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Abstract The effect of conversion of grassland to
woodland on organic carbon (OC) and total nitrogen
(TN) has significance for global change, land resource
use and ecosystem management. However, these
effects are always variable. Here, we show results of
a study in an arid area in China on profile distribution
of OC and TN in soils covered by two different
woody tree canopies and outer canopy space (grass-
land between woody plant canopies). The soils were
at various slope positions (upper, middle and lower
slopes) for Chinese pine (Pinus tabulaeformis) and
Korshrinsk peashrub (Caragana korshinskii) lands,
and of different soil orders (Castanozems, Skeletal,
Loessial and Aeolian soils). The objectives were to
relate the effects of land use change on OC and TN to
slope position and soil order. Soil OC and TN were

significantly larger at Korshrinsk peashrub slope
locations than at Chinese pine slope locations. Soil
OC and TN were small at the lower slope position for
Korshrinsk peashrub, however, they were largest at
the middle slope for Chinese pine. Korshrinsk
peashrub always increased soil OC and TN under
brush canopy at the three slope positions, while
Chinese pine increased them at lower slopes and
decreased them at upper slopes. For the soil types, OC
and TN in Korshrinsk peashrub land were in the order
of Castanozems > Skeletal > Loessial > Aeolian soils.
Korshrinsk peashrub also increased OC and TN under
brush canopy in the four soils. Our results indicated
that soil OC and TN in canopy soils differed greatly
from associated values in the outer canopy soils, and
the effects of grassland afforestation varied signifi-
cantly with tree species, slope position, and soil type.
Therefore, we suggest that differentiating such factors
can be an effective approach for explaining variances
in OC and N changes caused by land use conversion.

Keywords Chinese pine . Korshrinsk peashrub .
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Introduction

Grassland afforestation is an important land use
change affecting carbon (C) cycling, soil quality, land
management and regional socioeconomic develop-
ment (Rudel et al. 2005; Richards et al. 2007). This
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land transition is likely to affect the C and nitrogen
(N) cycles and C and N pools stored in soils (Jackson
et al. 2002; Farley et al. 2004; Martens et al. 2004;
Davis et al. 2007). Altered cycles and pools in turn
influence biomass production and ecosystem func-
tioning, as well as emissions of pollutants such as N,
acidifying substances and greenhouse gases (Foster et
al. 2003; Menyailo et al. 2008; Livesley et al. 2009).
Therefore, understanding the effects of transition from
grassland to woodland on soil C and N may have
important implications for sustainable management of
land resources and associated watershed processes,
and regional responses to global change (Fahey and
Jackson 1997).

The effects of grass to woody plant conversion on
soil organic carbon (OC) and total nitrogen (TN) have
been studied at various time scales (Dupouey et al.
2002; O’Connell et al. 2003; Martens et al. 2004).
However, results have been variable, with both
significant increases (McGrath et al. 2001; Rhoades
2007; Macedo et al. 2008) and decreases (Groenendijk
et al. 2002; Jackson et al. 2002; Farley et al. 2004;
Powers 2004) in soil OC and TN observed after
grassland afforestation.

To a large extent, the inconsistency of the effects
has been ascribed to individual tree effects on OC and
TN (Finzi et al. 1998). It is commonly accepted that
soils underneath woody plants and soils in grassland
have different rates of erosion, deposition, and above
and belowground litter inputs, resulting in different
OC and TN contents and stocks (Hook et al. 1991;
Pärtel et al. 2008). For instance, woody vegetation
can increase soil heterogeneity due to the concentra-
tion of organic matter and N beneath relatively small
canopies, creating ‘islands of fertility’ (Schlesinger et
al. 1996), whereas grassland vegetation has a dense
and homogeneous root system. The latter can homog-
enize spatial distribution of soil nutrients (Pärtel and
Wilson 2002; Lane and BassiriRad 2005). Due to
such great spatial differences of OC and TN,
understanding differences of soil OC and TN under
tree canopy and adjacent grassland (outer tree canopy)
may be effective in clarifying the effects of grassland
to woodland conversion on soil OC and TN and help
explain the current inconsistencies.

Grassland afforestation often increases soil OC and
TN in arid areas (Jackson et al. 2002). If tree canopy
land is viewed as the afforestation land and outer tree
space is viewed as the original grassland, the OC and

TN should be higher in canopy soils than outter
canopy soils after grassland afforestation in an arid
area.

The effects of grassland to woodland conversion
on soil OC and TN are biological and ecological
processes (Hibbard et al. 2003), which are mainly
affected by woody plant type, land position and soil
orders when climatic conditions differ only slightly.
Although current studies have mainly focused on
relating OC and TN conditions with such factors
(Giardina et al. 2001; Dijkstra et al. 2004; Rhoton et
al. 2006; Kucharik 2007; Hollingsworth et al. 2008;
Moges and Holden 2008), the relationship between
land use change and OC and TN changes is still not
well documented. However, it is essential for under-
standing the effects of land use change on soil OC
and TN at a landscape scale and even at larger scales
(Holtkamp et al. 2008).

