
Received: 6 January 2022 Accepted: 30 March 2022 Published online: 7 July 2022

DOI: 10.1002/saj2.20422

S P E C I A L S E C T I O N : M O L L I S O L S D E G R A D A -
T I O N A N D E VO L U T I O N U N D E R D I F F E R E N T
M A N A G E M E N T P R A C T I C E S A N D C L I M AT E
C H A N G E

Long-term grassland restoration exerts stronger impacts on the
vertical distribution of labile over recalcitrant organic carbon
fractions in Mollisols

Xiangxiang Hao1 Xiao-Zeng Han1 Na Li1,2 Wanying Lei1,2 Xu Chen1

Baoshan Xing3

1Key Laboratory of Mollisols Agroecology,

Northeast Institute of Geography and

Agroecology, Chinese Academy of

Sciences, Harbin 150081, PR China

2Univ. of the Chinese Academy of Sciences,

Beijing 100039, China

3Stockbridge School of Agriculture, Univ. of

Massachusetts, Amherst, MA 01003, USA

Correspondence
Na Li, Key Laboratory of Mollisols

Agroecology, Northeast Institute of

Geography and Agroecology, Chinese

Academy of Sciences, Harbin 150081, PR

China.

Email: bluena820@163.com, nal@iga.ac.cn

Assigned to Associate Editor Scott Chang.

Abstract
Land use change influences soil organic carbon (SOC) distribution in soil matrix.

Conversion of cropland to grassland or forestland has the potential to sequester more

carbon and influence the carbon allocation. Soil carbon sequestration happens within

different physical and chemical fractions. This study aimed to investigate the vertical

distribution of SOC fractions under 29-yr of cropland, grassland, and forestland of

a typical Mollisol and to derive specific factors for SOC fraction changes associated

with land use conversion. Soil samples within 100 cm soil depth were fractionated

by density and humic methods. Biomass of litter residues and plant roots were also

measured. Together with plant root biomass, the contents of total SOC and organic

carbon (OC) fractions decreased along soil profile under three land uses. At each soil

depth, total SOC and OC fractions followed the same order of grassland > forestland

> cropland except for higher OC contents in heavy fraction, fulvic acid, and humin in

cropland than those in forestland at the 0–10 cm layer. Compared with forestland and

cropland, 29-yr grassland exerted stronger effects on the profile distribution of labile

OC (water-soluble and light OC fractions) than recalcitrant OC (humic and heavy

fractions), significances were observed at 0–80 cm layers for the labile OC and at

0–40 cm layers for the recalcitrant OC (P < .05). Larger root biomass and better

soil structure in grassland might facilitate such changes. Grassland restoration, with

greater C sequestration potential and larger liable OC contents, may help improve

soil quality better than forestland and cropland in this Mollisol region.

Abbreviations: FAC, fulvic acid carbon; fLF, free light fraction; HA, humic acid; HAC, humic acid carbon; HF, heavy fraction; HFC, heavy fraction carbon;

HM, humin fraction; HMC, humin carbon; HS, humic substance; LFC, light fraction carbon; OC, organic carbon; oLF, occluded light fraction; SOC, soil

organic carbon; SOM, soil organic matter; WSOC, water soluble organic carbon.
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1 INTRODUCTION

Soil organic carbon (SOC) is an essential component of soil,

which is assessed by the balance between C inputs through

plant residues and the decomposition of soil organic matter

(SOM) into the atmosphere. Land use patterns or soil man-

agements have often been proposed as primary factors that

control the SOC changes (David et al., 2009; Gregory et al.,

2016; Guo & Gifford, 2002). When soils under native vegeta-

tion were converted to cropland, a depletion of the SOC would

occur because of reduced OC inputs and enhanced decompo-

sition of SOM after intensive physical disturbance (Poeplau

et al., 2011). By contrast, large amounts of OC were captured

in soil after grassland or forest restoration (Crème et al., 2018;

Ding et al., 2017) in response to additional plant residues

(H. Sheng et al., 2015), root biomass (Dietzel et al., 2017),

and decreased SOC decomposition caused by less soil pertur-

bation (Six et al., 2000). Land use change is acknowledged as

a measure to mitigate climate change if the depleted cropland

pools are refilled with carbon (Poeplau & Don, 2013). How-

ever, the conclusions about the effects of land use changes

on the SOC fractions often vary under different environment

conditions. In some cases, grassland restoration leads to a

higher proportion of stabilized SOC than forests in temperate

regions (Poeplau & Don, 2013; Yamashita et al., 2006). While

in some other regions, perennial grassland restoration could

highly increase the labile fractions of SOC than in forestland

(Liu et al., 2014). The direction and magnitude of changes

in SOC during land use changes are regulated by the amount

and quality of aboveground biomass and root residue returned

(Laganière et al., 2010) as well as the natural conditions lying

in (Albaladejo et al., 2012).

