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Abstract

Aims The objectives of this study were to determine the
dynamics of aggregate-associated organic carbon (OC)
along an afforestation chronosequence on abandoned
farmland of China, and to examine the contributions of
changes in aggregate-associated OC to changes in total
soil OC.

Methods We investigated the dynamics of OC associated
with aggregates along an afforestation chronosequence.
Water-stable aggregates were isolated, and the OC con-
centrations in total soil and the aggregates were
measured.

Results Averaged across the entire chronosequence, af-
forestation led to 116, 128 and 108 % average increases in
OC concentrations in macroaggregates, microaggregates
and the <0.053 mm size class, respectively, in the top
20 cm of soil. The OC stocks in macroaggregates
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increased by averages of 651 and 473 % at 0—10 and
10-20 cm depths, respectively, mostly within the first
24 years. The OC stocks in microaggregates decreased
during the first 35 years and then increased during 48—
200 years of afforestation. Averaged across the entire
chronosequence, the increases in OC stocks in macroag-
gregates accounted for 83 and 100 % of the total increase
in OC stocks in soils at 0—10 and 10-20 cm depths,
respectively.

Conclusion Our results indicated that the accumulation
of OC in soils after afforestation on abandoned farmland
was mainly due to the accumulation of OC in
macroaggregates.

Keywords Abandoned farmland - Afforestation age -
Chinese pine - OC accumulation - OC turnover - Soil
aggregate - Soil depth

Introduction

The carbon (C) in forest ecosystems accounts for 60 %
of'the total C in terrestrial ecosystems, 70 % of which is
stored in the soil (IPCC 2007). The afforestation of
agricultural land has been widely used as a practical
approach to protect soils from degradation and erosion
and to rehabilitate degraded ecosystems (Zomer et al.
2008). This conversion of land use can increase the
amount of organic C (OC) in soils. The conversion of
agricultural land to forest has globally increased soil OC
at a rate of 0.34-0.50 Mg ha ' year ', depending on
climate, soil texture and stand age (Post and Kwon
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2000; Laganicre et al. 2010; Li et al. 2012). Zhang et al.
(2010) and Deng et al. (2014) found that the “Grain for
Green” project implemented across China, which aimed
to improve degraded ecosystems by converting low-
yield sloped cropland into grassland and woodland,
increased soil OC on a regional scale at rates of 0.33—
0.37 Mgha ' year '. Martens et al. (2003) reported that
the conversion of agricultural land to forest in Central
America resulted in the accumulation of soil OC at the
rate of 1.60 Mg ha ' year . The accumulation of OC in
soils has generally been assumed to be due to a higher
input of OC to soils and to a lower loss of original OC
from soils (Paul et al. 2002; Wei et al. 2012). The
distribution of OC in soil fractions and their contribu-
tions to total changes in soil OC following afforestation,
however, were not well addressed but would provide an
explanation of the mechanism behind OC accumulation
in soils after the afforestation of agricultural land.

Distributions of soil aggregates and aggregate-
associated OC respond quickly to changes in land use
and can be used as tools for measuring changes in soil
structure and OC content (Nie et al. 2014; Six and
Paustian 2014; Wang et al. 2014). The incorporation of
OC in aggregates can physically protect OC from mi-
crobial decomposition and oxidation and is often used
as an index to assess the stability of the OC in soils after
changes in land use (Grandy and Robertson 2006; Fan
etal. 2013; Wei et al. 2013a, b; Six and Paustian 2014).
The conversion of farmland to forest usually leads to the
aggregation of soil particles, which increases the coarse
fraction and decreases the fine fraction of soil aggre-
gates. Such effects have been extensively reported by
comparing the soils from forested and agricultural land
(Kaiser et al. 2010; Six et al. 2002; Degryze et al. 2004;
Devine et al. 2014) or from paired adjacent forests and
farmland on which forests were established (Galdo et al.
2003; Fan etal. 2013; Wei et al. 2013a). Relatively little,
however, is known about the temporal dynamics of
aggregates and aggregate-associated OC following af-
forestation. This information is important for revealing
how soil OC responds to the conversion of farmland to
forests and for assessing the stability of the newly se-
questered OC by afforestation.

We investigated the dynamics of OC associated with
aggregates following the conversion of farmland to
forests. In the chronosequence used in this study, forests
had been established on adjacent farmland at different
times. Water-stable aggregates were isolated, and the
OC concentrations in total soil and aggregates were
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measured. Our objectives were to determine the dynam-
ics of aggregate-associated OC along the afforestation
chronosequence and to examine the contributions of the
changes in aggregate-associated OC to changes in total
soil OC.

Materials and methods
Study sites

The study sites were located in the Huanglongshan
Forest in central Shaanxi Province, China (35°28'49"-
36°02'01"N, 109°38'49"-110°12'47"E). The area has a
continental, monsoon climate with an average annual
temperature of 8.6 °C, an average annual precipitation
of 612 mm, and an average frost-free period of 175 days.
The soil is classified as a cinnamon soil, which develops
on loess and belongs to the Cambisol soil group accord-
ing to the FAO system. The soil profile is free of stones
to a depth of 50 m. The dominant types of land use in the
area are forest and farmland. Agricultural activity in the
area has a history dating back more than 2000 years. The
forests that have been established on abandoned farm-
land are mainly secondary and planted forests of differ-
ent ages. The major forest types are Chinese pine (Pinus
tabuliformis Carr.), Liaodong oak (Quercus
liaotungensis Koidz.) and birch (Betula platyphylla
Suk.). The dominant crops are maize (Zea mays L.)
and millet (Panicum miliaceum L.).

Field investigation, soil sampling and laboratory
analysis

We estimated the effects of afforestation on aggregate-
associated OC by identifying an afforestation
chronosequence in three replicate stands in natural-
succession forests with stand ages of 100 and 200 years
and planted forests with stand ages of 7, 18, 24, 35 and
48 years. These forests have never been harvested due to
the implementation of a project by the Chinese govern-
ment to protect natural forests. The stand ages of
natural-succession forests were identified by Yang and
Hou (2005), and the stand ages of planted forests were
identified with the help of the Huanglongshan Forest
Bureau. The ages of all forests were confirmed by hole-
boring technique. The forests contained Chinese pine,
and the farmlands were planted with maize or millet.
The forest floors were dominated by bunge needlegrass
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(Stipa bungeana Trinius) and Dahurian bush clover
(Lespedeza daurica (Laxm.) Schindl.).