Therefore, we hypothesize that in an arid area (1)
OC and TN in soils under woody plant canopies are
significantly greater than in outer tree canopy soils
after grassland afforestation, and (2) land use change
effects on soil OC and TN varies with plant species,
slope position and soil type. In order to test our
hypotheses, we investigated OC and TN in soils
under Chinese pine and peashrub canopies and in
outer tree canopy grassland areas at upper, middle and
lower slopes. We also investigated four soil types
under and outside of peashrub canopies.

Materials and methods

Study site

This study was conducted at the Shenmu Erosion and
Environment Research Station of the Institute of Soil
and Water Conservation, Chinese Academy of Scien-
ces and Ministry of Water Resources, in the Liudaogou
small watershed (38°49′N, 110°23′E) in Shenmu
County, located in the center of the cropping-pastoral
ecotone and wind-water erosion crisscross region
(Fig. 1). The watershed has an area of 6.89 km2 and
is at an altitude between 1 081 and 1 274 m. The
region has a semiarid continental climate with an
average annual temperature of 8.4°C. Monthly mean
temperatures range from -9.7°C in January to 23.7°C
in July. The average annual precipitation is 437 mm
with 77% occurring between June and September.
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The watershed is mainly characterized by sloping
lands, which accounts for 76.5% of the total area. The
soils are mainly Loessial (10.7%), Castanozems
(32.0%), Skeletal (35.9%) and Aeolian (13.5%),
which belong to the major soil orders Regosols,
Cambisols, Chernozems, and Arenosols, respectively
(according to FAO/ISRIC/ISSS taxonomy, 1998). The
average <0.01 mm soil particle fractions for Loessial,
Castanozems, Skeletal, and Aeolian soils are 17.6%,
36.1%, 32.2%, and 13.9%, respectively.

Field investigation, soil sampling,
and laboratory analysis

Field investigation and soil sampling were conducted
in September 2007 at different slope positions or soil
orders of Chinese pine (Pinus tabulaeformis) land,
and Korshinsk peashrub (Caragana korshinskii) land
to compare the effects of slope position, soil order and
plant species on OC and TN. Chinese pine and
Korshinsk peashrub were established on the native

the Loess Plateau

Cropping-pastoral Ecotone

Water-wind Erosion Crisscross Region 

Shenmu Erosion and Environment Research Station

Skeletal
Flat peashrub land Castanozems

Flat peashrub land 
Chinese pine and peashrub slopes

Loessial
Flat peashrub land

Aeolian
Flat peashrub land 

Fig. 1 Location of study
site and the distribution of
sampling plots in the
watershed
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grassland 28 years ago at densities of 2,000 trees ha-1

and 1,000 trees ha-1, respectively. Land disturbances
of 40 cm×40 cm and 30 cm×30 cm areas occurred
when pines and shrubs were planted.

We selected a Chinese pine slope (280 m wide,
540 m long, 130 m change in altitude) and a
Korshinsk peashrub slope (160 m wide, 230 m long,
60 m change in altitude) with Castanozems soil
(Fig. 1). Sampling transects were set along the slope
including the upper, middle and lower slope positions.
For each transect, 3 plots (30 m×30 m for Chinese
Pine and 15×15 m for peashrub) were established for
field investigating and sampling. There was no
organic layer for soils under both species at the upper
slope positions, while a <1.0 cm organic layer formed
at the middle and lower slopes. For pine land, there
were no litter accumulated at upper slopes, but some
litter accumulated at middle and lower slopes. For
peashrub land, litter accumulated at all of the slope
positions.

We also selected 4 Korshinsk peashrub areas on
relatively flat land within the watershed. Each flat area
had a different soil type (Castanozems, Skeletal,
Loessial, or Aeolian) in order to study the influence of
soil type on soil OC and TN within the peashrub
vegetation (Fig. 1). For each combination of Korshinsk
peashrub and soil type, 3 sampling plots (15×15 m)
were established for field investigation and sampling.
Organic layers were only formed in Castanozems and
Skeletal soils under the brush canopies, but brush litter
accumulated on all four soil types under brush
canopies.

At each plot, 5 pines or brushes were randomly
selected to determine their height, diameter (diameter
at breast height, DBH, for Chinese Pine was measured
at a height of 1.35 m, stem diameter of Korshinsk
Peashrub was measured at the land surface), and
canopy area. The sampling scheme, slope positions,
soil orders, and the growth status of pine and shrub
are shown in Table 1.

In each sampling plot, a 1.0-m long×0.7-m wide×
1.0-m deep pit including under and outer tree canopy
areas was dug to allow measurements of soil bulk
density using a 5.0-cm diameter by 5.0-cm height
stainless cutting ring within 0–10, 10–20, 20–40, 40–
60, 60–80, and 80–100 cm depths. Soil samples in the
ring were fully taken out and the roots were carefully
removed by hand. Because there was no stone in our
study site and sample soils, the removal of stones did
not take place and we did not sieve the soil. The soils
were dried at 105°C to constant weight to calculate
bulk density. At each sampling plot, we located three
random replicate trees. Soils under canopies and in
the outer tree canopy areas were sampled separately.
Under tree canopies, four representative soil profiles
were collected at the half-radius of the plant canopy
from east, south, west and north directions to make a
composite soil sample. For the outer tree canopy area,
four representative soil profiles were collected near
the center of the inter-tree space to make a composite
soil sample. Because the organic layer was thin or
non-existent for some plots, we included it in 0–
10 cm soil samples. Soil samples were collected from
0–10, 10–20, 20–40, 40–60, 60–80, and 80–100 cm

