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Abstract
Background and aims Forest ecosystems represent an
important carbon sink. A few studies have reported
carbon stocks in a forest chronosequence, the carbon
stock pattern variation and proportion of each compart-
ment remain poorly understood. The objectives of this
study were to quantify carbon stocks of each compart-
ment of forest ecosystem and access their contribution to
forest carbon stocks with forest succession.
Methods Totally, 32 plots (20 m × 50 m) in different
stages of forest succession were investigated, including
11 replicates forMasson pine forest at the early stage, 9 for
pine-broadleaved mixed forest at the middle stage, and 12
for evergreen broadleaved forest at succession climax, to
quantify carbon stocks in trees, shrubs, herbaceous plants,
litter and coarse woody debris (CWD), and soil.
Results The total ecosystem carbon stocks ranged from
193 to 257 Mg ha−1, of which vegetation carbon stocks
ranged from 94 to 129 Mg ha−1. Tree biomass carbon
stocks increased but shrub biomass carbon stocks de-
creased during forest succession. The increment of tree

biomass carbon stocks was far more than that of shrub,
resulting in the increases of vegetation carbon stocks
during forest succession. Debris carbon stocks ranged
from 4.2 to 5.6 Mg ha−1, with no significant variation
across the forest chronosequence. The soil carbon stocks
(top 100 cm) ranged from 96 to 132 Mg ha−1. Soil
carbon stocks increased significantly during the forest
chronosequence, of which soil carbon accumulation
occured mainly in the topsoil (0–30 cm). There were
no significant differences among the proportions of
forest ecosystem carbon stocks in the chronosequence.
The averages of proportions of vegetation biomass,
debris and soil carbon were 46.7 %, 2.1 % and
51.2 %, respectively.
Conclusions Our results present robust evidence for the
increasing carbon sequestration across forest succession
chronosequence. Furthermore, tree growth and carbon
accumulation in topsoil layer contribute equivalently to
carbon sequestration during forest succession in sub-
tropical China.

Keywords Forest succession . Carbon stock . Soil
organic carbon . Forest ecosystem . Subtropical forest .

Biomass

Introduction

Given global warming and increasing atmospheric CO2

concentration, concerns regarding climate change miti-
gation strategies have increased in recent years. Carbon
(C) sequestration by forests is considered one effective
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mitigating pathway (Dixon et al. 1994; Pan et al. 2011).
Globally, forests are the largest C pool representing a C
stock of 861Pg or 45.7 % of terrestrial C, more than
double the amount of C in the atmosphere (FAO 2006;
Pan et al. 2011), and function as an important C sink.
Forest C stocks vary in time and space (Pan et al. 2011),
and by changes in forest composition through the pro-
cess of forest succession (Thuille and Schulze 2006;
Alberti et al. 2008; Stoy et al. 2008; Wang and Epstein
2013; Zeng et al. 2013).

Ecological succession is the observed process of
change in species composition and stand structure of
an ecological community over time. A rich literature
exists demonstrating the changes of plant productivity
(Goulden et al. 2011), biological diversity (Amici et al.
2013), soil fertility (Gomoryova et al. 2007), and plant
nutrition (Batterman et al. 2013) following forest com-
munity succession. Recently, a few studies on succes-
sional changes in forest C stocks have been reported
(Alberti et al. 2008; De Simon et al. 2012; Novara et al.
2013; Zeng et al. 2013). Most of these studies are from
Europe and the Americas and relate to dynamics of soil
C stocks and microbial biomass (Foote and
Grogan 2010; De Simon et al. 2012; Deng et al. 2013;
Novara et al. 2013). However, there remains a lack of
investigations aimed at quantifying the aboveground
and belowground C stocks associated with successional
change, especially in Asia (Zeng et al. 2013).

Choice of research methods plays a very important
role in accurately calculating changes in forest C stocks
over time.Manymethods are available to quantify forest
C stocks (Guo et al. 2010; Talbot et al. 2014). Of these,
the most commonly used method was forest survey (Lü
et al. 2010; Wang et al. 2013). To calculate fine and
coarse root biomass, De Simon et al. (2012) used a
coefficient of aboveground biomass. Alberti et al.
(2008) also estimated root biomass using a root:shoot
biomass ratio of 0.24. Although a few documents re-
ported C stocks as forests change with succession, there
is still lack of knowledge describing the partition of C
stocks within forest ecosystems.

