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ABSTRACT

Afforestation is recognized as an important driving force for soil organic C (SOC) dynamics and soil element cycling. To evaluate

the relationships between soil C:N:P stoichiometry and SOC fractions, soil C:N:P stoichiometry distributions at 0–200 cm soil depths

were analyzed and the contents of SOC fractions were evaluated in 9 typical land-use systems on the Loess Plateau of China. The

contents of light fraction organic C, particulate organic C (> 53, 53–2 000, and > 2 000 µm), labile organic C, microbial biomass C,

and dissolved organic C decreased with increasing soil depth and were higher in afforested soil than in slope cropland soil. Compared

with the slope cropland, different vegetation types influenced soil C:N, C:P, and N:P ratios, especially when C:P and N:P ratios were

significantly higher (P < 0.05). Moreover, SOC fractions at the 0–10 and 10–40 cm depths were particularly affected by soil C:P ratio,

whereas those at the 40–100 and 100–200 cm soil depths were significantly affected (P < 0.05) by soil N:P ratio. These results indicate

that changes in SOC fractions are largely driven by soil C:P and N:P ratios at different soil depths after afforestation.
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With increasing concerns about the climatic conse-

quences of greenhouse-gas emissions, worldwide efforts

are being made to increase C sequestration and re-

duce CO2 emissions (Deckmyn et al., 2004). Afforesta-

tion of marginal agricultural lands offers opportunities

to sequester soil organic C (SOC), improve the qua-

lity of degraded soils, and provide ecosystem services

(Sauer et al., 2012). Although the studies investiga-

ting the considerable SOC sequestration potential of

afforestation have reported inconsistent results (Cao et

al., 2010), changes in SOC sequestration caused by af-

forestation are well recognized by researchers. Poeplau

et al. (2011) found that in several midwestern USA

sites SOC sequestration increased SOC to a greater le-

vel following tree planting than in cropland and in more

nutrient-rich soils than in grasslands. Garcia-Franco et

al. (2015) also reported that an increased SOC pool

was linked to changes in microbial activity and fungal

community structure after afforestation. Thus, a better

understanding of the mechanisms and factors control-

ling the stabilization of SOC, especially SOC fractions

following afforestation, is essential.

Following afforestation, changes inevitably occur in

the physical and chemical elements of soil, especially

in the three main elements: C, N, and P (Adams et

al., 2001; Wei et al., 2009). In recent decades, great

progress regarding the C:N:P stoichiometry has been

made in terrestrial ecosystems, such as plant leaves and

litter (Manzoni et al., 2010), forests (McGroddy et al.,

2004), and microorganisms (Liu et al., 2010). There-

fore, soil C:N:P stoichiometry has become a powerful

tool that can be used to advance our understanding

of biological processes and nutrient cycling in terres-

trial ecosystems (Cleveland and Liptzin, 2007; Zhao et

al., 2015). For example, Tian et al. (2010) documen-

ted that soil C:N, C:P, and N:P ratios in the organic

C-rich topsoil could be good indicators of soil nutri-

ent status during soil development. Jiao et al. (2013)

also reported that soil nutrient stoichiometry played a

substantial role in terrestrial C and nutrient cycling.
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However, the effect of afforestation on the C:N:P sto-

ichiometry of soil is poorly understood, especially on

the Loess Plateau of China.