Table 1 Sampling scheme and site conditions

Woody plant Slope position Slope gradient Soils type Average status of growth Cover degree

Chinese pine (Pinus tabulaeformis) Upper 14° Castanozems H: 3.4 m, DBH: 9.5 cm 56.3%

Middle 14° Castanozems H: 3.5 m, DBH: 9.5 cm 59.8%

Lower 14° Castanozems H: 3.7 m, DBH: 11.2 cm 67.3%

Korshinsk peashrub
(Caragana korshinskii)

Upper 14° Castanozems H: 1.1 m, CA: 107 cm×81 cm 27.0%

Middle 14° Castanozems H: 1.1 m, CA: 103 cm×85 cm 28.4%

Lower 14° Castanozems H: 1.2 m, CA: 106 cm×89 cm 29.4%

Flat land 1° Castanozems H: 1.2 m, CA: 106 cm×87 cm 28.8%

Flat land 1° Skeletal H: 1.2 m, CA: 107 cm×85 cm 28.4%

Flat land 1° Loessial H: 1.2 m, CA: 104 cm×85 cm 27.6%

Flat land 1° Aeolian H: 1.1 m, CA: 111 cm×81 cm 28.0%

H height, DBH diameter at breast height, CA canopy area
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depths with a 5-cm diameter tube auger. Large pieces
of non-decomposed organic material were removed,
and the moist field soils were then brought to
laboratory. A subsample was dried at 105°C to
constant weight, and weighed for the determination
of soil water content. The remaining soil was air-dried
and ground to pass through 1.00-mm and 0.25-mm
nylon screens prior to laboratory analysis.

Soil OC was measured by the Walkley-Black
method (Nelson and Sommers, 1982). Briefly, 0.5 g
soil was digested with 5 ml of 0.8 N K2Cr2O7 and
5 ml of H2SO4 at 185°C for 5 min, followed by
titration with standardized FeSO4. In general, extrac-
tion efficiency of soil organic C by the Walkley-Black
method varies between 60 to 86% with a mean
recovery of 76% (Walkley and Black, 1934), and
commonly a ‘correction’ factor is used to adjust data to
full organic C recovery. However, given the compar-
ative nature of this work and the fact that all soils were
analyzed with the same method, we considered the
organic C dataset acceptable and we did not ‘correct’
the measured results. Soil TN was measured by
Kjeldahl method (Bremner and Mulvaney, 1982).
Extractable P was determined by the Olsen method
(Olsen and Sommers 1982)

Data calculation and statistical analysis

Stocks (Mg ha-1) of soil OC (SOC) and TN (STN)
were calculated as follows:

SOCi ¼ Di � BDi � OCi=10
STNi ¼ Di � BDi � TNi=10

where Di, BDi, OCi and TNi represent the thickness
(cm), bulk density (g cm-3), organic C (g kg-1), total N
(g kg-1), respectively, of the ith layer of soil.

In order to clearly show the effects of grassland
afforestation on soil OC and TN, we used response
ratio (RR) rather than simple differences of OC and
TN to indicate the differences of them between inner
canopy and outer canopy soils. RR is generally
defined as the ratio between the (Treatment-Control)/
Control as follows:

RR ¼ inner canopy� outer canopyð Þ=outer canopy:
When comparing the differences in soil OC and

TN between tree canopy soils and outer tree canopy
soils, we used the measured values regardless of
canopy cover degree, while when comparing the

distribution of soil OC and TN in woody plant land
(both slopes and flat land), we calculated the concen-
trations and stocks of OC and TN in light of the cover
values as follows:

OC ¼ OCin � f þ OCout � 1� fð Þ
TN ¼ TNin � f þ TNout � 1� fð Þ

SOC ¼ SOCin � f þ SOCout � 1� fð Þ
STN ¼ STNin � f þ STNout � 1� fð Þ
Where OC, TN, SOC, STN were concentrations

(g kg-1) and stocks (Mg ha-1) of OC and TN in pine
land and shrub land including tree canopy area and
outer canopy area, OCin, TNin, SOCin, STNin were
concentrations and stocks in soils under tree canopy,
OCout, TNout, SOCout, STNout were concentrations
and stocks in soils outer tree canopy, and f and (1-f )
were the relative cover of tree canopy and outer
canopy area as expressed as fractions of 1.

Normality of the data was examined by Rank
procedure. The concentrations and stocks of OC and
TN were normally distributed and all statistical
analyses were carried out without transformation.
The effects of land use changes, tree species and
slope positions on soil OC and TN concentrations and
stocks for sloping pine and shrub lands were tested by
a multifactor ANOVA. The effects of land use change
and soil types on soil OC and TN concentrations and
stocks for flat shrub lands were analyzed by a two
way ANOVA. Relationships among soil OC and TN
concentration and <0.01 mm soil particle were
analyzed by correlation analysis. All analyses were
performed using SAS software (SAS 1999).