In the subtropical zone of China, the primary natural
evergreen broadleaved forests were destroyed over the
past centuries by human activities. Recently, forest res-
toration in China has gained considerable attention.
After disturbance cessation, the communities tends to
restore slowly to their native state. Some areas where
plantations had been created have been clearcut, aban-
doned, and are now returning, through natural

succession, to evergreen broadleaved forests. Accurate
quantification of changes in C stock in forests undergo-
ing natural succession can further improve our under-
standing of the role of forests in C sequestration.
However, such studies are very challenging because of
uncertainties in estimates in spatial and temporal varia-
tions of C stocks and fluxes (IPCC 2000). One promis-
ing approach is to examine forest C budgets and tem-
poral trends using chronosequences (space for time
substitution) (Walker et al. 2010).

Using this chronosequence approach, we selected 32
plots (20 m × 50 m for each) in a series of stands at
different stages of development across a forest
chronosequence covering a period of approximately
100 years, with the aim to test the hypothesis that C
stocks in forest ecosystems would increase with forest
succession stages. These successional forests included
Masson pine forest (PF), pine-broadleaved mixed forest
(MF), and evergreen broadleaved forest (BF). In partic-
ular, the specific objectives of this study were: (1) to
quantify C stocks of each compartment of forest eco-
system, and (2) to access the contribution of each com-
partment to forest ecosystem C stocks.

Materials and methods

Site description and plots selection

The study was conducted in Hunan Province (108°47′–
114°15′ E, 24°38′– 30°08′ N) situated in mid-
subtropical zone of China (Fig. 1). Hunan Province is
located at the transition zone from the Yunnan-Guizhou
plateau to the lower mountains and hills on the southern
side of the Yangtze River at an elevation of 21–2122 m
above sea level. The climate of this region is humid mid-
subtropical monsoon. The mean annual precipitation is
1200–1700 mm, of which about 68 % – 84 % falls
between April and October. The average annual air
temperature is 16–18 °C with mean minimum in
January and mean maximum in July (Cao and Li
2012). The soil is red-yellow, which developed mostly
from the parent rocks of slate and shale, and classified as
Plinthudults accroding to US Soil Taxonoy.

The native vegetation is evergreen broadleaved
forest typical of subtropics, with Castanopsis spp.
and Quercus spp. as the major species. At the
early stage of forest succession after plantation
abandonment, the secondary forest consists mainly
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of Masson pine (Pinus massoniana). With second-
ary forest development, deciduous tree species join
the stand, such as liquidambar (Liquidambar
formosana), sassafras (Sassafras tzumu), basswood
(Tilia tuan), and camphor tree (Cinnamomum
camphora). At climax, evergreen broadleaved tree
species such as Castanopsis spp., Quercus spp.,
Cyclobalanopsis spp. become dominant. Based on
this successional pattern, pure Masson pine forests
(PF), pine-broadleaved mixed forest, and evergreen
broadleaved forest (BF) were selected to represent
the early, medium, and regional climax stages.
Previous reports demonstrated that these three
stages represent a typical chronosequence of forest
succession in subtropical China (Huang et al.
2011; Zeng et al. 2013; Zhang et al. 2013). We
selected 32 plots having no evidence of recent
disturbance. Distance between stands representing
each forest type was more than 1 km (Fig. 1). The
main characteristics of each chronosequence are
reported in Table 1.

Aboveground and belowground biomass

The 32 plots included 11 replicates for PF, 9 for MF, and
12 for BF. The area of each plot was 1000 m2

(20 m × 50 m). In October 2011, all plots were inten-
sively surveyed, recording community structure, eleva-
tion, slope, forest age, and canopy density. Diameter at
breast height (DBH, DBH ≥ 5 cm at 1.3 m) and height of
each tree were measured for all trees in each plot. To
quantify total biomass and biomass of different com-
partments (e.g., stem, branch, leaf and root) of each tree,
allometric growth equations for each tree species were
used. For equation simulation, at least 10 standard trees
of every tree species were selected and harvested. The
allometric growth equations for dominant and other tree
species were listed in Table 2. We used these allometric
growth equations to calculate the aboveground biomass
(stem, branch and leaf) of every tree and the total above-
ground biomass for every plot.