The SOC is a complex and heterogeneous entity

consisting of fractions varying in mean residence time

(Campbell et al., 1967), and is important for the physi-

cal, chemical, and biological properties of soil (Reeves,

1997). However, many previous studies only addressed

general changes in SOC and offered limited under-

standing of the mechanisms contributing to the stabi-

lization of SOC in soils. The SOC changes using labile

C pools, such as microbial biomass C (Cambardella

and Elliot, 1992; Freixo et al., 2002), light fraction or-

ganic C (Zhao et al., 2014), particulate organic C (De

Moraes Sá and Lal, 2009), and dissolved organic C (Sa-

ha et al., 2011), is frequently used to assess the effects

of management practices and land use change. Impor-

tantly, evidence suggests that, compared with total

SOC, certain fractions of SOC are more sensitive indi-

cators of the effects of management practices and land

use change (Franzluebbers and Arshad, 1992; Strosser,

2010). Thus, using these fractions of SOC is an ef-

ficient way to assess the SOC storage after land use

change. Unfortunately, the interactions between the

stoichiometry and SOC fractions that affect SOC se-

questration in soil are poorly understood. The Loess

Plateau in China covers approximately 62.4 km × 104

km and is known for its long agricultural history and

severe soil erosion (Chen et al., 2007). Historically, the

native vegetation was destroyed to meet the food sup-

ply needs of an expanding population, which resulted

in severe soil erosion and land degradation (Fu et al.,

2005). To counteract soil erosion and other environ-

mental problems, an environmental protection policy

known as the Grain to Green Program (GTGP) was

implemented by the Chinese central government. The

purpose of GTGP is to convert low-yield slope crop-

lands (> 25◦) into forests, shrubs, or grasslands (An et

al., 2013). In recent years, a lot of work has been con-

ducted to investigate changes in soil C and N storage

after large-scale afforestation (Han et al., 2010; Fang

et al., 2012). However, studies on SOC fractions, soil

C:N:P stoichiometry, and their relationships have been

limited.

In the present study, it was hypothesized that SOC

fractions were strongly influenced by soil C:N, C:P, and

N:P ratios following large-scale afforestation. There-

fore, the present study aimed to: 1) analyze soil C:N:P

stoichiometry distributions in 0–200 cm soil depths;

2) determine the contents of SOC fractions including

labile organic C (LOC), dissolved organic C (DOC),

light fraction organic C (LFOC), microbial biomass C

(MBC), and particulate organic C (POC) at different

soil depths under different land use types; and 3) eva-

luate the relationships between soil C:N:P stoichiome-

try and SOC fractions (LOC, DOC, LFOC, MBC, and

POC).

MATERIALS AND METHODS

Study area

This study was conducted in the Wuliwan catch-

ment in Ansai County, Shaanxi Province (36◦46′42′′–

36◦46′28′′ N, 109◦13′46′′–109◦16′03′′ E), which is loca-

ted in the central region of the Loess Plateau, China.

This area is characterized by a semi-arid climate and

hilly loess landscape with an annual average tempera-

ture of 8.8 ◦C and an average annual precipitation of

505 mm (about 300 mm in dry years and > 700 mm

in wet years). Most of the precipitation (60%) occurs

between July and September. Arable farming mostly

occurs on sloping lands without irrigation. The loess

parent material at the site has an average thickness

of 50–80 m and the soil in this region belongs to Cal-

ciustepts (Chen et al., 2007). Sand (2–0.05 mm) and

silt (0.05–0.002 mm) account for approximately 29.2%

and 63.5%, respectively, of the soil at soil depths of

0–20 cm. After 40 years of afforestation, the area pro-

portion of forestland has significantly increased from

5% to 40% (Xue et al., 2009). The major agricultu-

ral land use of the area is slope cropland. Agricultu-

ral management in this region, including the major

crop types grown, has not changed significantly since

the 1970s. After more than 40 years of comprehen-

sive management, the ecological environment of the

catchment area has significantly improved (Fu et al.,

2010). Beginning in the late 1970s, slope cropland was

replanted with forest, mainly Robinia pseudoacacia L.

(RP) and Caragana korshinskii Kom. (CK), to control

soil erosion. Cropland was also abandoned since the

1970s due to its extremely low productivity and long

distance from farmers’ residences (Li et al., 2004).

Experimental design and soil sampling

In June 2013, 27 study sites in this region were se-

lected based on the history of land use, i.e., major land

use types (including RP, CK, orchard, abandoned land,

and slope cropland) and restoration age (45, 40, and

25 years for RP, 40 years for mixed forest Prunus da-

vidiana and CK, and 40 and 30 years for CK). Then,

in each plantation, 3 plots of 30 m × 30 m were es-

tablished. All sites were located in the same physio-

graphical units with the same slope aspects, the same

elevation (1 250 m), and a spatial distance of 1 200 m
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to ensure uniformity and homogeneity. A description

of each land use type is shown in Table I.

