to natural
drought conditions and intensive human disturbance, Northwest China, including the Loess Plateau,
has become the area with the lowest soil carbon pool in China (Li et al., 2004). Therefore, vegetation
rehabilitation is a key step in restoration of degraded ecosystems on the Loess Plateau (Peng, 2001).
This will benefit the eco-environmental quality and enhance the soil carbon pool. In this research, it
was hypothesized that natural factors such as climate and site conditions were relatively stable over a
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period of 150 years and the process of vegetation recovery was a function of time. Accordingly, it could
be hypothesized that change in soil organic carbon (SOC), being closely related to vegetation rehabili-
tation, was also a function of time. Thus, the objective was to probe the processes and mechanisms of
SOC change during forest restoration in the central part of the Loess Plateau of China.

MATERIALS AND METHODS
Study area

The study was conducted in the Ziwuling area (36°4’—6’ latitude N, 109°7'-11" longitude E) of
Fuxian County, which is in the center of the Loess Plateau, 200 km northwest of Xi’an, the capital of
Shaanxi Province, China. The climate is semi-arid with an average annual precipitation of 577 mm, of
which 60% falls from June to August; the annual average temperature is 9 °C (Tang et al., 1993); and
the natural biome is the northern extended area of a deciduous broadleaf forest zone (Zhu, 1991). To
maintain similar and comparable site conditions, investigations were carried out within an area where
distances did not exceed 10 km. The landform is a typical loess hilly landscape with relative elevations
of less than 200 m and altitudes of 1200-1360 m. The loess layer is about 50 m thick, and the soil
type is a calcareous loamy soil, classified as an Entisol. Moreover, the spatial distribution of the loessial
parent material is uniform and the silty clay loam texture varies little. In the late Qing Dynasty, from
1842-1866, there was a national conflict and local inhabitants largely emigrated from the area. From
then on, few inhabitants lived in this area and restoration of secondary vegetation began naturally
on the abandoned land (Liu, 1998). Recovery through natural succession suggested that vegetation
on abandoned land gradually developed towards higher succession stages with increased restoration
time. Thus, today Ziwuling and its adjacent areas have formed a widespread and continuous landscape
of secondary forest that the locals call ‘Bosquet’. Today the total forest coverage is over 70%. The
longest recovery process has lasted almost 150 years with vegetation in some regions reaching the climax
community stage dominated by Quercus liaotungensis. Nevertheless, in the 1940s—60s, due to famine,
war and disasters, people began immigrating to this area in succeeding waves and reclaiming land. So
the area’s land use has experienced population changes and different stages of natural vegetation can
be observed.

Sampling site selection and plant community description

To study the changes in SOC for long-term vegetation recovery, the method of space-for-time sub-
stitution or chronosequence (Debussche et al., 1996; Foster and Tilman, 2000; Bonet, 2004) was used
to select different sampling plots with various years of abandonment. Sampling plots were selected with
similar altitude, slope gradient and direction (Table I). Slope gradient generally varied from 10° to
25°. To avoid the influence of micro-landforms on soil moisture and heat regimes, sampling plots were
mostly on the upper or medium part of loess girder slope. A portable GPS was used to determine the
longitude and latitude coordinates that are listed in Table I. There were 10 plots selected with four
main vegetation succession stages including farmland (1 location), grassland (4 locations), shrubland (2
locations), and forest (3 locations) with fallow time ranging from 0 to 150 years (Table I) and the two
plots farthest apart, farmland and forest site 3, were about 5.5 km apart.