Each aged forest stand was paired with adjacent
farmland on which the forest had been established.
The soil types of a paired forest and farmland were the
same, and the selected replicate stands had similar phys-
iographic conditions and slope gradients. We therefore
believe that the soil properties of the paired forests and
farmland were uniform, and we ascribed the differences
in OC in the total soil fraction and aggregate fractions to
the effects of afforestation. Previous observations at the
study sites (Wei et al. 2013b) and in the South African
Highveld (Lobe et al. 2011) indicated that the aggregate
distributions and the aggregate-associated OC concen-
trations had remained stable after 50 years of cultivation
on natural vegetation. In our study, the farmland had
been cultivated for more than 50 years before it was
converted to forest (Wei et al. 2013a). The OC concen-
trations in soils and aggregates in the farmland 100 or
200 years ago cannot be directly quantified, so we
assumed that the aggregate distributions and the
aggregate-associated OC concentrations in the currently
selected farmland were similar to those of the soils
before the forests were established. If the OC in soils
and aggregates in the farmland continued to decrease
over time in our study, then our calculations would
overestimate the actual increase in OC concentrations
and stocks after conversion for the forest stands aged
100 and 200 years.

Three forest plots (20x20 m) and three farmland
plots (5%5 m) were established at each paired forest
stand and adjacent farmland in August 2009. Each plot
was at least 40 m from the forest-farmland boundary.
Tree density and herbage were determined for each
forest stand. Five trees were randomly selected to deter-
mine height, diameter at breast height and crown densi-
ty. The values of these parameters for the stands with
ages of 18, 24,48, 100 and 200 years have been reported
by Wei et al. (2012). The values for the stand aged
7 years were similar to those for the stand aged 18 years,
and the values for the stand aged 35 years were similar
to those for the stand aged 24 years (data not shown).
We did not measure the biomass for the farmland,
because the aboveground biomass was harvested and
removed each year.

One soil sample was collected from each plot using a
stainless-steel cutting ring (5 cm in height by 5 cm in
diameter) to determine the bulk densities at 0—10 and
10-20 cm depths. Three additional samples were

collected from 0—10 to 10-20 cm depths at each plot
with a soil-coring kit (5.0 cm diameter). The samples
were combined as a composite sample for the isolation
of water-stable aggregates and the measurement of OC
concentration in both total soils and the aggregates. The
organic layer was removed from the surfaces of the
forest plots before sampling. Visible pieces of organic
material were removed from the soil samples. The soil
samples were transported to the laboratory and air dried.

Water-stable aggregates were isolated by wet sieving
through 0.25 and 0.053 mm sieves following the proce-
dures described by Cambardella and Elliott (1993). The
macroaggregate (>0.25 mm), microaggregate (0.25-
0.053 mm) and <0.053 mm size classes were dried in
an oven at 50 °C for 24 h and then weighed.

A subsample of air-dried, undisturbed soil from each
plot was ground to pass through a 0.25 mm sieve to
measure total soil OC concentration. The OC concen-
trations of total soil and the aggregates were analyzed
using a VARIO EL III CHON analyzer (Elementar,
Germany) at the Testing and Analysis Center of North-
west University, China.

Data analysis

The mean weight diameter (MWD) and mean geometric
diameter (MGD) were calculated to assess the improve-
ment of soil structure by afforestation as in Kemper and
Rosenau (1986):

MWD:Zx,-xw,- (1)
i=1

n

E . 1W,‘ X IIDC,‘
i=

MGD = exp | ==L~ 2)

Wi
Zi:l !

where w; is the mass fraction (%) of aggregates in the
ith size class to the total mass of the sample, and x; is the
mean diameter of each class (mm).

Soil OC stocks (kg m 2) in total soils were calculated
as:

D x BD x OC
Soil OC stocks = ———— 3
oi stocks 100 (3)

where D is the thickness (cm) of the soil layer, BD is
the bulk density (g cm >) and OC is the OC concentra-
tion (g kg ') at the 0~10 or 10-20 cm soil depths.
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Stocks of OC (g m ?) in each aggregate size class at
the 0—10 and 10-20 cm depths were calculated as:
D x BD x w; x OC;

Stocks of OC; = T (4)

where OC; is the OC concentration of the ith aggre-
gate size class (g kg’ aggregate).

The absolute and relative changes in these variables
were calculated using farmland soil as a control for each
stand age. A three-way analysis of variance was con-
ducted to examine the direct and interactive effects of
land-use change (afforestation), stand age and soil depth
on: 1) aggregate distribution, MWD and MGD, 2) total
soil OC concentration and stock and 3) aggregate-
associated OC concentration and stock. To determine
the effect of aggregate distribution on soil OC, we
examined the relationships between aggregate propor-
tions and OC concentration and stock in total soils. We
also examined the relationships between total OC con-
centration and aggregate-associated OC concentration
and between total OC stock and aggregate-associated
OC stock. To determine the contribution of OC accu-
mulation in aggregates to the accumulation in total soils,
we examined the relationships between changes in total
OC stock and changes in aggregate-associated OC
stock. These relationships were established by linear or
nonlinear regression analysis. The variance and regres-
sion analyses were conducted using JMP version 10
software.