Soil samples were obtained to a depth of 200 cm at

a 10-cm interval in the upper 0–100 cm of the soil pro-

file and at a 20-cm interval in the lower 100–200 cm of

the soil profile. After removing the litter layer careful-

ly by hand from the topsoil, soil samples were taken at

several soil depths using a soil auger (5 cm diameter)

from 10 points in an “S” shape at each plot. One por-

tion was sieved through a 2-mm mesh for SOC, total N

(TN), total P (TP), LOC, POC, and LFOC analyses.

A second portion was sieved through a 2-mm mesh and

stored at 4 ◦C for MBC and DOC analyses. The LF-

OC and MBC analyses were conducted using the soil

samples from 0–100 and 0–30 cm depths, respective-

ly. Visible plant debris was removed immediately after

sampling. Then, 10 soil samples from each depth of

each plot were mixed to generate one sample. Samples

were collected at least 80 cm away from any trees. All

samples were sieved through a 2-mm screen. Additio-

nally, 3 soil profiles were randomly dug in each plot

and at each sampling interval 3 samples were obtained

to determine soil bulk density.

Laboratory analysis

The SOC, TN, and TP contents were determined

using the K2Cr2O7 oxidation, Kjeldhal, and Mo-Sb an-

tispectrophotography methods, respectively (Cheng et

al., 2015).

Soil LFOC fraction was extracted using NaI (Sheng

et al., 2015). Briefly, 20 g air-dried soil sample (< 2

mm) was suspended in a 40-mL NaI solution (1.70 g

cm−3), shaken for 1 h at 250 r min−1, and then cen-

trifuged at 3 000 r min−1 for 10 min. The supernatant

was then filtered using a 0.45-mm glass-fiber micro-

filtration membrane, and the remaining solution was

collected for reuse. The separation method described

above was repeated until no floating particles were visi-

ble on the membrane. The particles on the membrane

were collected, washed with 75 mL of 0.01 mol L−1

CaCl2 solution followed by a wash with 200 mL deio-

nized water to remove any residual NaI, dried at 60 ◦C

for 48 h, weighed, and stored as the LFOC.

Soil POC fraction was separated as described by

Cambardella and Elliott (1992) and Zhao et al. (2014).

Briefly, 20 g air-dried soil sample was dispersed in 100

mL of 5 g L−1 sodium hexametaphosphate and sha-

ken for 18 h at 90 r min−1. The suspension was then

filtered through 2 000- and 53-µm sieves, and the fil-

ted suspension was collected. The material remaining

on the sieves was thoroughly rinsed with deionized wa-

ter, dried at 60 ◦C overnight, weighed, and stored as >

2 000 and 53–2 000 µm POC (POC3 and POC2, respec-

tively). Next, the suspensions collected after filtration

through 2 000- and 53-µm sieves were dried at 60 ◦C

using the water bath method, and stored as < 53 µm

POC (POC1).

Soil LOC fraction was measured following the me-

TABLE I

Detailed information for the study sites under different land use types, including 45-, 40-, and 25-year Robinia pseudoacacia (RP-

45, RP40, and RP25, respectively), 40-year mixed forest Prunus davidiana and Caragana korshinskii (MF40), 40- and 30-year C.

korshinskii (CK40 and CK30, respectively), abandoned land, orchard, and slope cropland

Land use type Location Elevation Sand Silt Clay Coverage Main herbaceous types

m %

RP45 36◦50′47′′ N, 1 206 29.2 ± 0.2a) 63.1 ± 0.8 7.7 ± 1.1 70 Artemisia gmelinii,

109◦21′12′′ E Incarvillea sinensis

RP40 36◦52′24′′ N, 1 209 30.1 ± 1.0 64.5 ± 2.2 5.4 ± 1.2 80 Artemisia gmelinii,

109◦20′55′′ E Stipa bungeana

RP25 36◦51′63′′ N, 1 258 28.3 ± 1.3 60.2 ± 2.1 11.5 ± 0.9 85 Heteropappus altaicus,

109◦21′01′′ E Ixeris chinensis

MF40 36◦50′15′′ N, 1 158 30.3 ± 1.2 67.9 ± 1.7 1.8 ± 0.9 75 Artemisia gmelinii,

109◦21′10′′ E Cleistogenes chinensis Keng

CK40 36◦51′16′′ N, 1 259 27.5 ± 0.9 65.8 ± 1.9 6.7 ± 0.5 75 Artemisia gmelinii,

109◦21′01′′ E Potentilla tanacetifolia

CK30 36◦53′65′′ N, 1 279 24.6 ± 1.7 68.2 ± 2.6 7.2 ± 0.8 85 Cleistogenes chinensis Keng,