The coarse root (≥ 2 mm) biomass of dominant and
other tree species was also calculated using allometric

Fig. 1 Sites of the Masson pine
forest (PF, ■), the pine and
broadleaved mixed forest (MF, ●)
and the evergreen broadleaved
forest (BF,▲) inHunan province,
subtropical China
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growth equations. More than 10 standard trees of every
tree species were selected and harvested to simulate
equations (same with selected trees for aboveground
biomass calculation). The coarse root biomass of indi-
vidual standard trees of each species was deter-
mined through excavating a soil cylinder (Xiang
et al. 2011). A soil cylinder extending from the
ground projection of the crown was excavated at a
verticle depth of 60 cm. Soil was carefully exca-
vated at 20-cm-depth intervals and sifted through a
wire sieve (20-mm mesh) to separate roots. Stumps and
attached taproots were pulled out, and soil residue
remained on roots was removed by brushing and wash-
ing. All harvested roots were weighted and divided into
four classes according to the method of Xiang et al.
(2011). Subsamples of each class were brought to the
laboratory and dried at 65 °C to constant weight.

Moisture content was determined and used to calculate
the dry mass for each class, and the total root biomass
was achieved by combining all classes.

Measurements of fine root (<2 mm) biomass were
made using the soil coring method (Helmisaari et al.
2007). Using a stainless-steel cylinder of a diameter of
10 cm and a height of 20 cm, ten soil cores were
collected randomly from the 0–20 and 20–40-cm min-
eral soil layers of each plot. Fine roots were separated
from the soil by washing and then dried at 65 °C for
48 h, in order to calculate dry biomass on an area basis.
The density of fine root biomass was calculated from the
mean dry biomass of fine root sampled (Bfr) and the
volume of the stainless-steel cylinder (V), using the
following equation: Dfr = Bfr / V. The total biomass of
roots is equal to the sum of coarse root and fine root
biomass.

Table 1 Characteristics of the studied chronosequences

Community Masson forest (PF) Pine-broadleaved mixed forest (MF) Evergreen broadleaved forest (BF)

Successional stage I II III

Age (years) 20–30 20–50 40–100

Slope (°) 5–20 5–15 5–36

Elevation (m) 205–548 192–758 218–1004

Canopy density (%) 50 65 70

Stand density (stems ha−1) 986 1148 1055

Stone in soil (%, weight) 1.5 4.1 14.1

Soil taxonomy Ultisol Ultisol Ultisol

Dominant species

Tree layer Pinus massoniana Pinusmassoniana Castanopsis fargesii

Liquidambar formosana Schima superb

Sassafras tzumu Quercus spp.

Cinnamomum camphora Lithocarpus glabra

Machilus pauhoi

Cyclobalanopsis glauca

Shrub layer Loropetalum chinense Maesa japonica Maesa japonica

Quercus fabri Ilex aculeolata Eurya nitida

Clerodendrum cyrtophyllum Eurya nitida Sapium discolor

Quercus fabri

Herb layer Miscanthus floridulu Woodwardia japonica Dicranopteris linearis

Dicranopteris linearis Dicranopteris linearis Urena lobata

Parathelypteris nipponica Dryopteris spp. Diplopterygium chinense

Carex nemostachys Carex nemostachys

Lophatherum gracile

Arthraxon hispidus

Polygonum spp.
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To estimate understory vegetation (herbaceous
plant and shrub) biomass, we used the destructive
harvesting method. Three 2 m × 2 m shrub sub-
plots and one 1 m × 1 m herbaceous plant quadrat
per subplot were randomly selected within each
20 m × 50 m plot. Shrubs were harvested and

separated into leaves, branches, and stem; all herba-
ceous plants were clipped at ground line from each
quadrat. After sampling, all plant materials (including
roots) collected with these subplots were transported to
the laboratory and then dried at 65 °C to constant weight
and meassured their biomass.