Most studies investigating the SOC changes under dif-

ferent land use patterns have mainly limited to a depth of

surface 20–30 cm, where the soils harbor the highest SOC

contents (Ding et al., 2017; Hou et al., 2010; Lorenz &

Lal, 2005). This involves a lack of knowledge about the

response of different SOC fractions in subsoil to land use

changes. The SOC in subsoil, accounting for more than half

of total soil C stock (Jobbágy & Jackson, 2000), has been

assumed to be old and recalcitrant (Salomé et al., 2010).

However, a recent study found that SOC in subsoil was more

susceptible to land use and climate changes than the topsoil

(Luo et al., 2020). Moreover, there is growing evidence that

SOC dynamics in the subsoil were also affected by land

use changes (Poeplau & Don, 2013; M. Sheng et al., 2020),

while comprehensively studies regarding the response of

SOC and its fractions in subsoil to land use changes remain

scarce.

Soil carbon fractionation protocol can help unveil sub-

tle changes in specific compartments of soil matrix where

the overall effect may be hidden when bulk soil is consid-

Core Ideas
∙ Vertical distribution of SOC fractions under 29-yr

land use regimes was studied.

∙ 29-yr grassland restoration accumulated more

liable SOC fractions in 0–80 cm depth.

∙ Recalcitrant OC fractions at 0–40 cm depth were

affected by land use changes.

ered (Duval et al., 2018; M. Sheng et al., 2020). Different

physical or chemical fractions of SOC represent different

source and stability of SOC under different land use patterns

(Li et al., 2020). For example, physically isolated density frac-

tions could be used to determine the contributions of labile,

predominantly plant-derived OC (i.e., light fraction carbon

[LFC]), and stable, mostly microbially processed OC (i.e.,

heavy fraction carbon [HFC]) (John et al., 2005). The chem-

ical fractions of SOC, based on their solubility in water (i.e.,

water soluble OC [WSOC]), aqueous acid, and alkaline media

(i.e., humic substance [HS]), could be used to represent dif-

ferent decomposed stage of SOM (Guimarães et al., 2013).

Recent studies reported that these OC fractions decreased in

subsoil compared with surface soil under different land uses

(Beniston et al., 2014; Hurisso et al., 2013; H. Sheng et al.,

2015). The OC fractions with different availability and stabil-

ity varied with land use regimes. Higher OC contents within

macroaggregates (M. Sheng et al., 2020), humic fractions

(Hurisso et al., 2013; Kotzé et al., 2016), organo-mineral com-

plex (Hou et al., 2010), and microbial residues (Ding et al.,

2017) were generally found in perennial grassland or forest

soils compared with cropland. However, to date, only a few

studies have focused on the effects of long-term contrasting

land use patterns on the profile allocation of different OC

fractions.

Previous studies argued that plant roots (including exu-

dates) contributed to a large amount of OC inputs in subsoil

(Dietzel et al., 2017; Kong & Six, 2010), which seemed

to be more effective than shoot residue in building SOM

(Sokol et al., 2019). Additional organic inputs were delivered

into subsoils through root litter and exudates, bioturbation

or mechanical incorporation of surface litters, and transport

of dissolved OC from the surface layer (Rumpel & Kögel-

Knabner, 2011). Many studies have demonstrated that the

SOC dynamics and stabilization differed among grassland,

forestland, and cropland, and these discrepancies may be

caused by distinctly changes in root biomass, morphology,

distribution, and turnover in these ecosystems (Guo et al.,

2007; Six et al., 2000). A better understanding of the inter rela-

tionships of root inputs with SOC dynamics after long-term
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1446 HAO ET AL.

land use patterns will be essential if whole-profile assess-

ments of SOC changes are adopted to estimate C sequestration

potential.

Mollisols in northeast China were degraded severely

because of extensive cultivation and anthropogenic activities

(Han & Li, 2018). The soil degradation inevitably threatened

the national food security. Natural restorations, such as con-

version cropland into grassland or forestland, were proven to

be effective measures in improving carbon stock and soil qual-

ity in the surface layer in this region (Ding et al., 2017; Hou

et al., 2010; M. Sheng et al., 2020). A deeper investigation

of OC distribution in whole-soil profile after introduction of

natural perennials and forest from cropping system needs to

be carried out. In this study, a field experiment established

in 1985 was used to observe SOC distribution in whole-soil

profile under long-term contrasting land use patterns. The

fields of the three land use types are closely adjacent and

have totally the same edaphic condition, climate, and history

of land use, which providing a scarce opportunity to com-

pare the differences of SOC directly (Supplemental Figure

S1). The SOC contents in bulk soil, as well as in density

and humic fractions, were quantified in 0–100 cm soil depth,

where 95% of plant roots were distributed. The aims of this

study were to reveal the vertical distribution of SOC con-

tents and OC fractions after long-term contrasting land use

patterns of a typical Mollisol and to derive specific factors

for carbon fraction changes associated with land use con-

ditions. We hypothesized that conversion from cropland to

grassland or forestland caused redistribution of SOC in soil

matrix and in soil profile under long-term land use regimes

because of continuous organic residues and root interplay

effects.