To verify lengths of fallow (mainly < 60 years), a series of interviews were conducted with local
inhabitants. However, for fallow longer than 60 years, exact times were estimated based on annual tree
rings and references. Chen (1954) indicated that by the 1950s in the Ziwuling area secondary forests
had developed over a large area. This had followed a 100-year period of natural restoration and Populus
davidiana forest (as a kind of pioneer forest) was the main category, representing 70% of the cover.
Betula platyphylla forest was also identified as a kind of succession forest (Zhu, 1991). Zou et al. (2002)
showed that by the beginning of the 21st century most of the 1950s’ P. davidiana forests had progressed
to the Q. liaotungensis climax forest stage. This implied that 50 years was needed for P. davidiana to
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TABLE 1

Site conditions and dominant species of plant communities of sampling plots for different succession stages in the Ziwuling
area of the Loess Plateau

Vegetation Years of  Altitude Slope® Direc- Longitude Latitude Dominant species

stage abandon- tion (E) (N)
ment NameP) Height Cover
m ° cm %
Farmland 0 1322 5.0-12.0 N 133 109° 10.5’ 36° 5.1’ Brassica campestris - —
Grassland 2 1318 12.0-19.0 N 128 109° 10.5’ 36° 5.2  Artemisia capillaries 10.5 67.9
1
Grassland 4 1342 12.5-6.5 N 20 109° 10.8" 36° 5.6/  Artemisia capillaries+ 10.5 45.9
2 Achnatherum 31.7 40.9
extermiorientale
Grassland 14 1309 8.5-11.5 N 255 109° 9.7’ 36° 4.3'  Artemisia giraldii+ 30.0 22.5
3 Stipa bungeana+ 14.6 51.5
Potentilla chinensis 21.3 16.7
Grassland 34 1313 15.0-16.5 N 310 109° 10.5" 36° 5.3’ Themeda triandra var. 92.0 24.6
4 japonica
Shrubland 34 1309 19.0-21.5 N 325 109° 10.5' 36° 5.3’  Acer ginnala— 338 66.3
1 Carez lanceolata 18.8 30.0
Shrubland 60 1306 22.0-27.0 N 270 109° 10.9’ 36° 4.7  Sophora viciifolia— 147 25.9
2 C. lanceolata 13.7 46.7
Forest 1 100 1221 10.0-16.0 N 258 109° 10.1’ 36° 4.3’ Populus davidiana— 934 90.1
Spiraea pubescens— 103 11.9
C. lanceolata 13.2 43.2
Forest 2 100 1220 14.5-24.5 N 18 109° 8.3"  36° 5.9  Betula platyphylla— 940 96.6
Spiraea pubescens— 86.2 11.5
C. lanceolata 11.4 25.1
Forest 3 150 1360 14.0-21.0 N 85 109° 7.3/ 36° 5.9  Quercus liaotungensis— 901 92.9
Viburnum schensianum— 127 20.7
C. lanceolata 10.2 28.7

) All sampling plots were on the loess girder slope except for Forest 2, which was in a gully.
w_»

b) Plant species followed by the symbol “+” or indicates that the species and that in the line below it belonged to the

same layer or different layers, respectively.

change to a Q. liaotungensis forest. So the recovery periods of P. davidiana and B. platyphylla forests
were estimated at 100 years with the Q liaotungensis forest being 150 years. Additionally, after long-
term cultivation, a steep ladder-like ridge often formed at the border of upper and lower pieces of sloping
land. This characteristic could be used to verify whether the selected sampling plots were abandoned
fallows or original woodlands.

Of the ten sampling plots selected with different lengths of fallow, representing ten succession stages
with fallow time ranging from 0 to 150 years (Table I), a long-term cultivated sloping farmland was
chosen as a control relative to the abandoned land; four plots had lengths of fallow ranging from 2 to
34 years and represented grassland community stages; two plots at the shrubland community stage had
from 34 to 60 years of fallow; and 3 plots at the forest community stage had from 100 to 150 years
of fallow. After the sampling plots were selected, community investigations were first conducted using
methods described by Dong (1997). Li and Shao (2003, 2004) have published some of the results. It
could be seen from Table I that along with the development of vegetation during recovery from natural
succession, the dominant species first changed from annual or biennial to perennial grass, then to shrubs,
and finally to trees.