Table 2 Allometric growth equations used to estimate tree biomass

Tree species Pinus massoniana R2

Pinus massoniana Stem 0.01844 × (D2H)0.993 0.971

Branch 0.18488 × (D2H)0.5904 0.768

Leaf 0.11272 × (D2H)0.50819 0.787

Root 0.00394 × (D2H)1.00337 0.912

Sassafras tzumu Stem 0.01022 × (D2H)1.04436 0.982

Branch 0.12428 × (D2H)0.62607 0.895

Leaf 0.04917 × (D2H)0.51635 0.979

Root 0.17616 × (D2H)0.66359 0.962

Liquidambar formosana Stem 0.0052 × (D2H)1.1567 0.997

Branch 0.0387 × (D2H)0.731 0.995

Leaf 0.0192 × (D2H)0.7729 0.993

Root 0.0057 × (D2H)0.989 0.993

Cinnamomum camphora Stem 0.01305 × (D2H)1.04777 0.964

Branch 0.01661 × (D2H)0.9779 0.736

Leaf 0.00608 × (D2H)0.84549 0.584

Root 0.04058 × (D2H)0.87911 0.563

Castanopsis fargesii Stem 0.07159 × (D2H)0.86747 0.999

Branch 0.05602 × (D2H)0.78411 0.994

Leaf 0.01915 × (D2H)0.74925 0.991

Root 0.04803 × (D2H)0.78908 0.999

Cyclobalanopsis glauca Stem 0.06035 × (D2H)0.91847 0.987

Branch 0.03508 × (D2H)0.88521 0.984

Leaf 0.00435 × (D2H)0.93164 0.979

Root 0.03949 × (D2H)0.86376 0.991

Machilus pauhoi Stem 0.0659 × (D2H)0.86398 0.999

Branch 0.0335 × (D2H)0.814 0.999

Leaf 0.03105 × (D2H)0.715 0.998

Root 0.10691 × (D2H)0.693 0.998

Schima superb Stem 0.00543 × (D2H)1.16277 0.880

Branch 0.0062 × (D2H)0.99113 0.795

Leaf 0.05977 × (D2H)0.59053 0.730

Root 0.0566 × (D2H)0.81718 0.931

Other tree species Stem 0.045 × (D2H)0.894 0.944

Branch 0.019 × (D2H)0.851 0.944

Leaf 0.046 × (D2H)0.501 0.944

Root 0.007 × (D2H)1.033 0.944

D and H are diameter at 1.3 m height (cm) and tree height (m), respectively
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Litter and coarse woody debris (CWD) biomass

In this study, debris included aboveground litter
and CWD. Aboveground litter, defined as litter
on the soil surface, was quantified by collecting
all the litter and twigs (< 2 cm diameter) within a
randomly-selected 1 m × 1 m subplot in each plot
(the same as the herb quadrat). After sampling, all
plant materials collected within these subplots
were dried at 65 °C to constant weight prior to
measuring their biomass.

The amounts of CWD (> 2 cm diameter) in the
three 10 m × 10 m subplots in each plot were
measured. CWD biomass was calculated as the
product of CWD volume and decay class-specific
densities (Iwashita et al. 2013). Each piece of
CWD was assigned to one of five decay classes
modified from Keller et al. (Keller et al. 2004).
Decay classes 1–4 were successively more
decomposed tree CWD, and tree fern CWD com-
prised a fifth decay class. Densities (dry mass/
volume) for each decay class were quantified on
representative samples from crosssections of debris
collected in situ using the water displacement
method, except decay class 1 which was equal to
live wood density.

Soil sampling

Soil sampling was conducted in five soil layers, 0–
10, 10–20, 20–30, 30–50, and 50–100 cm, using a
stainless-steel cylinder of a diameter of 5 cm. In
each 20 m × 50 m plot, eight soil cores were
randomly collected after the removal of the litter
layer and mixed to effectively form one soil sam-
ple. All samples were passed through a 2-mm
sieve, and the organic fragments (plant material
and root residues) were removed. Each sample
was air-dried and stored at room temperature for
chemical analysis. The soil bulk density of the
different soil layers was measured using a soil
bulk sampler with a 5.0 cm diameter and 5.0 cm
high stainless-steel cutting ring (3 replicates) in
each plot. Locations for soil bulk sampler were
randomly selected. The original volumes of each
soil core and its dry mass after drying at 105 °C
were measured. The coarse fractions (soil fraction
>2 mm) of each sample were also recorded.

Chemical analysis

All plant materials, including the compartments (stem,
branch, leaf, coarse and fine roots) of tree species, shrub
(branch, leaf and root), herbaceous plant, litter, and
CWD, and soil samples were dried and ground to
0.25 mm before chemical analysis for organic C con-
centration. C concentrations of plant and soil samples
were measured with a C/N analyzer (Elementar,
Germany).