Results

The effects of plant type and slope position

When tested across all of the slope positions, profile
distributions of soil OC and TN varied with plant
type. The contents and stocks of OC in peashrub
slope land were 27.6, 33.5 and 23.5%, and 25.1,
26.0 and 15.8% larger than in Chinese pine slope
land in the 0–10, 10–20, and 20–40 cm soil layers
(Fig. 2), respectively. Similarly, contents and stocks
of TN in peashrub slope land were 51.5, 40.4 and
36.0%, and 48.5, 32.5 and 27.5% higher than in
Chinese pine slope land at the corresponding soil
depths. Plant species effects on OC and TN also
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differed with slope positions (Fig. 3). For example,
in peashrub slopes, OC content and stock increased
with decreasing slope position; increasing from
2.08 g kg-1 and 2.91 Mg ha-1 in the 0–10 cm soil
layers at the upper slope to 3.11 g kg-1 and
4.17 Mg ha-1 at the lower slope. The increases in
the 10–40 cm layers of the soil profiles were also
significant. Total N had a trend similar to OC in
peashrub land. However, in Chinese pine slopes, OC
and TN were highest at the middle slope and the
contents in the 0–10 cm soil layers were, respective-
ly, 39.7 and 30.3%, and 96.3 and 112.5% higher than
those in upper and lower slopes. There were similar
tendencies in OC and TN stocks for deeper soil
layers.

The effects of grassland afforestation on soil OC
and TN as reflected by the response ratios (RR) of

soil OC and TN with under and outer tree canopies
were also related to plant species and slope position
(Fig. 4). Korshrinsk peashrub always increased soil
OC and TN under tree canopy at the three slope
positions, with larger increases at the lower slope and
smaller increases at the upper slope. Conversely, the
effect of Chinese pine varied with slope position; soil
OC and TN increased at the lower slope and
decreased at the upper slope. These observations in
Korshrinsk peashrub slope support our first hypothe-
sis that OC and TN were significantly higher in soils
under plant canopies than in outer canopy soils, while
our observations in Chinese pine slope were not
consistent with the first hypothesis. However, both
observations confirmed our hypothesis that land use
change effects on OC and TN varied with plant
species and slope position.
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The effects of soil orders

Soils OC and TN were in the order Castanozems >
Skeletal > Loessial > Aeolian soils after grassland to
Korshrinsk peashrub conversion in flat land (Fig. 5).
Generally, this land use change in flat land significantly
increased soil OC and TN under Korshrinsk peashrub
canopy, except the soil OC and N decreased in the 40–
100 cm layer in Loessial soils. The greatest increase of
OC and TN in the 0–10 cm soil layer was in
Castanozems, and for the 10–40 cm and 60–100 cm
layers it was in Loessial and Aeolian soils, respectively
(Fig. 6). Changes in stocks of OC and TN also
followed the same order of Castanozems > Skeletal >
Loessial > Aeolian soils, with large increases in surface
soils and smaller increases at depth (Fig. 6). Korshrinsk
peashrub increased OC stocks in 0–20 cm soil layers

under tree canopy by 3.9, 1.6, 2.5 and 1.6 Mg ha-1 in
Castanozems, Skeletal, Loessial, and Aeolian soils,
corresponding to 86.6, 75.7, 83.7 and 47.8% of the
increase in the 0–100 cm layer, respectively. Similarly,
the increased TN stocks in 0–20 cm layers accounted
for 77.9, 90.6, 53.0 and 47.5% of the total increase in
0–100 cm in Castanozems, Skeletal, Loessial, and
Aeolian soils, respectively.

Discussion

Effects of grassland afforestation on soil OC and N
at different slope positions

The differences in effects of grassland afforesation on
the concentrations and stocks of soil OC and TN at
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slopes, as well the effects of slope positions, could be
ascribed to differences in biological processes in-
duced by plant species and in ecological processes by
slope position.

The study site suffers serious water erosion during
the rainy seasons and wind erosion during strong
windy days (Tang 2004), which cause significant
losses of soil OC and nutrients (Jacinthe et al. 2001).
The growth of Chinese pine provides litter under the
canopy, which provides sources of soil OC and TN,
and also reduces wind and water erosion and thus
buffers the decline of soil OC and TN. However, the
wind and water erosion process and Chinese pine’s
effects varied with slope positions. Wind and water
erosion was probably more intensive at the upper than
at the middle and lower slopes, leading to more loss
of litter from the upper than at the middle and lower
slopes. Our field investigation found no litter accu-

mulation at the upper slope, while a significant
amount accumulated at the middle and lower slopes
under Chinese pine. As a result, the litter’s function in
increasing and maintaining soil OC and TN was very
weak at the upper slopes but strong at the middle and
lower slopes, resulting in significant decreases in soil
OC and TN in upper slopes but marked increases in
middle and lower slopes. Therefore, the effect on soil
OC and TN under the Chinese pine canopy at
different slope positions might be ascribed to varia-
tion in ecological processes due to slope position.