The dynamic behavior or turnover of soil OC is
generally determined by the balance between inputs
and outputs of the OC to and from soil and is most often
quantified as the OC mean residence time (MRT). The
MRT of soil OC is defined as the average time the
carbon stays in the soil (Froberg et al. 2011). In our
study, the dynamics of total soil OC concentration and
stock and of aggregate-associated OC concentration
along the afforestation chronosequence were fitted with
the first-order model that was most commonly used (Six
and Jastrow 2002):

C=C,~(C,—Cp) x e ™ (5)

where ¢ is the time since afforestation (year), C, is the
OC concentration (g kg ') or stock (kg m %) when soil
reaches a new steady state, C is the initial OC concen-
tration (g kg ') or stock (kg m ) before afforestation
(=0), k is the turnover rate constant (year ') and C,-C,
is the potential increase in OC when soil reaches a new
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steady state. We assessed the Cy by fitting the first order
model rather than using OC in farmland soils as Cy due
to the variations of OC in farmland among sites. The
parameters of the first-order model (Cy, C, and k) were
obtained by fitting the model across the three replica-
tions along the afforestation chronosequence. All farm-
land soils were pooled as time zero and afforested soils
were pooled as different times when fitting the model.
The model fitting was conducted using exponential
model with 3 parameters in JMP software (version 10).
The MRT was calculated as:

1
MRT = — 6
: (©)

The overall input rate of OC due to afforestation (/)
across the 200 years of afforestation was calculated as:

I=kxC, (7)

Because the changes in aggregate-associated OC
stocks after land-use changes were determined by the
changes in aggregate proportion and aggregate-
associated OC concentration (Qiu et al. 2012; Wei
et al. 2013b), we did not calculate these parameters of
the stock of aggregate-associated OC.

Results

The dynamics of aggregation along the afforestation
chronosequence

Afforestation increased the proportion of macroaggre-
gates while decreasing the proportion of
microaggregates and the <0.053 mm size class com-
pared with farmland (Fig. 1, Table 1). The changes in
the proportion of aggregates following afforestation,
however, were not affected by soil depth, as indicated
by the lack of interactions between afforestation and soil
depth, or stand age, except for the <0.053 mm size class
(Table 1). For example, regardless of stand age, the
proportion of macroaggregates increased by 43—499
and 6-230 % at the 0—10 and 10-20 cm depths, respec-
tively, and the proportion of microaggregates decreased
by 17-60 and 3-38 % at the 0—10 and 10-20 cm depths,
respectively. The largest changes in the distribution of
aggregates generally occurred within the first 24 years
across the 0-10 and 10-20 cm depths (Fig. 1).
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Fig. 1 Dynamics of soil aggregate proportions at the 0—10 (/eff) and 10-20 cm (right) depths along the afforestation chronosequence.
Dashed lines are percent changes of aggregate proportions. Error bars are the standard errors of the mean

Afforestation consistently increased MWD and
MGD (as indicated by the lack of interactions between
afforestation and stand age), with the most rapid in-
creases occurring during the first 24 years (Fig. 2,

Table 1). The changes in MWD were independent, but
the changes in MGD were dependent, on soil depth
(Table 1). MWD increased by 39-344 and 5-185 % at
the 0—10 and 10-20 cm depths, respectively, and MGD
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Table 1 Results of variance analysis for all variables

MA MI SC MWD MGD OC SOC MA- MI- SC- MA- MI-  SC-
ocC oC ocC SOC  SOC SOC
F
Afforestation 141.03 10749 31.53 14459 110.82 167.81 113.24 81.97 90.21 42.84 146.04 149 5.05
Stand age 0.71 059 0.09 0.69 025 4311 1413 981 641 428 2.87 0.08 0.06
Soil depth 509 233 1382 484 856 6594 36.05 59.93 60.57 14.63 3879 18.14 0.87
AfforestationxStand age 0.11 1.02 16.88 0.08 0.14 3466 949 11.77 1452 6.34 1.51 467 136
AfforestationxSoil depth 1.91 214 087 200 552 4562 2347 3534 3630 132 2878 5.62 0.26
Stand agexSoil depth 012 012 0.03 007 029 948 120 240 4.08 3.30 0.64 0.00 2.03
AfforestationxStand 0.02 0.16 2.61 013 0.11 2044 535 520 7.67 124 0.79 039 0.15
agexSoil depth
P
Afforestation <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 023 0.03
Stand age 040 045 077 041 0.62 <0.01 <0.01 <0.01 0.02 0.045 0.10 0.78 0.80
Soil depth 0.03 0.13 <0.01 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.36
AfforestationxStand age 074 032 <0.01 078 071 <0.01 <0.01 <0.01 <0.01 0.02 023 0.04 0.25
AfforestationxSoil depth ~ 0.17  0.15 036 016  0.02 <0.01 <0.01 <0.01 <0.01 027 <0.01 0.02 0.61
Stand agexSoil depth 0.73 073 087 079 060 <0.01 028 0.13 0.05 0.08 043 099 0.16
AfforestationxStand 0.88 0.69 0.11 072 074 <0.01 0.03 0.03 <0.01 027 038 053 0.70
agexSoil depth

Bold values were significant at P<0.05

MA proportion of macroaggregates (%), M/ proportion of microaggregates (%), SC proportion of <0.053 mm size class (%), MWD mean
weight diameter (mm), MGD mean geometric diameter (mm), OC OC concentration in total soils (g kg '), SOC OC stock in total soils
(kg m™?), MA-OC OC concentration in macroaggregates (g kg™ '), MI-OC OC concentration in microaggregates (g kg '), SC-OC OC
concentration in <0.053 mm size class (g kg '), MA-SOC OC stock in macroaggregates (g m > ), MI-SOC OC stock in microaggregates

(g m 2 ), SC-SOC OC stock in <0.053 mm size class (g mﬁz)

increased by 50-331 and 5-217 % at the two depths,
respectively.

The dynamics of OC in total soils along the afforestation
chronosequence

The concentration and stock of OC in total soils signif-
icantly increased following afforestation on abandoned
farmland, and the increases were larger at the 0—10
depth than at the 10-20 cm depth (P<0.01 for the
interaction between afforestation and soil depth)
(Fig. 3, Table 1). The increases in soil OC after affores-
tation were affected by stand age (P<0.01 for the inter-
actions between afforestation and stand age), and the
effects of stand age varied with soil depth (P<0.05 for
the interactions among afforestation, stand age and soil
depth). Across the entire afforestation chronosequence,
the OC concentration and stock increased by 26-363
and 53-261 %, respectively, at the 0—10 cm depth and
by 5-153 and 0-130 %, respectively, at the 10-20 cm
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depth. Atthe 0—10 cm depth, the increases were larger in
afforestation stands with ages of 100 and 200 years than
in stands with ages of 7-48 years. At the 10-20 cm
depth, the increases were larger in stands with ages of
24-200 years than in stands with ages of 7-18 years.