C stock calculation

C stocks of tree layers are the sums of each tree species
biomass per unit area multiplied by their C concentra-
tions using the equation:

CStree Mgha−1
� � ¼

Xn

i; j¼1

Bi; j � Cconci; j þ Bfine root � Cconcfine root

where CStree is the C stock of trees (Mg ha−1), Bi,j is the
compartment j biomass of tree speice i per unit area
(Mg ha−1), Cconci,j is the C concentration of comonent
j of tree specie i, Bfine root is the fine biomass per unit area
(Mg ha−1), Cconcfine root is the C concentration of fine
root, i is the kind of tree species, and j is the stem,
branch, leaf, and coarse root.

Shrub C stocks were calculated as:

CSshrub Mgha−1
� � ¼

Xn

i¼1

Bi � Cconci

whereCSshrub is the C stock of shrub (Mg ha−1), Bi is the
compartment i biomass of shrub per unit area (Mg ha−1),
Cconci is the C concentration of compartment i of shrub,
and i is the stem, branch, and root.

Herbaceous plantaceous plant C stocks were calcu-
lated according to the following equation:

CSherb Mgha−1
� � ¼

Xn

i¼1

Bi � Cconci

where CSherbaceous plant is the C stock of herbaceous
plantaceous plant (Mg ha−1), Bi is the compartment i
biomass of herbaceous plantaceous plant per unit area
(Mg ha−1), Cconci is the C concentration of compart-
ment i of herbaceous plantaceous plant, and i is the
aboveground and belowground compartments.

Litter C stock is the biomass of litter per unit area
multiply by its C concentration.
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C stocks of CWD were calculated as:

CSCWD Mgha−1
� � ¼

Xn

i¼1

Vi � DiCconci

where CSCWD is the C stock of CWD (Mg ha−1), Vi and
Di are the volume and density of CWD in decay class i,
respectively, Cconci is the C concentration of CWD in
decay class i, and i is the decay class.

Soil C stocks were calculated by the following equa-
tion:

CSCWD Mgha−1
� � ¼

Xn

i¼1

BDi � Cconci � Di

Where CSsoil is the C stock of soil (Mg ha−1), BDi is
the soil bulk density in i layer (g cm−3),Cconci is the soil
organic C (Harper et al. 2012) concentration in i layer
(%), Di is the soil thickness of i layer (cm), and i is the
layer number of topsoil.

Forest C stock is the sum of C stocks of tree, shrub,
herbaceous plant, litter, CWD and soil.

Statistical analysis

One-way ANOVAwas used to evaluate the differences
among tree, shrub, herbaceous plant, litter and CWD
biomass C stocks in PF, MF and BF stands. Two-way
ANOVAwas used to evaluate differences among soil C
stocks in different layers soil in PF, MF and BF stands.
Tukey’s honestly significant difference test was per-
formed when there were significant differences at
p < 0.05. Analyses were performed using SPSS
Statistics Release15.0 (SPSS Inc.).

Results

Vegetation biomass C stocks

Tree biomass C sotck in BF (127.4 Mg ha−1) was
significantly greater than in PF (90.4 Mg ha−1) and
MF (91.8 Mg ha−1), of which branch and root biomass
C stocks in tree layers in BF were significantly greater
than in PF (Fig. 2a). In contrast, shrub biomass C stock
in BF (0.6 Mg ha−1) was much lower than that in PF
(1.9Mg ha−1, Fig. 2b). The increases of C stocks in trees
were much larger than the decreases of C stocks in
shrubs across the forest chronosequence, resulting in

more vegetation biomass C stock in BF compared to
PF and MF.

The proportion of tree biomass C stock to vegetation
biomass C stock increased significantly with forest suc-
cession. The proportions of shrub and herbaceous plant
biomass C stocks in BF were significantly lower com-
pared to that in PF and MF. The average proportions of
tree, shrub and herbaceous plant biomass C stocks were
approximately 97.3 %, 1.2 % and 1.5 %, respectively.