109◦21′29′′ E Incarvillea sinensis

Abandoned 36◦51′38′′ N, 1 240 32.8 ± 1.8 60.3 ± 1.9 6.9 ± 1.0 Heteropappus hispidus Less,

land 109◦8′99′′ E Artemisia gmelinii

Orchard 36◦51′97′′ N, 1 209 31.4 ± 1.2 63.4 ± 2.7 5.2 ± 0.6

109◦20′55′′ E

Slope 36◦51′98′′ N, 1 214 21.4 ± 1.1 62.5 ± 2.1 16.1 ± 1.2

cropland 109◦20′51′′ E

a)Means ± standard deviations (n = 3).
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thod described by Blair et al. (1995) and Zhao et al.

(2014). An air-dried soil sample (2–6 g) was placed

into a 50-mL centrifuge tube, 25 mL of 333 mmol

L−1 KMnO4 solution was added, and the mixture was

shaken at 120 r min−1 for 1 h and centrifuged for 5

min at 5 000 × g. The upper clear solution was trans-

ferred, diluted 250-fold, and determined for absorbance

at a wavelength of 565 nm. The absorbance of different

KMnO4 concentrations at 565 nm was also determined

to generate a standard curve, which was subsequently

used to determine KMnO4 concentration remaining in

the supernatant. The difference between the amount

of KMnO4 added and remaining was used to calculate

the LOC in the soil sample.

Soil MBC fraction was measured according to the

method of Sheng et al. (2015). Fresh soil sample (25 g)

was fumigated with CHCl3 vapor in a desiccator for 24

h. After removing any residual CHCl3 by evacuation,

the fumigated soil was extracted with 0.5 mol L−1 of

K2SO4 for 30 min. Non-fumigated soil was extracted

following the same procedure. The MBC per sample

was estimated as the difference between the amount

of organic C extracted from the fumigated and non-

fumigated soil multiplied by a factor of 2.22. Organic

C extracted from the non-fumigated soil was also con-

sidered to be the DOC (Sheng et al., 2015). The C:N,

C:P, and N:P ratios were calculated as molar ratios

(atomic ratios).

Statistical analyses

All statistical analyses were carried out using SPSS

17.0. Analysis of variance and Duncan’s multiple range

test at a 5% level of significance were used to compare

the differences in the contents of SOC, TN, TP, POC,

LOC, DOC, LFOC, and MBC, and soil C:N, C:P, and

N:P ratios under different land use types and at di-

fferent soil depths. Spearman correlations between soil

C:N, C:P, and N:P ratios and the contents of POC,

LOC, DOC, LFOC, and MBC at different soil depths

were performed in R v.3.1.3.

RESULTS

Soil stoichiometry under different land use types

The contents of SOC, TN, and TP and the C:N,

C:P, and N:P ratios varied by soil depth and land

use type (Fig. 1). The contents of SOC, TN, and TP

at the 0–40 cm soil depth were higher than those at

the 40–100 and 100–200 cm soil depths, being more

than 11.13%–50.12% and 21.33%–38.19% higher, re-

spectively. The contents of SOC, TN, and TP were hig-

her under different vegetation types than in the slope

cropland, especially for 45-year RP (RP45). For exa-

mple, compared with the slope cropland, the SOC, TN,

and TP contents were 439.91%, 443.94%, and 41.32%

higher, respectively, under different vegetation types at

the 0–10 cm soil depth, 546.88%, 396.86%, and 36.18%

higher at the 10–40 cm soil depth, 340.82%, 177.63%,

and 28.15%% higher at the 40–100 cm soil depth, and

392.69%, 237.91%, and 20.16% higher at the 100–200

cm soil depth. The C:N, C:P, and N:P ratios followed

the same trends as the SOC, TN, and TP contents.

However, the C:N ratio in the 40-year mixed forest P.

davidiana and CK was higher than those under other

land use types, and reached 1.34 times that found in

the slope cropland.