Sample collection and analysis

Three sampling points were randomly selected (as replicates) at the plot of each succession stage.
After removing litter and humus layers, the sampling depth was 100 cm sectioned into vertical 20 cm
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intervals. So, 150 soil samples in total were collected and measured (5 vertical sections per sampling
pointsx 3 replicatesx 10 plots). Soil samples were collected using a soil auger, sorted by hand to remove
roots and other foreign materials, and then air-dried in the laboratory. The dry samples were pulverized
and sieved through a 0.25 mm sieve. SOC content was determined using the methods described by
Walkley and Black (1934) and Nanjing Agricultural University (1981). All measurements were carried
out in the State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau of China
and the results were calculated based on air-dried soil. Basic physical and chemical properties of the
surface soil (0-20 cm) for four main vegetation stages are presented in Table II.

TABLE II

Physical and chemical properties of the surface soils (0-20 cm) for four main vegetation stages in the Ziwuling area of the
Loess Plateau

Vegetation Years of Bulk Mechanical pH OM Total N Total P Total K Avai- Avai- Avai-
stage abandon- density composition lable lable lable
ment Ne) P K

>50 502 <2
pm pm pm

g cm? % gkg™!  mgkg ! __gkg! mg kg~ !
Farmland 0 1.29 a® 10.0a 63.3a 26.7a 844b 10.2a 828 ab 654 a 166 a 209a 895a 104 a

(0.10)b) (0.8) (0.3) (0.6) (0.04) (0.53) (60.1) (14.8) (0.23) (13.4) (0.34) (6.0)
Grasslandl 2 1.18a 7.6b 64.9a 27.5a 859c 7.3a 348a 592 bc 17.5a 10.8a 4.88b 93.5a
1 (0.12) (0.5) (1.1) (1.4) (0.01) (0.26) (12.6) (11.6) (0.71) (1.72) (0.39) (36.9)
Grassland 14 1.17a 89a 63.8a 27.4a 861lc 15.6a 1018 ab 566 c 172a 13.2a 1.36c 127 a
2 (0.10) (0.3) (0.4) (0.6) (0.01) (3.20) (183) (40.5)  (0.48) (3.11) (0.32) (30.3)
Shrubland 60 1.16a 2.8d 67.5b 29.7a 839b 38.1b 1625b 629ab 16.6a 19.6a 2.92bc 189 b
2 (0.04)  (0.4) (1.0) (1.5) (0.02) (7.29) (875) (17.8) (0.30) (1.17) (0.46) (6.8)
Forest 3 150 099b 49c 681b 27.0a 8.26a 30.2b 1513 b 544 c 16,6 a 17.8a 5.11b 228b

(0.03)  (0.7) (1.0) (0.3) (0.04) (6.83) (243) (34.2) (0.69) (4.54) (2.86) (41.4)

P value 0.021 0.000 0.004 0.116 0.000 0.000 0.021 0.003 0.195 0.336 0.000 0.001

#)Means with the same letter in the same column are not significantly different at P < 0.05 (Duncan’s test).

b)Data in parentheses are standard deviations.

<) Available N is the sum of nitrate N and ammonium N.

Soil organic carbon density indicated organic carbon storage per unit area for a certain depth (Jin
et al., 2001). It was usually described as total SOC for a 1 m? area with units of kg C m~2 in 1 m depth
or kg C m™3 regardless of soil depth. This study used the latter for comparison of vertical changes in
SOC with different succession stages. Soil organic carbon density values were evaluated according to
Equation 1 (Post et al., 1982; Jin et al., 2001).

D =100 x ¢B(1 = 8amm) (1)

where D indicates soil organic carbon density (kg C m™3); ¢ indicates SOC content (g kg !) for a
certain soil depth; B indicates soil bulk density (g cm3); and damm indicates the content (%) of soil
particles with > 2 mm diameter, including rock debris and calcareous agglomerations.