Debris and soil C stocks

Litter C stocksshowed no significant variation across
different succession stages. There were significant dif-
ferences among CWD C stocks in PF, MF and BF. The
largest CWD C stock was in BF, followed by MF. The
lowest CWD C stock occurred in PF. The significant
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Fig. 2 Vegetation (including tree) biomass carbon stocks of var-
ious components in the Masson pine forest (PF), the pine and
broad-leaf mixed forest (MF) and the evergreen broadleaved forest
(BF) in Hunan province, subtropical China. a, Tree biomass
carbon stock; b, Vegetation biomass carbon stock. Lower-
case letters indicate significant differences of vegetation
(tree) biomass carbon stocks of same components at differ-
ent succession stages at p = 0.05 (ANOVA using Tukey’s
honestly significant difference test)
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increase of CWD C stocks offset the decrease of litter C
stocks with forest succession, resulting in no significant
differences in debris C stocks among PF (4.6 Mg ha−1),
MF (4.2 Mg ha−1) and BF (5.6 Mg ha−1, Fig. 3).

Soil C stock inMF (131.9Mg ha−1) was significantly
higher than that in PF (95.8 Mg ha−1), with no signifi-
cant difference between BF (122.1 Mg ha−1) and MF
(Fig. 4 and 5a). Soil C stocks at the depths of 0–10, 10–
20, and 20–30 cm varied significantly, but showed no
variation between the layers of 30–50 and 50–100 cm
(Fig. 4). The C stock at the depth of 0–30 cm accounted
for 55.6 to 65.8 % of total C stocks in top 1 m soils in all
forest ecosystems and increased gradually with forest
succession stages.

The contribution of each components to forest
ecosystem C stocks

Vegetation biomass and soil both contributed about
50% of the total ecosystem C stocks, with no significant
variation of their contributions across the three kinds of
forests (Fig. 5). The average contributions of vegetation
biomass, debris, and soil to forest ecosystem C stocks
were 46.7 %, 2.1 % and 51.2 %, respectively.

Discussion

Vegetation biomass C stocks across the forest
succession

Vegetation biomass C stocks of forests in subtropical
region of China increased with forest succession as

indicated by the result that vegetation biomass C stock
in BFwas significantly higher than in PF andMF, which
is consistent with results from other studies (Alberti
et al. 2008; De Simon et al. 2012; Wang and Epstein
2013). Wang and Epstein (2013) reported that there was
a carbon source-sink transition during secondary suc-
cession in a Virginia valley. Alberti et al. (2008) found
that forest carbon stock increased at a mean rate of
1.18 Mg ha−1 yr.−1 during a secondary succession in
the Eastern Prealps of Italy. De Simon et al. (2012)
reported that beech and spruce forests acted as carbon
sink, although net ecosystem productions of beech and
spruce forests decreased at the early stages of a
chronosequence. The changes of tree species composi-
tion were the one of the main causes resulting in the
increases of vegetation biomass carbon stocks across the
forest succession. Forests consisting of broadleaved tree
species possess more biomass carbon stocks than those

0

2

4

6

8 CWD
Litter

a
a a

a
b

c

Fig. 3 Debris carbon stocks in the Masson pine forest (PF), the
pine and broad-leaf mixed forest (MF) and the evergreen
broadleaved forest (BF) in Hunan province, subtropical
China. Lowercase letters indicate significant differences of
debris carbon stocks of same component at different suc-
cession stages at p = 0.05 (ANOVA using Tukey’s honestly
significant difference test)

ab

b

bab

b

b
a

a
a

aaa

aa

0-10cm
10-20cm
20-30cm
30-50cm
50-100cm

a

ANOVA results:
Stage: p = 0.003
Depth: p < 0.0001

Fig. 4 Soil carbon stocks in the Masson pine forest (PF), the pine
and broad-leaf mixed forest (MF) and the evergreen broadleaved
forest (BF) in Hunan province, subtropical China. Lowercase
letters indicate significant differences of soil carbon stocks in same
depth at different succession stages at p = 0.05 (ANOVA using
Tukey’s honestly significant difference test)

0

20

40

60

80

a

a

a

a

a

a

aa

Vegetation
Debris
Soil

a

Fig. 5 Proportions of every compartment to ecosystem carbon
stocks in the pine forest (PF), the pine and broad-leaf mixed forest
(MF) and the evergreen broadleaved forest (BF) in Hunan prov-
ince, subtropical China. Lowercase letters indicate significant
differences among proportions of every compartment carbon
stocks at different succession stages at p = 0.05 (ANOVA using
Tukey’s honestly significant difference test)

224 Plant Soil (2016) 409:217–228



consisting of coniferous tree species (Chen et al. 2005;
Glenday 2006). Moreover, plant function diversity and
tree species richness positively corelated to biomass
carbon stock of forest (Guo and Ren 2014). More di-
verse ecosystems might accumulate more carbon as a
result of increased photosynthetic inputs (Catovsky
et al. 2002). The translation of tree species composition
(from coniferous to broadleaved tree species) and the
enhance of plant diversity resulted in the increase of
vegetation biomass carbon stocks across the forest
succession. These results indicated that the second-
ary forest succession can promote to carbon se-
questration into vegetation biomass, act as carbon
sink, and it can be an important strategy to reduce
the concentration of atmospheric carbon dioxide
and alleviate global climate change.