SOC fractions under different land use types

Differences in the contents of LOC, DOC, LFOC,

MBC, and POC among different land use types and soil

depths are shown in Figs. 2 and 3. Overall, the contents

of LOC, DOC, and POC at the 0–10 cm soil depth

were significantly higher (P < 0.05) than those at ot-

her soil depths. The contents of LOC, DOC, LFOC,

MBC, and POC were significantly higher (P < 0.05)

in RP45 than under other land use types. For example,

the LOC, DOC, and POC contents in RP45 at the 0–

10, 10–40, 40–100, and 100–200 cm soil depths were

41.78%–45.68%, 26.28%–37.19%, 13.99%–18.08%, and

5.04%–15.86% higher, respectively, than those in slope

cropland.

Effect of soil C, N and P stoichiometry on SOC frac-

tions under different land use types

The SOC fractions (LOC, DOC, LFOC, MBC, and

POC) at different soil depths were largely affected by

soil C:N:P stoichiometry (Fig. 4). In general, the C:P

ratio was the main factor influencing SOC fractions at

the 0–10 and 10–40 cm depths, and the N:P ratio was

the main influencing factor at the 40–100 and 100–200

cm soil depths (Fig. 4). The SOC and POC1 at the

0–10 cm soil depth were strongly affected by the C:P

ratio, while LOC and POC1 were affected by soil N:P

and C:P ratios (Fig. 4a). The N:P ratio had a signifi-

cant influence on SOC, POC3, POC2, and POC1 at

the 40–100 and 100–200 cm soil depths (Fig. 4c, d).

DISCUSSION

SOC, TN, and TP under different land use types

Afforestation significantly affects the contents of

SOC, TN, and TP (Grünzweig et al., 2007). Our re-
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Fig. 1 Variations of soil organic C (SOC), total N (TN), and total P (TP) contents and soil C, N, and P stoichiometry under different

land use types, including 45-, 40-, and 25-year Robinia pseudoacacia (RP45, RP40, and RP25, respectively), 40- and 30-year Caragana

korshinskii (CK40 and CK30, respectively), 40-year mixed forest Prunus davidiana and CK (MF40), orchard (OR), abandoned land

(AL), and slope cropland (SC), at different soil depths. Horizontal bars indicate standard deviations of the means (n = 3).

sults showed that afforestation led to higher SOC, TN,

and TP compared with the slope cropland (Fig. 1),

which is consistent with the results of previous stu-

dies (Eaton et al., 2008). A possible reason for this is

that lower levels of residue in the soil of slope crop-

land lead to lower SOC, TN, and TP contents. Our

results also showed that the SOC and TN contents in

RP45 were higher than those of other land use types

(Fig. 1). This suggests that the effects of RP45 on soil

C and N play a significant role in land use and eco-

system management. These results are consistent with

those reported by Qiu et al. (2010), who found that R.

pseudoacacia forests had the potential to improve SOC

content in the loessial gully region of the Loess Plateau

and that SOC increased with increasing stand age, ac-

counting for 83.2%–96.6% of the total C stored. Several

studies have found substantial C sequestration rates

under black locust trees, with the values ranging from

2.4 Mg ha−1 year−1 in Ohio, USA (Ussiri et al., 2006)

to 4.0–7.0 Mg ha−1 year−1 in Germany (Quinkenstein

et al., 2011; Matos et al., 2012).

SOC fractions under different land use types

Soil C accumulation may be largely driven by en-

hanced litter inputs during afforestation. Moreover, af-

forestation influences not only soil C stocks, but also
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Fig. 2 Variations of labile organic C (LOC), dissolved organic C (DOC), light fraction organic C (LFOC), and microbial biomass C

(MBC) under different land use types, including 45-, 40-, and 25-year Robinia pseudoacacia (RP45, RP40, and RP25, respectively), 40-

and 30-year Caragana korshinskii (CK40 and CK30, respectively), 40-year mixed forest Prunus davidiana and CK (MF40), orchard

(OR), abandoned land (AL), and slope cropland (SC), at different soil depths. Horizontal bars indicate standard deviations of the means

(n = 3).

