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Abstract
& Key message Carbon stock density was quite similar in
planted vs natural forest of Masson’s pine (Pinus
massoniana Lamb.) in China across three ages (7, 15,
and 50 years). The stock in the standing trees was larger
in planted than in natural forests, but this difference was
compensated by larger stocks in the soil and the debris of
natural forests.
& Context Most studies on the carbon stocks are focused on
management strategies to maximize carbon stocks. We still
lack data comparing planted vs natural conifer forests.
& Aims We compared carbon storage in the different compart-
ment (vegetation, soil, debris) along a chronosequence of
Masson’s pine plantations vs natural forests.
& Methods We investigated 58 Masson’s pine (Pinus
massoniana Lamb.) forest stands (20 m×50 m plots), that

differ in stand management (planted and natural forests) and
age (young, middle-aged, and mature ages) and then calculat-
ed the carbon stock densities of vegetation biomass (tree,
shrub, and herb), debris, and soil.
& Results The carbon stock densities in the planted and natural
Masson’s pine forest ecosystems ranged from 78 to
210 Mg ha−1 and from 97 to 177 Mg ha−1 respectively. The
carbon stock densities in the vegetation were significantly
greater in planted forests than in natural forests. A lower car-
bon stock density in debris and soil alleviated the increase of
biomass carbon stock densities in planted vs natural forests,
leading to similar carbon stock densities at ecosystem level.
The carbon stock densities in the vegetation increased with
age, whereas those of debris and soil remained stable.
& Conclusions Planted forests of Masson’s pine sequester
similiar amounts of carbon at ecosystem level to those in nat-
ural forests, reinforcing the idea that planted pine forests can
contribute to the mitigation of greenhouse gas emission.

Keywords Planted forest . Natural forest . Carbon stock
density . Carbon sequestration . Soil organic carbon

1 Introduction

Due to the expansion of forests, forest practices such as affor-
estation and reforestation seem to be effective measures for
sequestering carbon from the atmosphere and mitigating glob-
al climate change (Winjum and Schroeder 1997).
Afforestation and reforestation are also proposed in Article
3.3 of the Kyoto Protocol as effective methods of carbon se-
questration. In contrast to the decreasing land areas of primary
forest and other naturally regenerated forests, the land areas of
planted forests are increasing, making up to approximately
7 % of the global forest area (FAO 2010). Between 2000
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and 2010, the global area of planted forest increased by ap-
proximately 5 million hectares per year, and most of them
were established through afforestation (FAO 2010). As a re-
sult of its ongoing afforestation efforts, China’s afforestation is
now the largest in the world, constituting more than 26 % of
the world-wide planted forest area (Del Lungo et al. 2006).
The annual net gain in planted forest area in China has in-
creased by 2 million hectares per year during the period
1990–2000 and by an average of 3 million hectares per year
since 2000 (FAO 2010). The area of the planted forests also
accounts for approximately 31.7 % of the total forest area in
China (State Forestry Administraiton 2009) and continues to
increase because of the Grain for Green Program of China
(Liu et al. 2008). Moreover, afforestation offers a great poten-
tial for atmospheric CO2 sequestration. Following afforesta-
tion, carbon stocks in the above- and below-ground plant bio-
mass in planted forests increase significantly with forest age
(Niu and Duiker 2006). Although soils accumulate less carbon
at a slower rate than the aboveground biomass (Jandl et al.
2007), soils can contribute approximately 30 % of the total
carbon sequestered in afforested ecosystems, as suggested by
a synthesis of afforestation chronosequences in northwestern
Europe (Vesterdal et al. 2006). Consequently, planted forests
play an increasingly important role in carbon sequestration in
China. Studies on the carbon stock density of planted forests,
especially when compared with that of natural forests, will
deepen our understanding of the role of planted forests in
carbon sequestration.

With the decrease in the land area of natural forests and the
increase in the land area of planted forests, the need to deter-
mine whether the planted forests exhibit ecosystem productiv-
ity and carbon stock similar to those of natural forests has
drawn much attention (Chen et al. 2005; Guo and Ren 2014;
Liao et al. 2010; Perez-Quezada et al. 2011; Thornley and
Cannell 2000). Whether carbon sequestration is greater in nat-
ural or in planted forests is debated. Thornley and Cannell
(2000) found that regular forest management strategies, such
as harvesting (removal of 10 or 20 % of woody biomass), can
gain both a high timber yield and high carbon storage, and
then sequester carbon. This is attributed to higher light
interception and net primary productivity, higher litter input
to the soil giving high soil carbon and N2 fixation, and lower
maintenance respiration than in the undisturbed forest. Guo
and Ren (2014) reported that plantations exhibit much higher
productivity, and thus, much higher carbon sequestration rates
than natural forests. However, Liao et al. (2010) suggested
that the ecosystem carbon stock of plantations is reduced by
28 % compared with the natural forests. Perez-Quezada et al.
(2011) also reported that carbon pools in an arid shrub land are
higher under natural conditions than under afforested condi-
tions. The above-mentioned information on the differences in
carbon sequestration of natural and planted forests may have
been misguided by many factors; thus, opposing results were