2 MATERIALS AND METHODS

2.1 Study site and experimental design

The field experiment was established at the National Obser-

vation Station of Hailun Agroecology System, Heilongjiang

Province, China (47˚27′ N, 126˚55′ E). The experimental

site is located in the central region of typical Mollisols in

northeastern China. The region has a temperate continental

monsoon climate. The mean annual precipitation is 550 mm,

with >80% of precipitation distributed from May through

September. The mean annual temperature is 1.5 ˚C, with the

lowest mean monthly temperature of −23 ˚C in January and

the highest of 21 ˚C in July. The frost-free period is ∼120 d.

The soil is classified as Udolls with a texture class of silty

clay according to the USDA soil taxonomy (Soil Survey Staff,

2010) developed from loamy loess. The soil texture is 16.4%

sand, 40.6% silt, and 43.0% clay. The soil at the start of the

experiment in 1985 had a pH of 6.10 (soil/water = 1:2.5) and

contained 31.5 g C kg−1 soil and 2.26 g N kg−1 soil (Table 1;

Figure 1).

The study site was a grassland before reclamation ca. 1885.

During the period of cultivation, the cropping system is inter-

annual rotation between wheat (Triticum aestivum L.) and

soybean [Glycine max (L.) Merrill.]. No fertilizer was applied

from 1885 to 1944, and farm manure was applied as fertil-

izer from 1945 to 1964. Nitrogen fertilizer was used from

1965 to 1984. In 1985, a field experiment was setup by

dividing the initial cropland into three contrasting land use

sections: a naturally restored grassland (104 × 16 m); an arti-

ficial spruce forest (485 × 57 m), both without any fertilizer

or soil tillage; and a cropland (120 × 5.6 m) under contin-

uous soil tillage (Supplemental Figure S1). The dominant

species in the grassland were annual bluegrass (Poa annua
L.), common horsetail (Equisetum arvense L.), and frost grass

(Spodiopogon sibiricus Trin.) when soil samples were taken.

In the artificial spruce forest, spruce trees (Picea koraien-
sis Nakai) were planted in lines with a planting density of

2,100 trees ha−1. The planting space was approximately 2.1

× 2.4 m. In 2013, the height and base diameter of the trees

were approximately 4.5 m and 46 cm, respectively. There

were only few short herbs plants and scattered mosses in

the understory of the artificial spruce forest. The cropland

was maintained as continuously tilled arable soil without any

chemical fertilizer under a 3-yr wheat–maize (Zea mays L.)–

soybean rotation since 1985. All crop straw was removed after

harvest. The soil was ridged by rotary tillage to a depth of 20

cm after harvest in autumn each year. The selected soil prop-

erties in 0–20 cm at the beginning of the experiment and in

the 29th year under different land use patterns are presented

in Table 1.

2.2 Soil sampling

The precipitation often peaks in the middle of August in this

region. There is too much water in the deep soil, especially

at 1.5-m soil depth, after crop harvest. Therefore, soil sam-

ples were collected at the end of July 2013, during which

time the plant growth was the most vigorous, and the plant

biomass also peaked under the three land use patterns. Sam-

pling was carried out on a large field scale. In order to carry

out statistical analysis, three sampling points with an area of

1 m2 were randomly selected within each land use field repre-

senting three replicates. In the forestland, the sampling points

were arranged on the diagonal point of four adjacent trees.

A soil profile was dug to 1.0 m depth at each sample point.

Before soil sampling, litter layers in grassland and forestland

were carefully removed from the surface by hand. The crop-

land was maize during soil sampling. Soils were sampled at

0–10, 10–20, 20–40, 40–60, 60–80, and 80–100 cm depth. In

all, 54 soil samples were collected (three treatments × six soil
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HAO ET AL. 1447

T A B L E 1 Selected soil properties in 0–20 cm in the initial soil and soils under different land use patterns after 29 yr

Soil properties Initial soil (1985 year) Grassland Forestland Cropland
Total N, g kg-1 2.26 (0.08) b 2.81 (0.10) a 2.23 (0.07) b 2.16 (0.06) c

Total P, g kg−1 0.84 (0.05) a 0.82 (0.03) a 0.79 (0.01) a 0.82 (0.03) a

Total K, g kg−1 24.1(2.2) a 21.7 (1.5) a 20.5 (1.1) a 20.2 (1.9) a

Available N, g kg−1 224 (3.9) b 249 (2.0) a 189 (1.6) c 163 (2.4) d

Olsen P, mg kg−1 25.8(1.0) a 20.6 (1.7) b 18.2 (0.9) bc 17.3 (1.2) c

Extractable K, mg kg−1 191 (15) a 169 (10) ab 156 (14) bc 144 (9) c

pH (H2O) 6.10 (0.06) ab 6.40 (0.18) a 5.90 (0.03) b 6.01 (0.07) b

Sand (50–2,000 μm), % 16.4 (1.6) a 15.4 (1.0) a 15.3 (1.1) a 14.1 (1.7) a

Silt (2–50 μm), % 40.6 (0.8) a 42.2 (1.6) a 41.2 (1.3) a 41.6 (2.2) a

Clay (<2 μm), % 43.0 (2.4) a 42.4 (2.4) a 43.5 (1.7) a 44.4 (3.8) a

Note. Standard errors are reported in brackets (n = 3). Different letters indicate significant differences at P < .05 among initial soil in 1985 and land uses.