The predictions by the first-order model suggested
mean residence times of OC concentrations were 50 and
78 years at the 0-10 and 10-20 cm depths, respectively.
The OC concentration would increase by 365 and 111 %
at the 0-10 and 10-20 cm depths, respectively, with
potential increases of 34.3 and 9.0 g kg ', respectively,
when the steady state was reached (Table 2). The overall
input rate of OC concentration was 0.88 and
0.22 gkg ' year ' for the two soil depths, respectively.
The mean residence times of OC stocks were 36 and
45 years at the two depths, respectively. The potential
accumulation of OC stocks were 2.4 and 0.9 kg m 2 at
the 0—10 and 10-20 cm depths, respectively, when the
steady state was reached, with the overall input rate of
0.10 and 0.04 kg m 2 year ' (Table 2).
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10-20 (right) cm depths along the afforestation chronosequence.

The dynamics of OC in aggregates along afforestation
chronosequence

At the 0—10 cm depth, the averaged OC concentrations
in macroaggregates across the farmland and afforested
land were 30 and 87 % higher than the OC concentra-
tions in microaggregates and the <0.053 mm size class
(P<0.05). At the 1020 cm depth, the averaged OC
concentrations in macroaggregates were 23 and 45 %
higher (P<0.05), respectively. Afforestation increased
the OC concentration in aggregates, which varied with
soil depth and stand age (Fig. 4, Table 1). The rapid
increases were observed for the first 100 years, and the
relative increases were larger at the 0—10 than at the 10—
20 cm depth. Additionally, the increases in OC concen-
trations varied with aggregate size class at both soil
depths. The OC concentrations at the 0-10 cm depth
increased by averages of 150, 184 and 116 % in the
macro- and microaggregates and the <0.053 mm size
class, respectively. The OC concentrations at the 10—
20 cm depth increased by averages of 68, 60 and 99 %,

7 18 24
Time since afforestation (years)

Dashed lines are percent changes of MWD and MGD. Error bars
are the standard errors of the means

in the macro- and microaggregates and the <0.053 mm
size class, respectively.

The mean residence times of OC concentrations in
the macro- and microaggregates and the <0.053 mm size
class were 31, 28 and 20 years, respectively, at the 0—
10 cm depth and 48, 45 and 42 years, respectively, at the
10-20 cm depth (Table 2). The turnover-rate constant of
OC concentration increased as aggregate size decreased,
following the order of macroaggregates <
microaggregates < <0.053 mm size class (Table 2).
The predicted increases in OC concentrations when a
steady state was reached were larger at the 0—10 than at
the 10-20 cm depth, depending on the aggregate size
class. The predicted increases in OC concentration in
macro- and microaggregates at the 0—10 cm depth were
75 and 49 % higher, respectively, than that in the
<0.053 mm size class. The predicted increases in OC
concentration in the macroaggregates and the
<0.053 mm size class at the 10-20 cm depth were 56
and 55 % higher, respectively, than that in
microaggregates.
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The effects of afforestation on the stocks of OC in the (P<0.01), and the increase was significantly higher at
aggregates varied with aggregate size class and soil the 0—10 cm depth than the 10-20 cm depth (P<0.01 for
depth (Fig. 5, Table 1). The OC stocks in macroaggre- the interactions between afforestation and soil depth).
gates were significantly increased by afforestation For example, the OC stocks in macroaggregates

Table 2 Parameters describing total soil and aggregate-associated organic C (OC) dynamics

OC concentration OC stock OC concentration
Total soils Macroaggregates Microaggregates <0.053 mm
size class
Soil depth 0-10cm 1020 cm 0-10cm 1020 cm 0-10 cm 1020 cm 0-10 cm 1020 cm 0-10 cm  10-20 cm
OC at steady state * 43.7 17.0 3.6 1.9 40.8 17.8 32.6 11.4 23.6 12.1
Potential increase 343 9.0 24 0.9 27.9 7.1 238 4.5 16.0 7.0
Turnover-rate constant 0.020 0.013 0.028 0.022 0.032 0.021 0.036 0.022 0.049 0.024
(year )
Mean residence time 50 77 36 45 31 48 28 45 20 42
(year)
Overall input rate 0.876 0.217 0.100 0.042 1.308 0.371 1.179 0.254 1.147 0.288

2The OC at a steady state is the C, from the first-order model. The units are g kg ' for OC concentration and kg m 2 for OC stock

®The potential increase is the C,-C, from the first-order model. The units are g kg~' for OC concentration and kg m™ for OC stock

© The units are g kg year ! for OC concentration and kg m ™ year ' for OC stock
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increased by averages of 651 and 473 % at the 0—10 and
10-20 cm depths, respectively, with most of the in-
creases occurring during the first 24 years. The OC
stocks in microaggregates were not affected by
afforestation (P=0.23), but there was a significant
interaction between afforestation and stand age
(P=0.04) or soil depth (P=0.02). At the 0—10 cm
depth, the OC stocks in microaggregates was not
affected by afforestation during the first 35 years

Time since afforestation (years)

concentrations in aggregates. Error bars are the standard errors
of the means

of afforestation (except for the 18 years forest that
was significantly decreased) but increased during
48-200 years of afforestation. At the 10-20 cm
depth, the OC stock in microaggregates decreased
during the first 35 years of afforestation but was not
affected during 48-200 years of afforestation. The OC
stocks in the <0.053 mm size class were increased by
afforestation, but the effect was independent of stand
age or soil depth.
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Dashed lines are percent changes of OC stocks in aggregates. Error bars are the standard errors of the means

Relationship between OC accumulations in aggregates
and total soils

The OC concentration and stock in total soils were
positively correlated with the proportion of macroaggre-
gates but negatively correlated with the proportions of
microaggregates and the <0.053 mm size class (Fig. 6).
The OC concentration in total soils was also positively
correlated with the OC concentrations in the aggregate
size classes (Fig. 7). The OC concentration in total soils,
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however, was more dependent on the OC concentrations
in macro- and microaggregates than on the OC concen-
trations in the <0.053 mm size class. For example, the
slopes and R’ of the linear relationships between total
soil OC concentration and OC concentration in macro-
or microaggregates were higher than those between total
soil OC concentration and OC concentration in the
<0.053 mm size class. Similarly, the OC stock in total
soils was positively correlated with the OC stocks in
aggregates (Fig. 7). The OC stocks in total soils were
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Fig. 6 Relationships between aggregate proportion and total soil OC concentration and stock

more dependent on the OC stocks in macro- and
microaggregates than on those in the <0.053 mm size
class.