obtained. The first factor is the tree species. Different tree
species exert different effects on the improvement of produc-
tivity and carbon sequestration (Tang and Li 2013;Wang et al.
2013). Broadleaved tree species can usually sequester greater
amounts of carbon than coniferous tree species (Wang et al.
2013), thereby leading to the higher carbon stocks stored in
ecosystems following afforestation of hardwoods, such as
Eucalyptus, than afforestation of softwoods, such as pine (Li
et al. 2012). Most of the natural forests reported in the above
mentioned studies are natural broadleaved forests dominated
by native broadleaved tree species. However, the most com-
mon tree species in planted forests are coniferous tree species,
such as Cunninghamia lanceolata, Pinus caribaea,
P. massoniana, P. radiata, and Picea abies (Liao et al.
2010). The second factor is forest management. Thornley
and Cannell (2000) suggested that management regimes
maintaining a continuous canopy cover and mimicking
regular natural forest intervention are likely to gain the best
combination of highwood yield and carbon storage. Stand age
can also affect the calculation of carbon stock of forests. Guo
and Ren (2014) suggested that stand ages can explain the
differences in the performance of planted and natural forests.
They found that the productivity of plantations is twice that of
natural forests because the plantations are still in their early
stages of succession. However, the comparison of the carbon
stocks of planted and natural forests of different ages leads to a
biased or even erroneous result. Stand condition can also affect
forest productivity and carbon sequestration. Moreover, clay-
rich soils (>33 %) exhibit a greater capacity to accumulate soil
organic carbon than soil with lower clay content (<33 %)
(Laganière et al. 2010). For the above reasons, most of the
previous comparisons are incomplete and the scenario of nat-
ural broadleaved forests versus planted coniferous forests is
usually missing, leading to a biased result that influences our
knowledge on which between the planted forests with man-
agement practices and natural forests sequester more carbon.

Masson’s pine (P. massoniana Lamb.) is native to China
and is widely distributed in the northern latitudes (Yang et al.
2011). Although few studies have reported on the stand bio-
mass ofMasson’s pine forests in China (Ding andWang 2001;
Liu 1996;Mo et al. 1999), none of them has directly compared
the carbon stock densities of planted and natural Masson’s
pine forests at various ages. The comparison of carbon stock
densities of planted and natural pine forests could redefine the
role of planted and natural forests in carbon sequestration,
leading to a conclusion concerning which one has more po-
tential in mitigating climate change, in order to better increase
carbon sink of management forests. To compare the carbon
stock densities of planted and natural forests, we selected 58
plots of planted and natural Masson’s pine forests in a series of
stands at different ages. We hypothesized that planted forests
exhibit fundamental differences in terms of carbon stock den-
sity and distribution pattern from the natural forests, such as
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more carbon stock density stored in planted forests than in
natural forests, and these differences are mainly caused by
stand treatments and forest management. The study specifical-
ly aims to quantify the carbon stock densities and their pro-
portions in the planted and natural Masson’s pine forests at
different ages, and to determine the changes of their carbon
stock densities following a chronosequence. A comparison of
the changes of carbon stock densities between planted and
natural Masson’s pine forest ecosystems with age is critical
in understanding the role of reforestation and afforestation in
mitigating global climate change.

2 Materials and methods

2.1 Site description and plot selection

Field work was conducted in Hunan Province (108°47′–
114°15′ E, 24°38′–30°08′ N) situated in the mid-subtropical
zone of China (Fig. 1). Hunan Province is located at the tran-
sition zone from the Yunnan–Guizhou plateau to the lower
mountains and hills along 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 1,200–1,700 mm, approxi-
mately 68–84 % of which is received between April and
October. The mean annual air temperature is 16 °C–18 °C,
with mean minimum in January and mean maximum in July.
The soil derived from shale and slate is red–yellow and is
classified as Plinthudults, a subgroup of Ultisols according
to US Soil Taxonomy (Wang et al. 2013). The soil also

exhibits a grayish upper horizon found above the reddish
argillic horizon.

Masson’s pine (P. massoniana Lamb.) is widely distributed
in the north latitudes (21°41′–33°51′) of China (Yang et al.
2011). Due to its widespread use in turpentine, building, and
paper, Masson’s pine is a common reforestation tree species,
comprising 20 % of the plantations in China (Mo et al. 1999).
Masson’s pine is also a pioneer tree species in forest succes-
sion because of its high adaptability and tolerance to drought
and impoverished soils. In Hunan Province in southern China,
Masson’s pine occurs in 0.81 million hectares of natural for-
ests and 0.32 million hectares of plantations (Forestry
Department of Hunan Province 2010). Forest management
practices are implemented in planted forests at each age.
Understory species are removed to increase the survival rate
of seedlings in the planted Masson’s pine forests at a young
age. Tree thinning is also usually performed to enhance forest
productivity in young and middle-aged trees. Sometimes, fer-
tilization is a common management practice in planted
Masson’s pine forests. By contrast, no forest management
practice is implemented in the natural pine forests, and a lower
intensity of human intervention, such as fire wood collection
and grazing by cattles, occasionally appears in natural
Masson’s pine forests in Hunan Province.