A one-way analysis of variance (ANOVA) was performed using SPSS11.0 software for all of the data
and Duncan’s multiple comparison tests or regression analysis were further conducted if the results of

ANOVA were significant (P < 0.05).
RESULTS AND DISCUSSION
SOC change during the vegetation recovery process

Table III gives the statistical results of SOC density in different layers for different vegetation
recovery stages. Fig. 1 shows the change of the average SOC density in the 0-100 cm profile for different
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succession stages.

TABLE III

605

Spatial-temporal change of SOC density in different layers during the process of vegetation recovery in the Ziwuling area
of the Loess Plateau

Vegetation SOC density
stage

0-20 cm 20-40 cm 40-60 cm 60-80 cm 80-100 cm

kg C m—3

Farmland 7.6 ab?) (0.39)P) 4.96 ab (1.32) 3.44 ab (0.75) 3.23 ab (0.79) 3.09 ab (0.77)
Grassland 1 5.0 a (0.18) 3.64 a (0.58) 2.91 a (0.13) 3.07 a (0.24) 3.05 ab (0.17)
Grassland 2 8.1 ab (1.71) 5.25 abc (1.75) 3.27 ab (0.88) 2.99 a (0.33) 3.01 ab (0.38)
Grassland 3 10.6 abc (2.18) 5.78 abcd (2.21) 3.96 ab (0.72) 3.97 abc (0.35) 3.63 ab (0.65)
Grassland 4 13.0 bed (1.07) 7.31 bede (1.61) 4.52 b (0.86) 4.02 abc (0.32) 3.96 bc (0.57)
Shrubland 1 29.4 g (5.61) 9.60 e (0.85) 5.85 ¢ (0.88) 5.05 ¢ (0.59) 5.02 ¢ (0.76)
Shrubland 2 25.7 fg (4.92) 7.65 cde (0.63) 3.93 ab (0.16) 3.69 ab (0.13) 3.55 ab (0.31)
Forest 1 17.0 cde (5.66) 7.50 bede (1.38) 6.08 ¢ (1.32) 4.21 be (1.11) 3.94 be (0.90)
Forest 2 19.7 ef (3.94) 8.31 de (1.36) 3.79 ab (0.90) 2.88 a (0.89) 2.60 a (0.94)
Forest 3 17.3 de (3.91) 7.12 bede (1.27) 4.21 ab (0.30) 3.99 abc (0.22) 3.80 ab (0.37)
Average 15.4 (8.02) 6.71 (1.78) 4.19 (1.04) 3.71 (0.68) 3.56 (0.69)
CV (%) 52.2 26.5 24.8 18.2 19.2
P value 0.000 0.001 0.001 0.005 0.009

a)Means with the same letter in the same column are not significantly different at P < 0.05 (Duncan’s test).

b)Data in the parentheses are standard deviations.
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Fig. 1 Change of soil organic carbon density in the 0—-100 cm profile for different successional vegetation recovery stages

in the Ziwuling area of the Loess Plateau. Fa: farmland; G1-G4: grasslands with abandonment years of 2, 4, 14, and
34 years, respectively; Sh1l and Sh2: shrublands with dominant species of Acer ginnala (34 years) and Sophora viciifolia
(60 years), respectively; F1-F3: forests with dominant species of Populus davidiana (100 years), Betula platyphylla (100
years) and Quercus liaotungensis (150 years), respectively; NA: the national average in soils of China (Wang et al., 2003).