Our results further showed that the accumulation of
OC in total soils was mainly due to the accumulation of
OC in macro- and microaggregates at the 0—10 cm depth
but also to the accumulation of OC in macroaggregates
at the 10-20 cm depth. At the 0-10 cm depth, the
increases in OC stocks in macro- and microaggregates
accounted for 86 and 13 %, respectively, of the total
increase in OC stocks. At the 10-20 cm depth, the
increases in OC in macroaggregates accounted for
100 % of the total increase in OC stocks. Furthermore,
the accumulation of OC stocks in total soils significantly
increased with the accumulation of OC in macro- and
microaggregates (Fig. 8).

Discussion

Initial decreases in soil OC during the first few years
after conversion of farmland to forest have been widely
observed and are possibly due to the lower productivity
of the new forest and the higher loss of OC from soil
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disturbance (Vesterdal et al. 2002; Don et al. 2009; Deng
et al. 2014). An analysis by Deng et al. (2014) showed
that soil OC stocks along the 0-100 cm soil profile
decreased within the first 5 years of conversion of
cropland to grassland or forest following the implemen-
tation of the Grain for Green project. Laganiére et al.
(2010) reported that soil OC stocks decreased by an
average of 5.6 % during the first 10 years after the
conversion of agricultural land to forest, but Compton
and Boone (2000) and Vesterdal et al. (2002) reported
that soil OC was not affected during the first 30 years of
afforestation.

We did not observe an initial decrease in OC concen-
tration or stock in soils, perhaps because the depth of the
soil sampled in this study was relatively lower than that
in the other studies (Fig. 3). Soil OC is considered to be
more vulnerable in the topsoil than the subsoil to land-
use changes and other soil management (Don et al.
2011; Wei et al. 2014b). For example, OC stocks
responded more in 0—20 cm soils than in soils below
20 cm following the implementation of the Grain for
Green project (Deng et al. 2014; Song et al. 2014).
Vesterdal et al. (2002) found that 30 years of afforesta-
tion on arable land led to the redistribution of OC along
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Fig. 7 Relationships between OC concentrations in total soils and in aggregates and between OC stocks in total soils and in aggregates
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Fig. 8 Relationships between changes in OC stock in total soils
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stand age

the soil profile but to no change in soil OC concentration.
Afforestation may result in significant increase in OC in
the topsoil, but no change or decrease in the deep soil at
the initial few years of afforestation, therefore the lower
the soil depths concerned, the greater the observed losses
of soil C following afforestation would be observed.

The absence of an initial decrease in OC concentra-
tion or stock in soils may also have been due to the
relatively lower initial soil OC concentration of the
farmland in our study. The accumulation of OC in soils
after afforestation on farmland is generally related to
initial soil OC concentration, a large accumulation in
initially low OC soils but a loss in initially high OC soils
(Deng et al. 2014; Song et al. 2014). Deng et al. (2014)
suggested that initial soil OC stock was the main factor
affecting OC accumulation in 0—100 cm soils 40 years
after the conversion of cropland to forest or grassland.
Lugo and Brown (1993) observed a significant accumu-
lation of OC after the conversion of cropland to forest
having a low initial SOC concentration. Farmland soils in
studies that observed initial declines in soil OC were not
severely eroded, likely received much crop residues after
harvest, and had high levels of OC. The conversion of
farmland to forest in those studies would thus likely lead
to a decline in soil OC in the early stages because less
biomass is returned relative to the previous farmland. In
the Huanglongshan region, however, farmland suffers
soil erosion, and crop residues are removed, resulting in
relatively lower soil OC levels. Afforestation reduces soil
erosion in the early stages of afforestation in the region,
decelerating losses of OC from erosion.

Our results demonstrated a significant accumulation
of OC in macroaggregates following afforestation with
Chinese pine. These results were supported by the
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theory of hierarchical aggregation and by other experi-
mental investigations. The theory of hierarchical aggre-
gation states that OC concentration increases with in-
creasing aggregate size, because larger aggregates are
composed of small particles plus organic binding agents
(Elliott 1986). This theory has been applied to the rela-
tionships between reductions in aggregates proportions
and the loss of soil OC and between increases in aggre-
gates proportions and the accumulation of soil OC after
land-use changes (Six et al. 2000, 2004; Puget et al.
2005; McCarthy et al. 2008; Spohn and Giani 2011). In
our study, afforestation significantly increased the con-
centration of soil OC and the proportion of macroaggre-
gates but decreased the proportions of microaggregates
and the <0.053 mm size class (Figs. 1 and 3), in agree-
ment with the findings by Wei et al. (2013a) in the same
region. As predicted by the theory of hierarchical aggre-
gation, the significant increase in OC concentration in
total soils with the proportion of macroaggregates but
the decrease with the proportion of microaggregates and
the <0.053 mm size class were thus expected.

Wei et al. (2013a) observed 54-233, 43—-168 and 12—
66 % increases in OC concentrations in the macro- and
microaggregates and <0.053 mm size class after 50 years
of afforestation on farmland in the same region. They
also observed 175-564 % increases in OC stocks in
macroaggregates, with most of the increase observed
in broadleaved forests. Gao et al. (2013) demonstrated
that OC accumulated mainly in the macro- and
microaggregate fractions in loamy soils at the 0-30 cm
depth more than 30 years after conversion of farmland to
aspen (Populus simonii) woodland in Ningxia, China.
Increases in OC concentration in aggregates along a
successional forest sequence have also been reported
(Chen et al. 2010; Jiménez et al. 2011). Several other
studies have found higher aggregate OC concentrations
in forests relative to adjacent farmland (Gelaw et al.
2013; Devine et al. 2014; Liu et al. 2014), further
suggesting accumulation of OC in aggregates.