Soil OC and TN under Korshrinsk peashrub
canopy increased after 28 years of growth at the three
slope positions, although the increase varied with
slope position, in contrast to results with Chinese
pine. The peashrub canopy was close to the soil
surface and greatly reduced the wind velocity near
soils and favored accumulation of litter in these soils.
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This enlarged the OC and TN sources and protected
against losses by wind and water erosion. Korshrinsk
peashrub is often used for wind breaks and sand
fixation (He et al. 2008); dust from wind erosion is
usually intercepted by the peashrub canopy and
deposited in soils under it. This dust contains much
more OC and TN than the soil left behind on the
eroded land (Young 1989) and so is another source of
OC and TN in soils under peashrub. Unlike Chinese
pine, Korshrinsk peashrub is a N-fixing plant, which
significantly increases soil N and so can greatly
enhance OC accretion (Dijkstra et al. 2004). These
biological and ecological processes could explain the
increased soil OC and TN under peashrub canopy and
the differences in tree species effects.

However, the above processes varied with slope
position and the changes of soil OC and TN by
grassland to Korshrinsk peashrub conversion also

varied with slope position. The growth of Korshrinsk
peashrub is sensitive to soil water conditions (Li et al.
2006; Zhang et al. 2006) and is largely governed by
soil water content. In our study, soil water content at
different slope positions followed the order of lower >
middle > upper slope (Fig. 7), and the Korshrinsk
peashrub growth status showed similar patterns with
slope position (Table 1), indicating that the N fixed by
Korshrinsk peashrub root nodules and the litter
returned to canopy soils had the same trend with
slope positions. Besides soil water conditions, N
fixation by Korshrinsk peashrub is also controlled
by soil P, as legumes require more P than other plants
for root development and energy-driven processes to
enhance symbiotic N-fixation (Vanlauwe et al. 2000).
The total P content was higher at the middle and
lower slopes than at the upper slopes (Fig. 8),
suggesting that N fixation and soil N was enhanced
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at the middle and lower slopes compared to the upper
slopes. Additionally, more soil water and N acceler-
ated the decomposition of soil organic materials (Liu
et al. 2006), which favored the increase of soil organic
C. Accordingly, the greatest increase in OC and TN in
canopy soils was at the middle slope, and the least
increase at the upper slope (Fig. 4).

Much research has investigated changes in OC and
TN after grassland afforestation in different regions
and climatic conditions. After land use conversion,
increased (McGrath et al. 2001; Morris et al. 2007;
Rhoades 2007; Macedo et al. 2008), decreased
(Groenendijk et al. 2002; Jackson et al. 2002; Farley
et al. 2004; Powers 2004), and unchanged (Goberna
et al. 2007; Kueffer et al. 2008) soil OC and TN have
all been observed and well explained. However,
effects of this land use change on soils beneath tree
canopies at different slope positions have not been
well documented. Soil OC and TN under tree
canopies at different slope positions respond sensi-
tively and quickly to OC and TN changes in
ecosystems after land use conversion. Our results
indicate that slope position may explain the differ-
ences in plant effects on soil OC and TN and
highlight the significantly different distribution of soil
OC and TN between under and outer tree canopies.
Therefore, understanding the distribution of soil OC
and TN at different land positions and between inner
and outer canopies may be effective for clarifying
current inconsistencies about the effects of land use
conversion on OC and TN.

Effect of grassland to Korshrinsk peashrub on soil OC
and N for different soil orders

Our hypotheses that soil OC and TN under tree canopies
are always higher than in outer canopy, and that land use
change effects on soil OC and TN varied with soil type,
were supported by our observations in Korshrinsk
peashrub land on four different soils. The 28 years of
growth of peashrub significantly increased soil OC and
TN under the tree canopy. The increase of OC was
mainly in the 0–40 cm soil layers and in the order of
Castanozems > Loessial > Skeletal and Aeolian soils;
the increase of TNwas mainly in the 0–10 cm soil layers
and with a similar soil-type trend. The differences in
increases of OC and TN under peashrub canopy on
various soils were also related to biological and
ecological processes induced by soil texture.

Soil texture not only influences OC and TN contents,
but also affects soil OC and TN processes (Giardina et
al. 2001). In flat peashrub land, the concentrations of
soil OC and TN were significantly related to <0.01-
mm particle content (r=0.491 and r=0.557, respec-
tively, for OC and TN; P<0.01). This suggested that
soil texture was the major factor controlling soil OC
and TN, and was consistent with findings of others
(Six et al. 1999; Giardina et al. 2001; Hughes et al.
2002). This may have been due to the protection of
organic matter from decomposition and the reduction
of net N-mineralization rate by fine soil particles (Six
et al. 1999; Giardina et al. 2001). Therefore, the
amount of OC and TN in clay-rich soils was greater
than in sandy soils, and the increase of OC and TN by
Korshrinsk peashrub in clay-rich soils was greater than
in sandy soils (Fig. 6). Additionally, the differences in
OC and TN increase for different soils were related to
soil water and P conditions, which were higher in clay-
rich than in sandy soils (Figs. 7 and 8). This produced
better peashrub growth and N-fixation in clay-rich
soils, and also significantly increased OC and TN.