Data showed that changes in SOC density were mostly significant (P < 0.05) for the five soil layers
among different stages during the process of vegetation rehabilitation. In Grassland 1, the recently
abandoned farmland stage (2 years), compared to farmland, SOC density in the surface (0-20 cm)
and undersurface layers were slightly reduced though not statistically significant. These changes were
attributed to annual and biennial plants, which bloomed in freshly abandoned land and returned little
organic matter to the soil, consuming the original mineralized soil organic matter (SOM). However,
SOC gradually began to increase with time after a short-term reduction, as a result of the above- and
belowground biomass increase (Fang et al,, 2003) and corresponding increase of SOM input to soils
(Wang, X. B. et al., 2005). For the 0-20 cm depth there was a gradual increase from Grassland 1
to Grassland 4 with Grassland 4 being significantly greater (P < 0.05) than Grassland 1 (Table III).
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Compared with Grassland 1, which was recovered for only 2 years (5.01 kg C m~3), the topsoil SOC
density increased by 62.4%, 112.1%, and 159.5% for Grassland 2 (4 years), Grassland 3 (14 years), and
Grassland 4 (34 years), respectively. The profile average increments for 0-100 cm in Grasslands 2, 3, and
4 compared to Grassland 1 increased by 28.2%, 58.2% and 85.6%, respectively, which were somewhat
lower than those in the topsoil.

When vegetation developed to the shrubland stage, SOC density showed a sharp elevation (Fig. 1),
with Shrubland 1 in the 0—20 cm soil layer being significantly higher (P < 0.05) than all the other surface
samples (Table IIT). Shrubland 1 also had 11.0 kg C m~3 for the 0-100 cm profile. The increments
for Shrublands 1 and 2 relative to Grassland 1 were 488% and 211%, respectively. This change was
closely related to the spatial variation of canopy structure and species composition. As grasslands
developed into a shrubland stage, vegetation varied not only in community height, but also in an
obvious spatial dimension. This subsequently induced some microclimate changes, specifically falling
surface temperatures and increased water consumption. To some extent, all these changes resulted in
the decline of SOM mineralization rates and accumulation of SOC.

In the meantime, species composition also changed. Shade-tolerant plants such as Carez lanceolata,
Rubia cordifolia, Lathyrus quinquenervius, and Duchesnea indica, emerged; while sun-loving plants,
namely Themeda triandra var. japonica, Stipa bungeana, and Artemisia giraldii, began to die and grad-
ually faded from the communities. Species diversity in this stage also reached a climax period attributed
to coexistence of plants belonging to different functional groups (Li and Shao, 2004; Bonet, 2004). Due
to the death of light-demanding plants, a thick surface layer of litter soon formed, usually with a large
biomass. SOC also increased rapidly owing to the death of roots.

However, SOC density declined when vegetation progressed through the shrubland stage and into
the forest type. Compared with the Acer ginnala shrubland (Shrubland 1), SOC density in the surface
soil for all three forest types was significantly less (P < 0.05). Populus davidiana (Forest 1), Betula
platyphylla (Forest 2) and Q. liaotungensis (Forest 3) forests decreased by 42.3%, 33.0% and 41.2%,
respectively. Thus, Forests 1, 2 and 3 compared to Shrubland 1 for the 0-100 cm profile were 29.5%,
32.2% and 33.7% lower, respectively, being also slightly lower than the comparison for surface layer.

Decline of SOC density in the forest stage was attributed to a reduction of litter being directly re-
turned to the soil. Although ground litter under forest was usually thick, it was mostly spread over the
surface and only incorporated through indirect ways, such as soil animal activities. Since these actions
were generally quite limited, addition of SOC was mainly derived from dead roots, especially herba-
ceous plant roots. The relatively low biomass of shade-tolerant plants, which dominated the understory
communities of forests, resulted in relatively low organic matter input to the soil. On the other hand,
microbes gradually decomposed or mineralized the large SOC accumulated during shrub growth, which
subsequently resulted in a reduction of SOC density during the forest stage.