In the present study, the turnover-rate constant of OC
after the conversion of farmland to forest increased as
aggregate size classes decreased (Table 2). This was
expected because the newly input OC was first associ-
ated with fine particles and then incorporated into
micro- and macroaggregates due to the aggregation of
soil particles, which is consistent with our observation
that macro- and microaggregates have a relatively larger
potential to sequestrate OC (Table 2, Six et al. 2000; Wei
et al. 2013a).
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We observed larger absolute or relative increases in
OC concentration in macro- and microaggregates at the
0-10 cm depth than at the 10-20 cm depth. The relative
increase in OC concentration in the <0.053 mm size
class was larger at the 10-20 cm depth than at the 0—
10 cm depth, but the absolute increase was larger at the
0-10 cm depth (Fig. 4). The absolute or relative in-
creases in the OC concentrations in aggregates at steady
states were also larger at the 0—10 cm depth (Table 2).
This was because the newly input C from forest litter is
first incorporated in the topsoil and is then transported to
the subsoil. This pattern has been widely observed
around the world (Gao et al. 2013; Wei et al. 2013a;
Devine et al. 2014; Gelaw et al. 2013).

The OC stocks in macroaggregates in the present
study increased with stand age, while the OC stocks in
microaggregates were not affected or decreased in the
first few years and then increased or were not affected
along the afforestation chronosequence, depending on
soil depth (Fig. 5). The changes in aggregate-associated
OC stocks were governed by the changes in mass within
a given aggregate size class and by the changes in OC
concentration within the aggregate size class (Qiu et al.
2012; Wei et al. 2013b). Our observations showed that
the increases in OC stocks in macroaggregates were due
to the increases in both macroaggregates proportion and
macroaggregate-associated OC concentration, which
varied with stand age. During the initial stage of affor-
estation (7—48 years), the recovery of soil structure and
the increase in macroaggregates proportion were rela-
tively higher compared to the increase in OC concen-
tration in macroaggregates, suggesting that the increases
in the OC stocks were determined by increases in ag-
gregate mass. During the later afforestation stage (48—
200 years), the increases in OC concentration were
larger than the increases in aggregate mass, suggesting
that the increases in OC stocks were more dependent on
increases in OC concentration in aggregates. Similarly,
the change in microaggregate-associated OC stock was
due to decreases in microaggregates proportion during
the early afforestation stage and was due to increases in
OC concentration during the later stage. The proportion
of microaggregates decreased while the OC concentra-
tion in microaggregates increased during the afforesta-
tion (Figs. 1 and 4). We therefore conclude that the
changes in OC stocks in macro- and microaggregates
were mainly due to the recovery of soil structure during
the early stage but to the increase in OC concentration in
aggregates during the later stage of the afforestation.

Our results suggested that the accumulation of OC
after afforestation was mainly due to the accumulation
of OC in macroaggregates. Afforestation significantly
increased macroaggregates proportions and
macroaggregate-associated OC concentrations (Wei
et al. 2013a). Additionally, an increase in OC concen-
tration can accelerate the aggregation of particles (Six
et al. 2000, 2004), which can physically protect OC
from microbial decomposition and mineralization
(Razafimbelo et al. 2008). Interactions between OC
and increases in macroaggregation may enhance the
accumulation of OC in soils. This pattern is supported
by the observations that total OC in forest soils was
dominated by the OC in macroaggregates (Bronick
and Lal 2005; Gao et al. 2013; Wei et al. 2013a) and is
also consistent with the findings that the loss of OC in
total soils was mainly due to the loss of macroaggregate-
associated OC after the conversion of natural vegetation
to agricultural land (Qiu et al. 2012; Wei et al. 2013b).

The incorporation of the newly input and recalcitrant
OC into aggregates reduces their vulnerability to de-
composers (Six et al. 2004; Lehmann et al. 2007). Soil
aggregates, particularly macroaggregates, however, are
sensitive to soil disturbance caused by ploughing, which
will break down the macroaggregates and reduce the
stability of macroaggregate-associated OC (Solomon
et al. 2002; Six and Jastrow 2002; Six and Paustian
2014). For example, Grandy and Robertson (2006) ob-
served significant decreases in the proportion of macro-
aggregates and macroaggregate-associated OC concen-
tration 60 days after the tillage of previously uncultivat-
ed soils. Our previous studies suggested that the largest
decrease in the proportion of macroaggregates,
macroaggregate-associated OC and forest-derived OC
were observed only 4 years after the conversion of forest
to cropland (Wei et al. 2013b, 2014a). We therefore
suggest that the OC in macroaggregates in afforested
land is susceptible to soil disturbance or any conversion
to cropland, and the afforested land should be carefully
managed to prevent the loss of sequestered OC in the
soil.

We have demonstrated in this study that afforestation
with Chinese pine on abandoned farmland significantly
improved soil structure and increased the OC concen-
trations of soil aggregates. The afforestation with Chi-
nese pine sequestrated an estimated 3.3 kg m > OC in
the top 20 cm of the soil at steady states, mainly accu-
mulated in macroaggregates. The effects of coniferous
forests on soil OC, however, significantly differ from
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those of broadleaved forests (Laganiere et al. 2010;
Kasel et al. 2011; Wei et al. 2013a). For example, the
litter and roots of broadleaved trees have relatively
lower C/N ratios than coniferous trees (Gholz et al.
2000), which will influence the decomposition of or-
ganic materials in the soil (Heal et al. 1997). Addition-
ally, broadleaved forests have a greater potential to
improve soil structure than coniferous forest (Fan et al.
2006; Wei et al. 2013a). We therefore recommend that
the dynamics of OC in aggregates following affores-
tation with broadleaved species should be further
examined to establish a more general pattern of soil
OC dynamics after afforestation. Also, forest-derived
and farmland-derived OC in aggregates should be
differentiated, and the dynamics following afforesta-
tion should be studied further, to provide basic in-
formation of how afforestation affects the accumula-
tion of soil OC.