As the key compartment of vegetation biomass car-
bon stocks, tree biomass carbon stocks increased signif-
icantly as succession developed. Tree biomass carbon
stocks in a forest chronosequence in this study ranged
from 90 to 127 Mg ha−1. These values were well within
the ranges of tree biomass carbon stocks (26–
286 Mg ha−1) reported for subtropical and tropical for-
ests (Fang et al. 2003; Glenday 2006; Zhang et
al. 2007; Zeng et al. 2013; Sun and Guan 2014). The
ratio of tree biomass carbon stock to vegetation biomass
carbon stocks ranged from 95 to 99 %, increased signif-
icantly with forest succession, which was consistent
with the results from subtropical and tropical forests
(80–99 %) (Chen et al. 2005; Glenday 2006; Zhang
et al. 2007; Lü et al. 2010; Zeng et al. 2013; Sun and
Guan 2014). The results from the present study and
those from other previous studies indicate that the tree
layer plays an important role in forest biomass accumu-
lation and carbon sequestration as forest succession
develops in subtropical and tropical areas. Given the
importance of tree layer in carbon sequestration, we
should accelerate the fast recovery of tree species com-
position and their carbon sequestration function to alle-
viate the global climate change.

Our results showed that shrub biomass carbon stocks
decreased significantly in the forest chronosequence.
This may be the result of increasing overstory canopy
closure and tree density with forest succession, because
canopy closure had a strong influence on standing crop
of understory plant, and tree density strongly
constrained understroy plant standing crop (Sabo et al.
2009). The proportion of understory biomass carbon
stock to vegetation biomass carbon stocks ranged from

1.3 to 4.4 %, with an average of 2.7 %, which were well
within the ranges of the proportion of understory bio-
mass carbon stock (0.1–19.8 %) reported for subtropical
and tropical forests (Chen et al. 2005; Fang et al. 2003;
Zhang et al. 2007; Zeng et al. 2013; Sun and Guan
2014). Although the contribution of understory plants
to ecosystem carbon stocks was low in this study, there
were a lot of documents showed that understory plants
possess high biodiversity and the seedlings of tree spe-
cies are also the important composition of understory
plants (Onaindia et al. 2013). Thus, understory plants
are still very important from the perspective of the long
term sustainable forest ecosystem function, such as the
potential of C sequestration.

C stocks in debris and soil

Although there was a trend of decrease of litter carbon
stocks across the forest succession, litter carbon stocks
didn’t vary. It may be due to the change of litterfall
production and litter decomposition rates across the
forest succeseion. Litterfall productions of forests in-
creased with forest succession (Huang et al. 2011), and
with the increase of the number of mixed broadleaved
tree species in mixed coniferous broadleaved forests
(Huang et al. 2005). Meanwhile the rates of litter de-
composition increased after the transformation of pure
masson pine forest tomixed forest with broadleaved tree
species (Huang et al. 2011; Song et al. 2014). The
increase of litter decomposition rate offset the increase
of litterfall productions, leading to similar litter carbon
stocks across forest succesion. CWD carbon stocks
increased significantly along the forest chronosequence.
This was due to the gradually increasing mortality of
masson pine with increasing forest age (Tang and Zhou
2005). The increase of CWD carbon stocks offset the
decrease of litter carbon stocks, leading to no changes in
debris carbon stocks with forest succession. Debris acts
as a carbon source of soil and plays an important role in
long-term carbon stock of forests (Manies et al. 2005).
Continuous carbon supply from debris is of great sig-
nificance in the accumulation of soil carbon pool. Debris
carbon stocks in the forest chronosequence ranged from
4.2 to 5.6 Mg ha−1, which were close to those values
reported for subtropical forests (2.7–4.7 Mg ha−1) in
China (Zhang et al. 2007). The proportions of debris
carbon stock to forest ecosystem stock ranged from 1.8
to 2.8 %, which were comparable to that of tropical
seasonal rainforests (2.0–3.4 %) in Southwest China
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(Lü et al. 2010), and higher than that of subtropical
forests (0.3–1.2 %) in South China (Zeng et al. 2013)
and tropical rainforests (0.1–0.3 %) in East Africa
(Glenday 2006). The variation of proportions of debris
carbon stock in our study and these reported by Zeng
et al. (2013) and Glenday (2006) may be the differences
of forest ages.