Fig. 3 Variations of particulate organic C in < 53, 53–2 000, and > 2 000 µm soil aggregates (POC1, POC2, and POC3, respectively)

under different land use types, including 45-, 40-, and 25-year Robinia pseudoacacia (RP45, RP40, and RP25, respectively), 40- and 30-

year Caragana korshinskii (CK40 and CK30, respectively), 40-year mixed forest Prunus davidiana and CK (MF40), orchard (OR),

abandoned land (AL), and slope cropland (SC), at different soil depths. Horizontal bars indicate standard deviations of the means

(n = 3).

the different SOC fractions within the soil (Zhao et

al., 2015). Our results indicated that the contents of

LOC, DOC, LFOC, MBC, and POC differed by land

use types, and were significantly higher in the soils

with vegetation than with slope cropland (Figs. 2 and

3). These findings are consistent with those of Zhao

et al. (2014), who found that the conversion of slope

cropland to vegetation improved the LOC, DOC, L-

FOC, MBC, and POC contents. A possible reason for

this is that the lower input of residue into the soil in

slope cropland leads to lower SOC content.

The LOC, DOC, LFOC, MBC, and POC contents
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Fig. 4 Spearman correlations between soil C, N, and P stoichiomentry and soil organic C (SOC) fractions at soil depths of 0–10 (a),

10–40 (b), 40–100 (c), and 100–200 cm (d). The SOC fractions include dissolved organic C (DOC), light fraction organic C (LFOC),

labile organic C (LOC), microbial biomass C (MBC), and particulate organic C in < 53, 53–2 000, and > 2 000 µm soil aggregates

(POC1, POC2, and POC3, respectively).

under vegetation types were higher than those in slope

cropland at both the 0–10 and 100–200 cm soil depths,

especially in RP45. This indicated that afforestation

not only affected SOC fractions in the surface soil, but

also greatly influenced those in the deep soil. Similar

results were found by Fu et al. (2010), who reported

that the stability of SOC in deep soils was enhanced

during afforestation on the hilly Loess Plateau, com-

pared with that in the shallow soils. This is mainly

because the most important factors protecting SOC

fractions in subsoil include the spatial separation of

soil organic matter, microorganisms, and extracellular

enzyme activity related to the heterogeneity of C in-

put (Guan et al., 2015). As a result, stabilized SOC

fractions in the subsoil are stratified horizontally.

Effect of soil C, N and P stoichiometry on SOC frac-

tions under different land use types

Following afforestation, the contents of C, N, and

P inevitably change in the soil, and several studies

have indicated that these elements are often closely

related and influenced by soil C sequestration (Wal-

ker and Adams, 1958; Post et al., 1982; Melillo et al.,

2003; Zhang et al., 2013). The results of the present

study showed that soil C:N:P stoichiometry influenced

SOC fractions at different soil depths (Fig. 4), indica-

ting that SOC fractions were sensitive to soil C:N, C:P,

and N:P ratios after afforestation. Furthermore, the

mechanisms acting to increase soil C pools were large-

ly affected by soil C:N:P stoichiometry after afforesta-

tion. Similar results were found by Clive et al. (2006),

who reported that the more-stable fine fraction pool of

soil organic matter (< 0.4 mm) contained more N, P,

and S per unit of C. This is likely because afforesta-

tion affects the amount and quality of litter input, the

litter decomposition rate, and the processes of organic

matter stabilization in soils. In addition, the change in

land use from agricultural to forestry means that the

annual cycle of cultivating and harvesting crops is re-

placed by the much longer forest cycle. Consequently,

this enables the development of high net primary pro-

ductivity and reduces the degree of soil disturbance,

leading to increased SOC fractions (Vesterdal et al.,

2002). Moreover, the available P in soil controlled the

C content by affecting microbial activity and biologi-

cal N fixation (Tian et al., 2010), which largely affec-

ted SOC fractions. Conversely, plant roots change soil

C components by absorbing or releasing C, N, and P,

which strengthens the relationships between these ele-

ments. Thus, the effect of soil C:N:P stoichiometry on

SOC fractions can provide significant information re-

lated to the mechanisms of C sequestration. However,
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to better understand the mechanism of C sequestra-

tion through C:N:P stoichiometry in soil, further stu-

dies addressing the thresholds of soil C:N, C:P, and

N:P ratios should be performed.