Our results showed significant increases of OC and
TN in surface soils in Castanozems, Skeletal and
Loessial soils (Fig. 6). Significant increases of OC
and TN in deeper soils (60-100 cm) only occurred in
Aeolian soils, possibly due to the influence of root
distribution and water movement on OC and TN
redistribution in Aeolian soil profiles. More roots
were probably distributed deeper in Aeolian soils than
other soils, which resulted in a greater increase in OC
and TN at depth, since roots (especially fine roots) are
another major source of soil OC and TN, particularly
in deep soils (Guo et al. 2007; Strand et al. 2008). In
addition to root distribution, water movement is easier
in sandy than clay soils due to higher infiltration rates,
and the faster movement of rain water down the soil
profile may increase transport of dissolved OC and N
into deeper soil layers.

Implications for C sequestration

Our results suggested that C sequestration in soils
varied with plant species, slope position and soil
order. Plant growth often enhanced C sequestration
for peashrub soils at the middle and lower slopes and
in clay-rich soils. Our results were consistent with
many other observations on C sequestration that pine
trees often decreased soil OC (Groenendijk et al. 2002;
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Farley et al. 2004), whereas N-fixing plants often
augmented soil OC (Gregorich et al. 2005; Mannetje
2007; Macedo et al. 2008). Additionally, C seques-
tration often occurred at lower slopes (Fang et al.
2006; Ritchie et al. 2007; Nelson et al. 2008) and in
clay-rich soils (Kucharik 2007) compared with upper
slopes and sandy soils, respectively. However, little
literature is available concerning C sequestration in
soils under tree canopies following land use changes.

The distribution of OC and N in soils under canopies
and in outer tree canopies showed that soil OC under
trees was as much as twice that of outer tree canopy
land. The great differences could be attributed to the
initial low carbon. The soils in the study area were
characterized by low OC due to sandy soil texture,
extensive and intensive soil erosion and small inputs of
soil organic C and nutrients compared with other areas
(Wei et al. 2009). Therefore, our results indicated that
these dry climate low carbon soils had a potential for C
sequestration after grassland to woodland conversion.
Our results showed that C sequestration occurred at the
three slope positions for peashrub and at the lower
slope positions for Chinese pine. Therefore, from the
point of view of C sequestration, Chinese pine should
be replaced by Korshrinsk peashrub. However, if
Chinese pine is needed, then lower slopes would be
better placement positions.

Our study showed effects of 28 years of plantation
growth on canopy soil OC and N. Further studies
should be conducted on changes in soil OC and N
with plantation times. This will illustrate dynamic
traits of OC and TN, and further C sequestration in
canopy soils after plant establishment, and enable
accurate prediction of changes in soil OC and TN.

Acknowledgements This study was supported by the National
Key Basic Research Special Foundation Project (2007CB106803),
National Natural Science Foundation of China (40801111), and
the West Light Foundation of the Chinese Academy of Sciences.
We thank anonymous reviewers and the editor, Prof. Per
Ambus, of this paper for their useful suggestions and also Ir.
Wim H. van de Putten from Centre for Terrestrial Ecology of
NIOO-KNAW and Erika Marín-Spiotta from University of
Wisconsin-Madison for their valuable comments that greatly
improved this manuscript.

References

Bremner JM, Mulvaney CS (1982) Nitrogen-total. In: Page AL,
Miller RH, Keeney DR (eds)Methods of soil analysis, part 2,

chemical and microbial properties. Agronomy Society of
America, Agronomy Monograph 9, Madison, Wisconsin, pp
595–624

Davis M, Nordmeyer A, Henley D, Watt M (2007) Ecosystem
carbon accretion 10 years after afforestation of depleted
subhumid grassland planted with three densities of Pinus
nigra. Global Change Biol 13:1414–1422

Dijkstra FA, Hobbie SE, Knops JMH, Reich PB (2004)
Nitrogen deposition and plant species interact to influence
soil carbon stabilization. Ecol Lett 7:1192–1198

Dupouey JL, Dambrine E, Laffite JD, Moares C (2002)
Irreversible impact of past land use on forest soils and
biodiversity. Ecology 83:2978–2984

Fahey B, Jackson R (1997) Hydrological impacts of converting
native forests and grasslands to pine plantations, South
Island, New Zealand. Agri For Meteorol 84:69–82

Fang HJ, Cheng SL, Zhang XP, Liang AZ, Yang XM, Drury
CF (2006) Impact of soil redistribution in a sloping
landscape on carbon sequestration in Northeast. Land
Degrad Dev 17:89–96

Farley KA, Kelly EF, Hofstede RGM (2004) Soil organic carbon
and water retention after conversion of grasslands to pine
plantations in the Ecuadorian Andes. Ecosystems 7:729–739

Finzi AC, Breemen NV, Canham CD (1998) Canopy tree-soil
interactions within temperate forests: species effects on
soil carbon and nitrogen. Ecol Appl 8:440–446

Foster D, Swanson F, Aber J, Burke I, Brokaw N, Tilman D,
Knapp A (2003) The importance of land-use legacies to
ecology and conservation. Bioscience 53:77–88

Giardina CP, Ryan MG, Hubbard RM, Binkley D (2001) Tree
species and soil textural controls on carbon and nitrogen
mineralization rates. Soil Sci Soc Am J 65:1272–1279