F I G U R E 1 Organic carbon contents and

carbon fractions of bulk surface soil (0–20 cm)

in initial soil in 1985 and three field soils in

2013. Different letters indicate significant

differences at P < .05 among land uses. SOC,

soil organic carbon; fLFC, free light fraction

carbon; oLFC, occluded light fraction carbon;

HFC, heavy fraction carbon; WSOC,

water-soluble organic carbon; HAC, humic acid

carbon; FAC, fulvic acid carbon; HMC, humin

carbon

layers × three replicates). In addition, five 100-cm−3 columns

at each soil depth were sampled to determine soil bulk

density after drying soil cores at 105 ˚C for 48 h. After

removal of visible roots, segments, and fresh litter materi-

als, soil samples were homogenized, sieved (<2 mm), and

air dried prior to SOC fractionation and further analysis. The

initial soils at 0–20 cm depth for the establishment of the

experiment were collected with three replicates in 1985 then

air dried and stored in dark brown glass bottles. The ini-

tial soil was analyzed together with the field soils sampled

in 2013.

2.3 Root and litter sampling

During soil sampling, root samples were collected simultane-

ously at each soil depth using 8-cm-diam. soil cores with five

replicates. In the grassland, the sample points were selected

randomly. In the forestland, the root sampling points were

same as the soil samples, which were ∼1.6 m away from the

tree stems. In the cropland, samples of maize root were col-

lected right over the crop after the aboveground parts were

cut. The soil cores were stored at 4 ˚C until measurements.

Cores were washed with tap water to remove adhering soil and
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1448 HAO ET AL.

organic debris. All root samples were oven dried at 75 ˚C until

constant weight. Root biomass in each depth was calculated

using the following formula:

Rootbiomass (tha−1) = dryweightofrootspercore (g)

×10−6∕π[8∕2 (cm)]2 × 108

Litter material of grassland and forestland were collected

from five randomly selected squares (50 × 50 cm), and all

dead and detached vegetation was collected down to soil sur-

face being careful to exclude mineral soil. For the cropland,

the aboveground stubble and shoot residue left on the ground

was collected after harvest from three random sites (1.5 m2

in each site). Litters were placed in paper bags, transported

to the laboratory, oven dried to a constant mass at 65 ˚C, and

weighed.

2.4 Laboratory analyses

Density fractions of SOC was obtained following Llorente

et al. (2010). Briefly, 10-g soil sample (<2 mm) was placed in

a 100-ml centrifuge tube with 50 ml of sodium iodide (NaI)

solution (d = 1.8 g cm−3). The tube was gently turned upside

down by hand five times. After centrifugation at 2,000 × g
for 30 min, the supernatant was passed through a 0.45-μm

membrane filter into a millipore vacuum unit. The separa-

tion method was repeated three times. Then, particles on the

membrane were collected, washed with deionized water, and

considered as the free light fraction (fLF, d < 1.8 g cm−3).

The residue remaining in the tube was then added to 50 ml

NaI. The tube was placed in an ice bath and sonicated at 300

J ml−1 for 15 min with a probe-type ultrasonic disintegrator.

The floating material was the occluded light fraction (oLF,

d < 1.8 g cm-3) protected by soil aggregates, then recovered

by centrifugation, filtered, and washed in the same way as the

fLF. The leftover soil in the centrifuge tube was washed with

distilled water until the water became clear and was used as

the heavy fraction (HF, d > 1.8 g cm−3). All fractions were

dried at 50 ˚C, weighed, ground in a mortar and pestle, and

analyzed for C.

Water-soluble organic carbon was extracted using hot water

(Gregorich et al., 2003). In short, 5 g of air-dried soil samples

(<2 mm) were placed in a 100 ml centrifuge tube with 50 ml

deionized water, then the tubes were placed in a water bath

at 80 ˚C for 16 h. The extracts were centrifuged at 2,000 × g
for 20 min and filtered through 0.45-μm glass-fiber, microfil-

tration membrane. The total organic C concentrations of the

filtered solution were measured using a liquid total organic

carbon analyzer (Elementar Analysensysteme GmbH).