CONCLUSIONS

The contents of LOC, DOC, LFOC, MBC, and

POC differed by land use types and were significantly

higher in afforested lands than in slope cropland. The

SOC fractions at different soil depths were influenced

by soil C:N:P stoichiometry under different land use

types, indicating that SOC fractions were largely af-

fected by soil C:N, C:P, and N:P ratios after afforesta-

tion. Thus, it could be concluded that changes in SOC

fractions represented an important factor driven by

changes in soil C:N:P stoichiometry.
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Assessing the carbon sequestration in short rotation coppices

of Robinia pseudoacacia L. on marginal sites in northeast

Germany. In Kumar B M, Nair P K R (eds.) Carbon Seques-

tration Potential of Agroforestry Systems: Opportunities and

Challenges. Springer, New York. pp. 201–216.

Reeves D W. 1997. The role of soil organic matter in maintai-

ning soil quality in continuous cropping systems. Soil Till

Res. 43: 131–167.

Saha D, Kukal S S, Sharma S. 2011. Land use impacts on SOC

fractions and aggregate stability in Typic Ustochrepts of

Northwest India. Plant Soil. 339: 457–470.

Sauer T J, James D E, Cambardella C A, Hernandez-Ramirez G.

2012. Soil properties following reforestation or afforestation

of marginal cropland. Plant Soil. 360: 375–390.

Sheng H, Zhou P, Zhang Y Z, Kuzyakov Y, Zhou Q, Ge T D,

Wang C H. 2015. Loss of labile organic carbon from sub-

soil due to land-use changes in subtropical China. Soil Biol

Biochem. 88: 148–157.

Strosser E. 2010. Methods for determination of labile soil orga-

nic matter: An overview. J Agrobiol. 27: 49–60.

Tian H Q, Chen G S, Zhang C, Melillo J M, Hall C A S. 2010.

Pattern and variation of C:N:P ratios in China’s soils: a syn-

thesis of observational data. Biogeochemistry. 98: 139–151.

Ussiri D A N, Lal R, Jacinthe P A. 2006. Soil properties and

carbon sequestration of afforested pastures in reclaimed mine

soils of Ohio. Soil Sci Soc Am J. 70: 1797–1806.

Van Groenigen K J, Six J, Hungate B A, de Graaff M A, van

Breemen N, van Kessel C. 2006. Element interactions limit

soil carbon storage. Proc Natl Acad Sci USA. 103: 6571–

6574.

Vesterdal L, Ritter E, Gundersen P. 2002. Change in soil orga-

nic carbon following afforestation of former arable land. For

Ecol Manage. 169: 137–147.

Walker T W, Adams A F R. 1958. Studies on soil organic ma-

tter. I. Influence of phosphorus content of parent materials

on accumulations of carbon, nitrogen, sulfur, and organic

phosphorus in grassland soils. Soil Sci. 85: 307–318.

Wei X R, Shao M A, Fu X L, Horton R, Li Y, Zhang X C.

2009. Distribution of soil organic C, N and P in three adja-

cent land use patterns in the northern Loess Plateau, China.

Biogeochemistry. 96: 149–162.

Xue S, Liu G B, Pan Y P, Dai Q H, Zhang C, Yu N. 2009. Evo-

lution of soil labile organic matter and carbon management

index in the artificial robinia of loess hilly area. Sci Agric Sin

(in Chinese). 42: 1458–1464.

Zhang Z S, Song X L, Lu X G, Xue Z S. 2013. Ecological stoi-

chiometry of carbon, nitrogen, and phosphorus in estuarine

wetland soils: influences of vegetation coverage, plant com-

munities, geomorphology, and seawalls. J Soil Sediment. 13:

1043–1051.

Zhao F Z, Kang D, Han X H, Yang G H, Yang G H, Feng Y

Z, Ren G X. 2015. Soil stoichiometry and carbon storage in

long-term afforestation soil affected by understory vegetation

diversity. Ecol Eng. 74: 415–422.

Zhao F Z, Yang G H, Han X H, Zhao Y Z, Ren G X. 2014. Strati-

fication of carbon fractions and carbon management index

in deep soil affected by the grain-to-green program in China.

PLoS ONE. 9: e99657.