Acknowledgments We thank Zizhuang Liu, Xuezhang Li and
Xiaoxu Jia for their help with the field and laboratory experiments.
We also thank the reviewers and Professor Robert Horton from
Iowa State University for their comments that improved the quality
of this paper. This study was supported by the National Natural
Science Foundation of China (41471244, 41271315), the Program
for New Century Excellent Talents in University (NCET-13-0487)
and the Programs from Northwest A&F University (2014YQO007)
and the Institute of Soil and Water Conservation, Chinese Acade-
my of Sciences and Ministry of Water Resources (A315021381).

References

Bronick CJ, Lal R (2005) Soil structure and management: a
review. Geoderma 124:3-22

Cambardella CA, Elliott ET (1993) Carbon and nitrogen distribu-
tions in aggregates from cultivated and grassland soils. Soil
Sci Soc Am J 57:1071-1076

Chen FS, Zeng DH, Fahey TJ, Liao PF (2010) Organic carbon in
soil physical fractions under different-aged plantations of
Mongolian pine in semi-arid region of Northeast China.
Appl Soil Ecol 44:42-48

Compton JE, Boone RD (2000) Long-term impacts of agriculture
on soil carbon and nitrogen in New England forests. Ecology
81:2314-2330

Degryze S, Six J, Paustian K, Morris SJ, Paul EA, Merckx R
(2004) Soil organic carbon pool changes following land-use
conversions. Glob Chang Biol 10:1120-1132

Deng L, Liu G, Shuangguan ZP (2014) Land use conversion and
changing soil carbon stocks in China’s ‘Grain-for-Green’
Program: a synthesis. Glob Chang Biol 20:3544-3556

Devine S, Markewitz D, Hendrix P, Coleman D (2014) Soil
aggregates and associated organic matter under conversional

@ Springer

tillage, no-tillage, and forest succession after three decades.
PLoS ONE 9(1):e84988

Don A, Rebmann C, Kolle O, Schere-Lorenzen M, Schulze ED
(2009) Impact of afforestation-associated management
changes on the carbon balance of grassland. Glob Chang
Biol 15:1990-2002

Don A, Schumacher J, Freibauer A (2011) Impact of tropical land-
use change on soil organic carbon stocks-a meta-analysis.
Glob Chang Biol 17:1658-1670

Elliott ET (1986) Aggregate structure and carbon nitrogen, and
phosphorus in native and cultivated soils. Soil Sci Soc Am J
50:627-633

Fan HB, Li YY, Su BQ, Lin DX, Liu CH, Jiang ZK (2006)
Allocation pattern of biomass and productivity in the mixed
uneven-aged stands of Masson’s pine and hardwood species.
Acta Ecol Sin 26:2463-2473

Fan RQ, Yang XM, Drury CF, Guo CB, Zhang XP (2013)
Distribution and stability of organic carbon in soil aggregate
external and internal layers under three different land-use
systems. Soil Sci Soc Am J 77:1625-1635

Froberg M, Tipping E, Stendahl J, Clarke N, Bryant C (2011)
Mean residence time of O horizon carbon along a climatic
gradient in Scandinavia estimated by '*C measurements of
archived soils. Biogeochemistry 104:227-236

Galdo ID, Six J, Peressotti A, Contrufo MF (2003) Assessing the
impact of land-use change on soil C sequestration in agricul-
tural soils by means of organic matter fractionation and stable
C isotopes. Glob Chang Biol 9:1204—1213

Gao HL, Qiu LP, Zhang YJ, Wang LH, Zhang XC, Cheng JM
(2013) Distribution of organic carbon and nitrogen in
soil aggregates of aspen (Populus simonii) woodlands
in the semiarid Loess Plateau of China. Soil Res 51:
406-414

Gelaw AM, Singh BR, Lal R (2013) Organic carbon and nitrogen
associated with soil aggregates and particle sizes under dif-
ferent land uses in Tigray, Northern Ethiopia. Land Degrad
Dev. doi:10.1002/1dr.2261

Gholz HL, Wedin DA, Smitherman SM, Harmon ME,
Parton WJ (2000) Long-term dynamics of pine and
hardwood litter in contrasting environments: toward a
global model of decomposition. Glob Chang Biol 6:
751-765

Grandy AS, Robertson GP (2006) Aggregation and organic matter
protection following tillage of a previously uncultivated soil.
Soil Sci Soc Am J 70:1398-1406

Heal OW, Anderson JM, Swift MJ (1997) Plant litter quality and
decomposition: an historical overview. CAB International, Oxon

IPCC (2007) Climate change 2007: the physical science basis.
Cambridge University Press, Cambridge

Jiménez JJ, Lorenz K, Lal R (2011) Organic carbon and nitrogen
in soil particle-size aggregates under dry tropical forests from
Guanacaste, Costa Rica - implications for within-site soil
organic carbon stabilization. Catena 86:178—191

Kaiser M, Wirth S, Ellerbrock RH, Sommer M (2010) Microbial
respiration activities related to sequentially separated, partic-
ulate and water-soluble organic matter fractions from arable
and forest topsoils. Soil Biol Biochem 42:418-428

Kasel S, Singh S, Sanders GJ, Bennett LT (2011) Species-specific
effects of native trees on soil organic carbon in biodiverse
plantings across north-central Victoria, Australia. Geoderma
161:95-106


http://dx.doi.org/10.1002/ldr.2261

Plant Soil (2015) 391:237-251

251

Kemper WD, Rosenau RC (1986) Aggregate stability and size
distribution. In: Klute A (ed) Methods of soil analysis, part 1,
2nd edn. American Society of Agronomy, Madison, pp 837—
871

Laganiere J, Angers DA, Paré¢ D (2010) Carbon accumulation in
agricultural soils after afforestation: a meta-analysis. Glob
Chang Biol 16:439-453

Lehmann J, Kinyangi J, Solomon D (2007) Organic matter stabi-
lization in soil microaggregates: implications from spatial
heterogeneity of organic carbon contents and carbon forms.
Biogeochemistry 85:45-57

Li DJ, Niu SL, Luo YQ (2012) Global patterns of the dynamics of
soil carbon and nitrogen stocks following afforestation: a
meta-analysis. New Phytol 195:172-181

Liu MY, Chang QR, Qi YB, Liu J, Chen T (2014) Aggregation
and soil organic carbon fractions under different land uses on
the tableland of the Loess Plateau of China. Catena 115:19—
28