The extraction of humic substance was preformed accord-

ing to the method described by Stevenson (1994). In short,

50 ml 0.1 mol L−1 NaOH and 0.1 mol L−1 Na4P2O7 solu-

tion (50:50, v/v) was added into the remaining soils after the

extraction of WSOC, then the tubes were placed in a water

bath at 70 ˚C for 1 h. The supernatant solution was cen-

trifuged at 2,000 × g for 15 min, then the humic extractable

substances was collected. The humic extractable substance

was acidified to pH 1.0 with 0.5 mol L−1 H2SO4, the pre-

cipitated fraction was acid-insoluble humic acid (HA), the

solution was fulvic acid, the two fractions were separated via

centrifugation at 3,500 × g for 15 min. The HA was redis-

solved with 0.05 mol L−1 NaOH. The residue soil was the

humin fraction (HM). The C contents of humic extractable

substances (HEC) and HA (HAC) was determined by the

K2Cr2O7 oxidation method. Carbon content of fulvic acid

(FAC) and humin (HMC) were calculated using the following

formulas:

FAC = HEC − HAC

HMC = SOC −WSOC − HEC

Total C and N contents in bulk soil and light fractions

were determined using a Vario EL CHN elemental analyzer

(Heraeus Elementar Vario EL). The Mollisols were free of

carbonates, and thus, the total C content was equivalent to

SOC content. Available N was determined according to Page

et al. (1982). Total P was extracted by sodium carbonate and

Olsen P by 0.5 M sodium bicarbonate and were detected

by molybdenum-blue colorimetry (Olsen & Sommers, 1982).

Total K was extracted by HF-HClO4, and extractable K

by 1 M ammonium acetate and were determined by flame

photometry (Jones, 1973). Soil pH was determined in a

1:2.5 soil/water suspension. Soil particle size distribution was

analyzed by the sieve–pipette method.

2.5 Statistical analysis

Before analysis, all variables were checked for normal

distribution (Kolmogorove Smirnov test) and homogeneity

(Levene’s test). Data of OC contents in soil density fractions

were transformed to natural logarithms to achieve homogene-

ity. Each field was considered an experimental unit, therefore,

replicated data were averaged by fields for analysis. One-way

analysis of variance with Turkey honestly significant differ-

ence as a post hoc was used for means of SOC and OC

fractions among the three field treatments at P < .05. Rela-

tionships of SOC and OC fractions with root biomass in 0–100

cm soil profile were examined using linear regression. Statis-

tical analyses were performed using software package SPSS

19.0 for Windows.
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HAO ET AL. 1449

3 RESULTS

3.1 Selected soil properties in surface 0–20
cm layer

Compared with the initial soil in 1985, the soil pH, total N, and

available N contents increased, while the Olsen P decreased

significantly after 29-yr natural grassland conversion

(P < .05). The total P, total K, and extractable K decreased

in grassland but without significance (P > .05). The 29-yr

continuous cropland and spruce forest soils had obvious

declines in soil pH, available N, Olsen P, and extractable K

contents (P < .05) but had slight decreases in total N, total

P, and total K contents in the surface 0–20 cm soil depth.

The weight percentage of particle-size fractions was similar

under 1985 initial soil and different land use patterns, with

an average value of 43.2% for the <2 μm clay fraction, 41.4%

for the 2–50 μm silt fraction, and 15.3% for the 50–2,000

μm sand fraction (Table 1). Compared with the initial soil

in 1985, 29-yr continuous cropland and spruce forest did

not cause obvious changes in the contents of SOC and OC

fractions in the surface 0–20 cm depth (Figure 1) with the

exceptions of significant decline of WSOC in cropland

and increases of fLFC and oLFC in forestland (P < .05).

Surprisingly, converting cropland to grassland significantly

increased the contents of SOC and OC fractions (P < .05)

with relatively higher increments of labile OC fractions

(fLFC, oLFC) than the recalcitrant OC fractions. The fLFC

and oLFC contents increased by 173–329% (P < .05)

(Figure 1).

3.2 Stocks of root and litter biomass

Root biomass showed decreases along soil profile in all land

use patterns (Figure 2a). In all soil depths, root biomass was

highest in grassland followed by spruce forestland and lowest

in cropland except for slightly higher root biomass in forest-

land in 10–20 cm soil layer. The total root biomass within

100-cm soil profile was significantly higher in grassland

(12.7 t ha−1) than that in forestland (10.0 t ha−1) and cropland

(1.8 t ha−1) (Figure 2a). Grassland also had significantly

higher litter biomass (9.48 t ha−1) than forestland (2.39 t

ha−1). The litter biomass in cropland was relatively low (0.92

t ha−1) than that in grassland and forestland (Figure 2b).

3.3 Distribution of SOC and carbon
fractions in soil profile after land use changes

After 29-yr of land use changes, the contents of total SOC and

OC fractions mostly followed the same trends as grassland >

forestland > cropland along the whole-soil profile. Total

SOC contents were significantly higher at 0–10 and 20–40

cm depth in grassland (P < .05) (Figure 3a), and the fLFC

and oLFC contents were significantly higher at 0–80 cm

depth in grassland soil than those in forest and cropland soils

(P < .05) (Figure 3b,c). The WSOC and HAC contents were

significantly higher in grassland and forestland soils than

those in cropland in 0–80 and 0–60 cm soil depths, respec-

tively (Figure 3e,g). The FAC contents were significantly

higher in grassland than those in forestland and cropland in

0–60 cm soil depth (P < .05) (Figure 3f). The HFC and HMC

in soil profile followed the same changes as total SOC under

three land use patterns (Figure 3d,h).