Goberna M, Sánchez J, Pascual JA, García C (2007) Pinus
halepensis Mill. plantations did not restore organic carbon,
microbial biomass and activity levels in a semi-arid
Mediterranean soil. Appl Soil Ecol 36:107–115

Gregorich EG, Rochette P, Vanden Bygaart AJ, Angers D
(2005) Greenhouse gas contributions of agricultural soils
and potential mitigation practices in Eastern Canada. Soil
Till Res 81:53–72

Groenendijk FM, Condron LM, Rijkse WC (2002) Effects of
afforestation on organic carbon, nitrogen and sulfur
concentrations in New Zealand hill country soils. Geoderma
108:91–100

Guo LB, Wang MB, Gifford RM (2007) The change of soil
carbon stocks and fine root dynamics after land use change
from a native pasture to a pine plantation. Plant Soil
299:251–262

He S, Qiu L, Jiang D, Lamusa A, Liu Z, Luo Y (2008) Sand-
fixing effects of Caragana microphylla shrub in Horqin
sandy land, North China. Front Forest China 3:31–35

Hibbard KA, Schimel DS, Archer S, Ojima DS, Parton W
(2003) Grassland to woodland transitions: integrating
changes in landscape structure and biogeochemistry. Ecol
Appl 13:911–926

Hollingsworth TN, Schuur EAG, Chapin FS III, Walker MD
(2008) Plant community composition as a predictor of
regional soil carbon storage in Alaskan boreal black
spruce ecosystems. Ecosystems 11:629–642

Holtkamp R, Kardol P, van der Wal A, Dekker SC, van der
Putten WH, de Ruiter PC (2008) Soil food web structure

Plant Soil (2010) 331:165–179 177



during ecosystem development after land abandonment.
Appl Soil Ecol 39:23–34

Hook PB, Burke IC, Lauenroth WK (1991) Heterogeneity of
soil and plant N and C associated with individual plants
and openings in North American shortgrass steppe. Plant
Soil 138:247–256

Hughes RF, Kauffman JB, Cummings DL (2002) Dynamics of
aboveground and soil carbon and nitrogen stocks and
cycling of available nitrogen along a land-use gradient in
Rodonia, Brasil. Ecosystem 5:244–259

Jacinthe PA, Lal R, Kimble JM (2001) Assessing water erosion
impacts on soil carbon pools and fluxes. In: Lal R, Kimble
JM, Follet RF, Stewart BA (eds) Assessment methods for
soil carbon. CRC, Boca Raton, pp 427–449

Jackson RB, Banner JL, Jobbágy EG, William T, Pockman WT,
Wall DH (2002) Ecosystem carbon loss with woody plant
invasion of grasslands. Nature 418:623–626

Kucharik CJ (2007) Impact of prairie age and soil order on
carbon and nitrogen sequestration. Soil Sci Soc Am J
71:430–441

Kueffer C, Klingler G, Zirfass K, Schumacher E, Edwards PJ,
Güsewell S (2008) Invasive trees show only weak
potential to impact nutrient dynamics in phosphorus-poor
tropical forests in the Seychelles. Funct Ecol 22:359–366

Lane DR, BassiriRad H (2005) Diminishing spatial heteroge-
neity in soil organic matter across a prairie restoration
chronosequence. Restor Ecol 13:403–412

Li XY, Gao SY, Xu HY, Liu LY (2006) Growth of Caragana
korshinskii using runoff-collecting microcatchments under
semiarid condition. J Hydrol 328:338–346

Liu P, Huang JH, Han XG, Sun OJ, Zhou ZY (2006)
Differential responses of litter decomposition to increased
soil nutrients and water between two contrasting grassland
plant species of Inner Mongolia, China. Appl Soil Ecol
34:266–275

Livesley SJ, Kiese R, Miehle P, Weston CJ, Butterbach-Bahl K,
Arndt SK (2009) Soil-atmosphere exchange of greenhouse
gases in a Eucalyptus marginata woodland, a clover-grass
pasture, and Pinus radiata and Eucalyptus globulus
plantations. Global Change Biol 15:425–440

Macedo MO, Resende AS, Garcia PC, Boddey RM, Jantalia
CP, Urquiaga S, Campello EFC, Franco AA (2008)
Changes in soil C and N stocks and nutrient dynamics
13 years after recovery of degraded land using leguminous
nitrogen-fixing trees. For Ecol Manage 255:1516–1524

Mannetje L (2007) The role of grasslands and forests as carbon
stores. Trop Grasslands 41:50–54

Martens DA, Reedy TE, Lewis DT (2004) Soil organic carbon
content and composition of 130-year crop, pasture and forest
land-use managements. Global Change Biol 10:65–78

McGrath DA, Smith CK, Gholz HL, de Assis OF (2001)
Effects of land-use change on soil nutrient dynamics in
Amazonia. Ecosystems 4:625–645

Menyailo OV, Hungate BA, Abraham WR, Conrad R (2008)
Changing land use reduces soil CH4 uptake by altering
biomass and activity but not composition of high-affinity
methanotrophs. Global Change Biol 14:2405–2419