SOC density for different layers, as a non-linear function of years of abandonment, for the 0-20, 20—40
and 0-100 cm layers were described as polynomial functions (corresponding regression equations):

Do-20 e = 4.8448 4 0.7662t — 9.6 x 1073t? + 3.4 x 107°¢3 (2)
D30-40 e = 4.2904 + 0.1665¢ — 2.0 x 1073¢2 + 6.7 x 107643 (3)
Do-100 cm = 3.6484 + 0.2298t — 3.0 x 107 3¢2 + 1.1 x 10~ °¢3 (4)

where Doy-20cm, D20-40cm and Do-100cm indicate soil organic carbon density for the 0-20 cm, 20-40
cm and 0-100 cm layers, respectively; t indicates the years of natural vegetation rehabilitation after
farmland abandonment, taken as ¢ = 0 for farmland for the purpose of analysis. The statistically
significant coefficients of determination (R?) were 0.715 (P = 0.044), 0.785 (P = 0.020), and 0.750
(P = 0.031) for the 0-20, 20-40 and 0-100 cm layers, respectively. However, the regression results were
not significant for the layers below 40 cm depth.

Assuming D’ (the derivative of D in Equations 2, 3 and 4) = 0, the SOC density recovery times until
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the climax stage were estimated as 57, 59 and 55 years for the 0-20 cm, 20—40 cm and 0-100 cm layers,
respectively. Then, the initial (¢ = 0), maximum (¢t = 57), and final (¢ = 150) values of SOC density
during the succession process were calculated to be 4.84, 23.6 and 18.5 kg C m~2 in the surface 0-20
cm layer, 4.29, 8.53 and 6.88 kg C m~3 for the 2040 cm layer, and 3.65, 9.04 and 7.74 kg C m—3 for
the 0-100 cm layer, respectively. Thus, the corresponding maximum net increments of SOC densities
calculated were 18.8, 4.24 and 5.39 kg C m~3 for the three layers, respectively. So, for fallow period
up to nearly 60 years from farmland through shrubland stage, the increment rates of SOC density were
0.33, 0.07, and 0.10 kg C m~2 year ! for the three layers. With further succession during the rest of
the recorded period (60-150 years), the net decreases of SOC density were 5.08, 1.65, and 1.30 kg C
m~2 and the declining rates were 0.05, 0.02 and 0.01 kg C m~3 year™! for the 0-20, 20-40 and 0-100
cm layers, respectively. So in comparison to the declining rates in the last 90-year period, the SOC
density increment prior to shrubland stage was much more rapid. The differences depended on organic
matter input and decomposition rates, both above- and belowground. These two factors were closely
related to water and temperature status of the sites. So the change of SOC density was not only closely
related to vegetation but also limited by the local climatic conditions. Zhou et al. (2000) showed that
SOC density for forest vegetation in China increased with higher latitudes while carbon density for
aboveground vegetation changed in the opposite way. In addition, Wang et al. (2002) demonstrated
that SOC density was positively related to precipitation but negatively related to temperature. Due
to these combined factors, the highest SOC density areas in China were in northeast China, southwest
China and the Qinghai-Tibet Plateau (Li and Shao, 2003; Xie et al., 2004a, b). So a wet and cold
climate was beneficial to the accumulation of SOC, while a hot and dry climate was beneficial to SOC
mineralization and decomposition. Thus, the decrease of SOC density for the period of forest growth in
the Ziwuling area was a result of both climate and vegetation.

SOC densities for all stages of succession were highest in the top layers (0-20 cm) and decreased
with soil depth (Table III). Based on coefficients of variation (CV) for SOC density, soil depths could
be divided into three layers: an intensively variable layer (020 cm), a transition layer (20-60 cm), and
a relatively steady layer (60-100 cm). Regression analysis with Equation 5 showed that all SOC density
values decreased significantly (P < 0.01) with depth (Sun et al., 2003):

D=ad?® (5)

where d indicates the soil depth ranging from 10 to 90 cm, and a and b are the regression coeflicients.
Equations 6-9 listed below were for the four typical succession stages:

Dr, = 988.11d2-2489 (6)
Dy = 3827.9d3-6882 (7)
Dgpy = 445,934 11404 (8)
Dps = 426.46d 13282 (9)

where Dg., Dg1, Dsni, and Dgs indicate the SOC density for the farmland, Grassland 1, Shrubland
1, and Forest 3, respectively. The determination coefficients (R?) of regression equations were 0.9761,
0.8971, 0.9650, and 0.9645, respectively. Equations 6-9 described well the vertical changes of SOC
density. These changes with depth demonstrated that the impacts of vegetation recovery on SOC density
mainly occurred in the upper 40 cm depth, especially in the surface layer 0-20 cm (Table III).