In all soil layers, the HF and HM fractions contained a large

proportion of OC in all field soils, accounting for 88.8–99.3

and 38.0–58.0% of the total SOC, respectively (Table 2). Sim-

ilar to the variations of OC contents, the proportions of fLFC

and oLFC fractions in total SOC both decreased with soil

depth, and the proportions in 0–60 cm soil layers in grassland

were higher than the other two land use patterns. However,

for the proportion of HFC to SOC, differences among land

use patterns existed along the 0–80 cm depths, and grassland

had a significantly lower proportion of HFC than the other two

land use patterns. Unlike the decreasing trends of WSOC con-

tents in soil profiles, the proportions of WSOC in total SOC

showed the opposite changes but no differences among land

use patterns. The proportions of FAC in total SOC in forest-

land were lowest at 0–10 and 20–60 cm soil layers compared

with those of grassland and cropland soils. The proportions of

HAC and HMC in total SOC did not obviously change along

soil profiles under all the three land uses (Table 2).

The stocks of SOC and its fractions were positively linearly

correlated with root biomass in all 0–100 cm soil profiles, sig-

nificant relationships were found in total SOC, WSOC, HA,

and HF fractions (P < .05) (Figure 4).

4 DISCUSSION

The aim of this study was to illustrate the OC allocation

regimes along soil profile under 29-yr contrasting land use

patterns of cropland, natural grassland, and spruce forestland

in a Mollisols region. Only the surface 0–20 cm arable soil in

1985 used for the establishment of the experiment was avail-

able, hence it was impossible to determine the vertical changes

of SOC after land use changes. By comparing the contents of

SOC and OC fractions in the initial soil in 1985 with the sur-

face soils under 29-yr of different land use patterns, we can

evaluate the effects of land use regimes on soil properties in

the surface soil where changes are most likely to occur. The

Mollisols studied here have been under cropping for >100 yr.

It was obvious that 29-yr continuous cropping did not cause

significant changes of SOC, total N, and subfractions of SOC

in the surface 0–20 cm soil (Table 1; Figure 2). The SOC
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HAO ET AL. 1451

F I G U R E 2 Stock of (a) root biomass and (b) surface litter biomass under different land uses. The litter biomass of cropland was the average of

1-yr value of three crops (wheat, soybean, and maize). Error bars indicate standard error of the mean for each depth (n = 3). Different letters indicate

significant differences at P < .05 at each soil depth among land uses

(a) (b) (c) (d)

(h)(g)(f)(e)

F I G U R E 3 Contents of soil organic carbon (SOC) and its fractions along soil profile under different land use patterns. Error bars indicate

standard error of the mean for each depth (n = 3). Different letters indicate significant differences at P < .05 at each soil depth among land uses.

fLFC, free light fraction carbon; oLFC, occluded light fraction carbon; HFC, heavy fraction carbon; WSOC, water-soluble organic carbon; HAC,

humic acid carbon; FAC, fulvic acid carbon; HMC, humin carbon

content decreased by 1.4% after 29-yr continuing cropping

compared with the SOC content in 1985 (31.5 g kg−1) with

a reduction rate of 0.05% per year. This rate is relatively low

when compared with the averaged value reported by Han and

Li (2018) (0.5–2.6%) and Yang et al. (2004) (0.05–0.11%).

Therefore, the cropland soil here was considered as the refer-

ence soil to further illustrate the vertical changes of SOC after

29-yr different land use patterns.

4.1 Total SOC changes in soil profile under
contrasting land use patterns

Fresh C inputs, as well as microbial biomass, were the

highest near the surface (Fontaine et al., 2007) because most

herbaceous plant roots were distributed in the top few cen-

timeters of soil (Jackson et al., 1996). A higher SOC content

was found in grassland than cropland and forestland in the
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1452 HAO ET AL.

F I G U R E 4 Relationships between root biomass and the stock of soil organic carbon (SOC) and its fractions in the 0–100 cm soil profile. fLFC,

free light fraction carbon; oLFC, occluded light fraction carbon; HFC, heavy fraction carbon; WSOC, water-soluble organic carbon; HAC, humic

acid carbon; FAC, fulvic acid carbon; HMC, humin carbon. *P < .05; **P < .01

surface soil because of large amounts of organic inputs into

soil (Figure 3a). The SOC content in the 0–10 cm layer

increased by 0.69% per year after 29-yr conversion from

cropland to grassland, which was similar to 0.68% after

59-yr conversion from cropland to perennial grassland in the

Chernozems of Russia (Kalinina et al., 2011) and 0.62 % after

40-yr conversion from cropland to perennial grassland in the

U.S. Midwest (McLauchlan et al., 2006). However, the rate

was still lower than the 1.03% found after 35-yr conversion

from cultivated land to grassland in semiarid Mediterranean

(Novara et al., 2014). The SOC content in forestland did not

increase as significantly as that in grassland, showing that

the SOC content increased but not significantly through the

0–100 cm soil profile after 29-yr spruce plantation compared

with cropland (Figure 3a). Other studies also found little

SOC change after afforestation of a cropland when pine

species were used (Paul et al., 2002). The tree species has

an important effect on the recovery of the SOC following

afforestation because of the variability of OC inputs (De

Deyn et al., 2008). Using a meta-analysis, Laganière et al.