Lobe I, Sandhage-Hofmann A, Brodowski S, du Preez CC,
Amelung W (2011) Aggregate dynamics and associated soil
organic matter contents as influenced by prolonged arable
cropping in the South African Highveld. Geoderma 162:
251-259

Lugo AE, Brown S (1993) Management of tropical soils as sinks
or sources of atmospheric carbon. Plant Soil 149:27-41

Martens DA, Reedy TE, Lewis DT (2003) Soil organic carbon
content and composition of 130-year crop, pasture and forest
land-use managements. Glob Chang Biol 10:65-78

McCarthy JF, Ilavsky J, Jastrow JD, Mayer LM, Perfect E, Zhuang
J (2008) Protection of organic carbon in soil microaggregates
via restructuring of aggregate porosity and filling of pores
with accumulating organic matter. Geochim Cosmochim
Acta 72:4725-4744

Nie M, Pendall E, Bell C, Wallenstein MD (2014) Soil aggregate
size distribution mediates microbial climate change feed-
backs. Soil Biol Biochem 68:357-365

Paul KI, Polglase PJ, Nyakuengama JG, Khanna PK (2002)
Changes in soil carbon following afforestation. For Ecol
Manag 168:241-257

Post WM, Kwon KC (2000) Soil carbon sequestration and land-
use change: processes and potential. Glob Chang Biol 6:317—
327

Puget P, Lal R, Izaurralde C, Post M, Owens L (2005) Stock and
distribution of total and corn-derived soil organic carbon in
aggregate and primary particle fractions for different land use
and soil management practices. Soil Sci 170:256-279

Qiu L, Wei X, Zhang X, Cheng J, Gale W, Guo C, Long T (2012)
Soil organic carbon losses due to land use change in a
semiarid grassland. Plant Soil 355:299-309

Razafimbelo TM, Albrecht A, Oliver R, Chevallier T, Chapuis-
Lardy L, Feller C (2008) Aggregate associated-C and phys-
ical protection in a tropical clayeysoil under Malagasy con-
ventional and no-tillage systems. Soil Tillage Res 98:140—
149

Six J, Jastrow JD (2002) Organic matter turnover. In: Lal R (ed)
Encyclopedia of soil science. USA Marcel Dekker, New
York, pp 936-942

Six J, Paustian K (2014) Aggregate-associated soil organic matter
as an ecosystem property and a measurement tool. Soil Biol
Biochem 68:A4-A9

Six J, Paustian K, Elliott ET, Combrink C (2000) Soil structure and
organic matter: I. Distribution of aggregate-size classes and
aggregate-associated carbon. Soil Sci Soc Am J 64:681-689

Six J, Callewaert P, Lenders S, De Gryze S, Morris SJ, Gregorich
EG, Paul EA, Paustian K (2002) Measuring and understand-
ing carbon storage in afforested soils by physical fraction-
ation. Soil Sci Soc Am J 66:1981-1987

Six J, Bossuy H, Degryze S, Denef K (2004) A history of research
on the link between (micro)aggregates, soil biota, and soil
organic matter dynamics. Soil Tillage Res 79:7-31

Solomon D, Fritzsche F, Lehmann J, Tekalign M, Zech W (2002)
Soil organic matter dynamics in the subhumid agroecosystems
of the Ethiopian Highlands: evidence from natural 13C abun-
dance and particle-size fractionation. Soil Sci Soc Am J 66:
969-978

Song XH, Peng CH, Zhou GM, Jiang H, Wang WF (2014)
Chinese Grain for Green Program led to highly increased soil
organic carbon levels: A meta-analysis. Sci Rep 4:4460

Spohn M, Giani L (2011) Impacts of land use change on soil
aggregation and aggregate stabilizing compounds as depen-
dent on time. Soil Biol Biochem 43:1081-1088

Vesterdal L, Ritter E, Gundersen P (2002) Change in soil organic
carbon following afforestation of former arable land. For
Ecol Manag 169:137-147

Wang X, Cammeraat ELH, Cerli C, Kalbitz K (2014) Soil aggre-
gation and the stabilization of organic carbon as affected by
erosion and deposition. Soil Biol Biochem 72:55-65

Wei X, Qiu L, Shao M, Zhang X, Gale W (2012) The accumula-
tion of organic carbon in mineral soils by afforestation of
abandoned farmland. PLoS ONE 7:¢32054

Wei X, Li X, Jia X, Shao M (2013a) Accumulation of soil organic
carbon in aggregates after afforestation on abandoned farm-
land. Biol Fertil Soils 49:637-646

Wei X, Shao M, Gale W, Zhang X, Li L (2013b) Dynamics of
aggregate-associated organic carbon following conversion of
forest to cropland. Soil Biol Biochem 57:876-883

Wei X, Huang L, Xiang Y, Shao M, Zhang X, Gale W (2014a) The
dynamics of soil OC and N after conversion of forest to
cropland. Agric For Meteorol 194:188-196

Wei X, Shao M, Gale W, Li L (2014b) Global pattern of soil
carbon losses due to the conversion of forest to agricultural
land. Sci Rep 4:4062

Yang HJ, Hou YJ (2005) The policy effect for huanglong hilly area
reclamation during Qing Dynasty. J China Hist Geogr 20:
125-131

Zhang K, Dang H, Tan S, Cheng X, Zhang Q (2010) Change in
soil organic carbon following the ‘Grain-for-Green’ pro-
gramme in China. Land Degrad Dev 21:16-28

Zomer RJ, Trabucco A, Bossio DA, Verchot LV (2008) Climate
change mitigation: a spatial analysis of global land suitability
for clean development mechanism afforestation and refores-
tation. Agric Ecosyst Environ 126:67-80

@ Springer



	Dynamics of soil aggregate-associated organic carbon along an afforestation chronosequence
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study sites
	Field investigation, soil sampling and laboratory analysis
	Data analysis

	Results
	The dynamics of aggregation along the afforestation chronosequence
	The dynamics of OC in total soils along the afforestation chronosequence
	The dynamics of OC in aggregates along afforestation chronosequence
	Relationship between OC accumulations in aggregates and total soils

	Discussion
	References