Soil carbon pool change in the Ziwuling area and its ecological significance

The above results showed that the soil carbon pool before shrub development increased but fell
slightly in the later succession stages (Fig.1). This demonstrated that SOC density regularly varied
with time along the vegetation recovery process and thus confirmed the original hypothesis. It also
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suggested that soil was a sink for CO5 in the period from grassland to shrubland stage but became
a source during the subsequent succession towards forestry. The carbon pool for a forest eco-system
is composed of three closely associated compartments: vegetation, litter, and soil (Zhou et al., 2000).
The increase of SOC, as the main component of SOM, was also an important index for improvement of
soil quality (Zhao et al., 1997; Sun et al., 1997; Zhou et al., 2003). Data in Table IT showed that from
grassland to forest (2 to 150 years) soil bulk density and pH significantly (P < 0.05) decreased, while
organic matter, total nitrogen (N), and available potassium (K) all significantly (P < 0.05) increased
with vegetation rehabilitation. Therefore, soil properties were being ameliorated. Improvement of
soil quality also promoted development of vegetation and accumulation of litter. So, the total carbon
pool including litter, above-, and belowground pools for a forest ecosystem increased noticeably more
than that of the shrubland stage. This was attributed to the elevated carbon pools associated with
vegetation and litter, despite the slight reduction of the soil carbon pool. The higher increasing rate of
vegetation productivity and litter accumulation largely concealed the negative influence of soil carbon
pool shrinkage in the late period of succession mainly resulting from the control of climate (Wang, S.
Q. et al., 2005).

The average values of SOC density of the 0-100 cm profile for the farmland, grassland, shrubland
and forest across different plots for the same succession stages were 4.46 (£ 0.77), 5.05 (+ 1.40), 9.95
(£ 1.46), and 7.49 (£ 1.11) kg C m~3, respectively. So, in the Ziwuling area, SOC density declined
in the order shrubland > forest > grassland > farmland, and SOC density in the Loess Plateau was
generally lower than the average, 11.52-12.04 kg C m 3, in China (Wang et al., 2003). In the Ziwuling
area, the highest SOC density for Acer ginnala shrubland (Shrubland 1 in Fig.1), 11.0 (£ 1.00) kg C
m~3, was close to the national average. However, compared with the national average, SOC density
was only 42.5% for the farmland and 70% for the climax forest stage. Consequently, the potential of the
soil carbon pool was quite limited even if the vegetation was completely recovered or restored. This was
attributed to the low vegetation productivity and relatively high decomposition rate under dry climate
conditions (Li et al., 2004). Of course, the net increase of SOC density of the 0-100 cm profile for the
recovered climax forest was 2.82 kg C m ™3, being 63% more than that for farmland (Table III). This
is important for improving the sequestration for atmospheric CO;, and mitigating its negative impacts.
Meanwhile, vegetation restoration resulted in effective control of soil and water loss and subsequent
amelioration of the eco-environment. These effects could strengthen sustainable development of the
Loess Plateau and its surrounding regions.

CONCLUSIONS

The impact of long-term vegetation restoration on the soil carbon pool was significant from farmland
through grassland and from shrubland to forest. However, due to changes of community composition,
spatial structure and microclimate, this influence varied for the different stages of succession. The soil
carbon pool in the central Loess Plateau was a sink for COy before the shrubland stage but became
a source of CO4 in the later periods of succession. However, the negative effect resulting from soil
carbon pool shrinkage was largely concealed by the significant increase of aboveground vegetation and
carbon litter pools. In addition to benefits from controlling soil and water loss and improving the local
eco-environment the possible resulting sequestration of CO5 was also of importance.
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