(2010) found that coniferous forest has a significantly lower

capacity to accumulate SOC than broadleaf forest because

of its smaller and shallower root systems. In addition, the

decomposition rate of spruce root litter to soil humus was

much slower than that of grass and crop plants (Guo et al.,

2006; Laganière et al., 2010). These results could help

explain the smaller SOC changes in forestland than those

in grassland here (Figure 1). However, we cannot preclude

that there will be further SOC accumulation with increasing

forest age (Poeplau & Don, 2013). Moreover, soil tillage

might also influence SOC changes. The cessation of tillage

disturbance could affect soil aggregate-protected carbon,

nutrients availability, and microclimate, thus preventing

SOM decomposition (M. Sheng et al., 2020; Six et al., 2000).

The SOC in subsoil or deep soil is assumed to be more

recalcitrant with longer residence time than that in the

topsoil (Jenkinson et al., 2008). It is believed that subsoil

has the potential to sequester more OC through higher root

C inputs because of low C concentrations (Lorenz & Lal,

2005). However, our study showed that the increase of SOC

in subsoil was not as straight forward (Figure 3a), because the

decomposition of subsoil C with high residence time could

be stimulated by addition of labile C (Fontaine et al., 2007).

Some other studies found that the SOC in subsoil decreased

after the conversion from cropland to grassland (Don et al.,

2009; Poeplau & Don, 2013). This may be related to the dif-

ferences in soil type and intrinsic soil texture. The silt and clay

particles in Mollisols accounted for >70% of the whole soil

(Table 1), which indicated that Mollisols had higher capacity

to sequester carbon. The SOC above 20 cm was predominately

controlled by root biomass, but root biomass was less of a fac-

tor below 20 cm (Dietzel et al., 2017). Hence, C dynamics in

topsoil and subsoil may be controlled by different regulatory

mechanisms (Salomé et al., 2010). Also, OC fractions may be
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HAO ET AL. 1453

more sensitive than total SOC to unveil the long-term land use

effects on C dynamics especially in soil profile.

4.2 Effects of land use changes on OC
fractions in soil profile

The subfractions of SOC with varied origin and availabil-

ity represented different composition and stability of SOM

(Li et al., 2020). Similar to the changes of SOC in bulk soil,

OC fractions decreased with soil depth and followed nearly

the same order of grassland > forestland > cropland in the

whole 0–100 cm soil profile. Statistically, compared with

the cropland, 29-yr grassland caused significant increases of

labile OC contents (fLFC, oLFC, and WSOC) and FAC in 0–

80 cm soil depths. The recalcitrant OC fractions, such as the

HF, HA, and HM, increased in 0–40 cm soil depths (P < .05)

(Figure 3).

The light and water-soluble fractions, mainly consisting

of fresh plant-derived materials, represent labile SOC pools

with rapid turnover rates. There was a steep gradient of labile

OC contents and proportions with soil depth (Figure 3b,c,e;

Table 2), especially in grassland soil, identifying aboveground

litter being the major source of light OC fractions (Guimarães

et al., 2013; M. Sheng et al., 2020). Our results partially

supported the hypothesis that the OC fractions, especially

the labile OC fractions, responded more sensitively than the

total SOC because of land use changes. Temperate grassland

allocated larger proportions of OC belowground than those

observed in annual croplands (Jackson et al., 1996), which

could provide abundant sources of labile OC fraction in soil

(Figure 3b,c,e) (Guimarães et al., 2013). While in the spruce

forest, the labile exudates from roots were more recalcitrant

than those from perennials grass (Laganière et al., 2010). In

addition, higher amounts of root residues and exudates in

grassland and forestland could promote the formation of soil

aggregates thereby increasing the oLFC that was physically

protected within soil aggregates (Figure 4c) (Oades & Waters,

1991; Yamashita et al., 2006). The labile OC in subsoil or

deeper soil layers consisted of materials either transferred by

leaching and diffusion from topsoil or locally produced dur-

ing extended biological processing of native SOM (Hassouna

et al., 2010; Rumpel & Kögel-Knabner, 2011). The labile OC

fractions along the soil profile in grassland were higher than

those in forestland even having significantly higher WSOC

and fLFC in 0–80 cm depth (Figure 4). Also, the proportions

of WSOC in the surface 0–10 cm and fLFC and oLFC in

0–60 cm depths to total SOC were also higher in grass-

land than those in forestland and cropland soils (Table 2) as

reported by John et al. (2005). Besides root effects, soil poros-

ity and unique climatic conditions might be responsible for

these differences. The content of WSOC was positively corre-

lated with soil porosity (Mertens et al., 2007); higher porosity

in grasslands could facilitate the leaching of WSOC from top-

soil to deep soil along soil profile (Figure 3e). In addition, the

study region was characterized by a simultaneously hot and

rainy period from June to September. During this period, a

strong leaching occurred in soil profile, allowing less complex

and more water dissolve organic compounds to move along

the soil profile more easily. Furthermore, cultivation practices

in cropland were reported to decrease the amount of LFC in

subsoil (H. Sheng et al., 2015) because of significantly higher

root and litter decomposition rates when compared with grass-

land (Buyanovsky et al., 1987). Soil tillage in cropland may

also help increase soil perturbation and OC decomposition

thus facilitating the infiltration of more labile OC into deeper

soil. Our results also showed that the LFC in cropland soil

profile was 69.1 and 39.8% less than those in grassland and

forestland soils, respectively.