Soil carbon stock in MF was significantly greater
than that in PF, and it showed that soil carbon stocks
increased significantly as forest succession developed in
this study. Although few document reported that soil
organic matter pool decreasedmarkedly at an early stage
of secondary succession (Ohtsuka et al. 2010), a large of
documents found that soil carbon stock increased during
forest succession (Foote and Grogan 2010; Huang et al.
2011; Deng et al. 2013; Novara et al. 2013). The chang-
es of soil C stocks were the result of the accumulation of
soil organic C with forest succession (Deng et al. 2013).
These changes were closely related to plant succession
that can influence the litter quality and the decomposi-
tion rate following the alteration of plant communities
(Novara et al. 2013). Leaf litter is a primary source of
soil organic carbon (Cusack et al. 2009), and Fine roots
are also an important source of soil organic carbon
(Chen et al. 2002). Owing to the incease of litterfall
production and litter decomposition rate, total carbon
products of input to belowground from decomposed
litter increased significantly with forest succession
(Huang et al. 2011), resulting in the increase of the
concentration of soil organic C and the accumulation
of soil organic C stock. These results indicated that soil
was also an important carbon sink during forest succes-
sion, and it can also be a strategy to reduce the concen-
tration of atmospheric carbon dioxide.

Contribution to forest ecosystem C stock

There were no significant differences among the pro-
portions of vegetation carbon stocks in PF, MF and BF.
Similarly, the proportions of soil carbon stocks in PF,
MF and BF didn’t differ. The results suggest that the
contributions of vegetation biomass and soil carbon
stocks to forest carbon stocks didn’t vary across the
forest succession. It is owing to the the simultaneous
increase of the C stocks in vegetation biomass and soil
across the forest succession. The proportions of vegeta-
tion biomass and soil carbon stocks were close to 50 %,
and it indicates that vegetation and soil play equivalent
improtant roles in carbon sequestration across the forest

succession. However, the result is inconsistent with few
document. The rates of biomass carbon sequestration
were much higher than the rates of soil carbon seques-
tration in oak (Quercus robur) and Norway spruce
(Picea abies) in Denmark, Sweden and the
Nethelands, suggested biomass carbon plays more im-
portant role in carbon sequestration (Vesterdal et al.
2006). Alberti et al. (2008) also found that the dominant
sink for atmospheric carbonwithin secondary mixed ash
and sycamore forests seems to be live wood while the
soil plays a much smaller role during a second succes-
sion. In contrast, our results showed that soil play the
same role with vegetation in carbon sequestration across
the forest succession in subtropical China. These values
indicated that the contributions of vegetation and soil to
forest ecosystem C stocks may vary in different forest
type and region. The different results may depend on a
few of factors controlled soil carbon stock and carbon
sequestration in forest ecosystem, such as tree species
composition (Tang and Li 2013), forest age (Deng et al.
2013), and climate (Marin-Spiotta and Sharma 2013).
The role of vegetation in carbon sequestration is indis-
putable, however, the contribution of soil to C seques-
tration in forest ecosystem is still questionalbe with
forest succession. In the future, we should strengthen
the research of soil C stock and its contribution to forest
ecosystem C stock, especially in the process of forest
succession and vegetation restoration.

Conclusion

Our study investigates the changes in carbon stocks of
each compartment in successional forest ecosystems in
subtropical China. We found that total forest ecosystem
carbon stocks in the chronosequence increased signifi-
cantly and the carbon accumulation was due to the
increase of vegetation biomass and soil carbon stocks.
There were no significant differences among the pro-
portions of forest carbon stock in the forest
chronosequence. Our results indicated that forest eco-
system sequestered atmosphere carbon during forest
succession and became a carbon sink, and vegetation
and soil play equivalent roles in carbon sequestration in
forest ecosystems across the forest succession in sub-
tropical China.
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