Moges A, Holden NM (2008) Soil fertility in relation to slope
position and agricultural land use: a case study of Umbulo
Catchment in Southern Ethiopia. Environ Manage 42:753–
763

Morris SJ, Bohm S, Haile-Mariam S, Paul EA (2007)
Evaluation of carbon accrual in afforested agricultural
soils. Global Change Biol 13:1145–1156

Nelson DW, Sommers LE (1982) Total carbon, organic carbon,
and organic matter. In: Page AL, Miller RH, Keeney DR
(eds)Methods of soil analysis, part 2, chemical and microbial
properties. Agronomy Society of America, Agronomy
Monograph 9, Madison, Wisconsin, pp 539–552

Nelson JDJ, Schoenau JJ, Malhi SS (2008) Soil organic carbon
changes and distribution in cultivated and restored
grassland soils in Saskatchewan. Nutr Cycl Agroecosys
82:137–148

O’Connell AM, Grove TS, Mendham DS, Rance SJ (2003)
Changes in soil N status and N supply rates in agricultural
land afforested with eucalypts in south-western Australia.
Soil Biol Biochem 35:1527–1536

Olsen SR, Sommers LE (1982) Phosphorous. In: Page AL,
Miller RH, Keeney DR (eds) Methods of soil analysis Part
2, Chemical and microbial properties. Agronomy Society
of America, Agronomy Monograph 9, Madison, Wisconsin,
pp 403–430

Pärtel M, Wilson SD (2002) Root dynamics and spatial pattern
in prairie and forest. Ecology 83:1199–1203

Pärtel M, Laanisto L, Wilson SD (2008) Soil nitrogen and
carbon heterogeneity in woodlands and grasslands: con-
trasts between temperate and tropical regions. Global Ecol
Biogeogr 17:18–24

Powers JS (2004) Changes in soil carbon and nitrogen after
contrasting land-use transitions in Northeastern Costa
Rica. Ecosystems 7:134–146

Rhoades CC (2007) The influence of American Chestnut
(Castanea dentata) on nitrogen availability, organic matter
and chemistry of silty and sandy loam soils. Pedobiologia
50:553–562

Rhoton FE, Emmerich WE, Goodrich DC, Miller SN,
McChesney DS (2006) Soil geomorphological character-
istics of a semiarid watershed: influence on carbon
distribution and transport. Soil Sci Soc Am J 70:1532–
1540

Richards AE, Dalal RC, Schmidt S (2007) Soil carbon turnover
and sequestration in native subtropical tree plantations.
Soil Biol Biochem 39:2078–2090

Ritchie JC, McCarty GW, Venteris ER, Kaspar TC (2007) Soil
and soil organic carbon redistribution on the landscape.
Geomorphology 89:163–171

Rudel TK, Coomes OT, Moran E, Achard F, Angelsen A, XuJ
LEF (2005) Forest transitions: towards a global under-
standing of land use change. Global Environ Chang
15:23–31

SAS Institute Inc (1999) SAS user's guide. Version 8. Cary NC
Schlesinger WH, Raikes JA, Hartley AE, Cross AF (1996) On

the spatial pattern of soil nutrients in desert ecosystems.
Ecology 77:364–374

Six J, Elliott E, Paustian K (1999) Aggregate and soil organic
matter dynamics under conventional and no-tillage sys-
tems. Soil Sci Soc Am J 63:1350–1358

Strand AE, Pritchard SG, McCormack ML, Davis MA, Oren R
(2008) Irreconcilable differences: fine-root life spans and
soil carbon persistence. Science 319:456–458

Tang K (2004) Soil and water conservation in China. Science,
Beijing

178 Plant Soil (2010) 331:165–179



Vanlauwe B, Diels J, Sanginga N, Carsky RJ, Deckers J,
Merckx R (2000) Utilization of rock phosphate by crops
on a representative toposequence in the northern Guinea
savanna zone of Nigeria: response by maize to previous
herbaceous legume cropping and rock phosphate treat-
ments. Soil Biol Biochem 32:2079–2090

Walkley A, Black IA (1934) An examination of the Degtjareff
method for determining soil organic matter and a proposed
modification of the chromic acid titration method. Soil Sci
37:29–37

Wei XR, Shao MA, Fu XL, Horton R, Li Y, Zhang XC (2009)
Distribution of soil organic C, N and P in three adjacent
land use patterns in the northern Loess Plateau, China.
Biogeochemistry 96:149–162

Young A (1989) Agroforestry for Soil Conservation. CAB,
Wallingford

Zhang TH, Su YZ, Cui JY, Zhang ZH, Chang XX (2006)
A leguminous shrub (Caragana microphylla) in semi-
arid sandy soils of north China. Pedoshpere 16:319–
325

Plant Soil (2010) 331:165–179 179


	Changes...
	Abstract
	Introduction
	Materials and methods
	Study site
	Field investigation, soil sampling, and laboratory analysis
	Data calculation and statistical analysis

	Results
	The effects of plant type and slope position
	The effects of soil orders

	Discussion
	Effects of grassland afforestation on soil OC and N at different slope positions
	Effect of grassland to Korshrinsk peashrub on soil OC and N for different soil orders
	Implications for C sequestration

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