It is worth noting that HA, HM, and HF account for

more than 70–90% of SOC in each soil layer (Table 2),

indicating that more OC in Mollisols was sequestrated in

these recalcitrant fractions. These recalcitrant fractions were

mainly mineral associated fractions with slower turnover rates

and higher degrees of chemical protection; they sometimes

responded slowly or were even unresponsive to soil manage-

ments. In this study, the effects of different land use patterns

on these fractions mainly occurred in the surface 0–10 cm

soil, indicating much closer organomineral associations and

less vulnerability to mineralization with the increasing of

clay content along soil profile (Hao et al., 2015; Rumpel &

Kögel-Knabner, 2011). Soil management practices in crop-

land such as frequent soil tillage could stimulate microbial

decomposition of recalcitrant OC fractions (Fontaine et al.,

2007) and ultimately cause changes of SOC fractions in sub-

soils. In addition, deep plowing and clear cutting without fresh

OC inputs could also accelerate old SOM decomposition in

subsoil. Valentin et al. (2008) reported C accumulation was

mainly attributed to recalcitrant C pools after land use change

from arable to permanent grassland, as there were higher HFC

and HMC contents in grassland.

4.3 The underlying effects of plant litter
and root biomass on OC fractions

Land use changes could alter plant production and root allo-

cation and consequently cause redistribution of SOC in soil

profiles (Guimarães et al., 2013). Beniston et al. (2014)

reported that decreased inputs from roots were responsible for

the reduced OC contents in bulk soil and OC fractions with

soil depth. Dietzel et al. (2017) and H. Sheng et al. (2015)

reported that plant root residues made substantial contribu-

tions to SOC accumulation, and the SOC contents correlated

well with root biomass. This study also found that the contents

of SOC and OC fractions exhibited nearly similar decreasing
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1454 HAO ET AL.

patterns as root biomass along the soil depth (Figure 3), and

the OC contents in bulk soil and OC fractions were positively

correlated with root biomass (Figure 4). In addition, signifi-

cantly higher surface litter retention and root biomass stocks

in grassland explained the higher OC contents in grassland

than those in forestland and cropland (Figures 2 and 3). An

experiment established in Kansas, USA, also found higher lit-

ter and root biomass in grassland than in cropland soil; the

root biomass at 0–40 cm depth in grassland was about six

times that of adjacent wheat roots, and the SOC stock was

∼1.4 times that of cropland (Beniston et al., 2014). The dif-

ferences in SOC contents could be found in the upper 0–40

cm soil depth while the differences in labile OC fractions

(fLFC, oLFC, WSOC, and FAC) were up to 80 cm soil depth

under different land use regimes (Figure 3). Guo et al. (2007)

reported that OC correlated positively with fine root length.

And the fine root length was nine times higher in grassland

than in pine forest soil. Furthermore, previous studies sug-

gested that it can take ∼40 yr or even a longer time to achieve

new equilibrium after conversion of cropland to natural for-

est plantation (Guo & Gifford, 2002). However, for grassland,

live fine roots seemed more degradable and available than

those in forestland, which helped to explain the relatively

higher OC contents in bulk soil and labile OC fractions in

grassland than in forestland (Figure 3).

5 CONCLUSIONS

This study evaluated the distribution of SOC and OC fractions

in 0–100 cm soil profile of a typical Mollisol under differ-

ent land use patterns. The 29-yr conversion of cropland to

grassland and forestland caused relatively higher OC accumu-

lation in soil profiles especially at the surface 0–40 cm depth,

which highlighted the importance of reduced soil perturbation

and continuous plant residue inputs for SOC accumulation.

The labile OC fractions responded more sensitively to land

use changes than the recalcitrant fractions. They were signifi-

cantly higher in 0–80 cm soil depth in grassland than those in

forestland and cropland because of more easily degraded plant

residues and higher amounts of root biomass in the grass-

land. While land use effects on the recalcitrant OC fractions

(HF, HA, and HM) were mainly observed in the 0–40 cm soil

depths because of the high stability of these fractions. Sig-

nificantly higher root biomass was found in grassland than

those in forestland and cropland in the whole-soil profile, and

the root biomass was highly correlated with the total SOC

and OC fractions. Our results demonstrated that the vertical

allocations of OC fractions changed obviously after long-

term land use conversion. Long-term grassland restoration

seemed to exert more effects on the labile OC than recal-

citrant OC fractions through larger OC inputs from plant

roots.
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