The design of this study incorporates two factors: stand
management (planted and natural forests) and stand age.
Table 1 shows the number of plots (replicates) of planted
and natural forests. The presence of naturally occurring
Masson’s pine forest characterizes the early stage of forest
succession in the subtropical zone of China (Fang et al.
2011; Yan et al. 2009; Zeng et al. 2013). Given the implemen-
tation of the Natural Forest Conservation Program in China,

Fig. 1 Location of planted and
natural Masson’s pine forests in
Hunan Province, China. The
hollow legends are the locations
of planted forests; the solid
legends are the locations of
natural forests. The number
associated with each legend
indicates the number of
overlapping forest stands
(although the distances between
stands representing each forest
type were more than 1 km, many
sites of forest stands were
overlapped on the map of Hunan
Province)
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finding planted Masson’s pine forests established on cleared
natural forests is challenging. Thus, the Masson’s pine forest
plantations we selected were commonly established after
clear-cutting and slash-burning the existing Chinese fir plan-
tation, even if they were different from the land-use history of
natural Masson’s pine forests. The stand ages used in studies
are as follows: young (≤10 years), middle-aged (>10 and ≤
20 years), and mature (> 20 years), which are consistent with
those used by the State Forestry Administration of China. In
addition, the distance between stands representing each forest
type was more than 1 km (Fig. 1). Table 1 shows the main
characteristics of each chronosequence.

At present, the tree species composition of the planted and
natural Masson’s pine forests is dominated by P. massoniana
Lamb. The dominant shrub species in the planted pine forests
include Quercus glandulifera var. brevipetiolata Nakai,
Loropetalum chinense, and Q. fabri Hance. Those in the nat-
ural pine forests include Q. glandulifera var. brevipetiolata
Nakai, L. chinense , Liquidambar formosana , and
Castanopsis sclerophylla (Lindl.) Schott. The dominant herb
species in the planted pine forests include Saccharum
arundinaceum, Imperata cylindrical (Linn.) Beauv., and
Dicranopteris dichotoma, and those in the natural pine forests
include I. cylindrical (Linn.) Beauv, Dryopteris fuscipes, and
D. dichotoma.

2.2 Aboveground and belowground biomass calculation

The area of each plot was 1,000 m2 (20 m×50 m). In October
2011, all plots were intensively surveyed, and the community
structure, elevation, slope, forest age, and canopy density were
recorded. The diameter at breast height (DBH) of each tree

(DBH≥5 cm at 1.3 m above ground) and height were record-
ed for all trees in each plot. We used the allometric growth
equations for Masson’s pine to quantify the total biomass and
the biomass of the different plant components (e.g., stem,
branch, leaf, and root) of each tree. To establish the equation,
we selected and harvested 53 standard trees. The DBH of all
standard trees ranged from 4.6 cm to 67.1 cm and their ages
ranged from 4 years old to 115 years old. Analysis of covari-
ance indicated that significant differences exist between the
allometric growth equations of the planted and natural
Masson’s pines. Thus, the allometric growth equations of the
planted and natural Masson’s pines were established using 25
stems from the planted forests and 28 stems from the natural
forests respectively (Table 2). We used the allometric growth
equations of the planted and natural trees to estimate the
aboveground biomass (stem, branch, and leaf) of each tree

Table 1 Characteristics of the Masson’s pine forests at different ages

Item Young forest Middle-aged forest Mature forest

Planted Natural Planted Natural Planted Natural

Replicates 13 7 9 13 5 11

Age (years) 6a 8ab 14ab 17b 48c 52c

Slope (°) 12a 15a 18a 13a 11a 12a

Elevation (m) 313a 313a 414a 297a 379a 338a

Canopy closure (%) 75a 50b 60ab 70ab 60ab 50b

DBH (cm) 6.2a 8.4a 15.3b 14.0b 25.5c 23.2c

Height (m) 4a 5a 11b 10b 20c 15d

Stand density (stems ha−1) 2,353a 1,335ab 1,522ab 1,329ab 723b 986b

Soil taxonomy Ultisol Ultisol Ultisol Ultisol Ultisol Ultisol

SOC in 0–10 cm (g kg−1) 13.4(2.0)a 22.7(1.5)b 21.6(3.4)b 21.2(1.9)b 22.9(1.9)b 23.6(2.0)b

STN in 0–10 cm (g kg−1) 1.2(0.1)a 1.1(0.2)a 1.8(0.3)a 1.5(0.2)a 1.4(0.3)a 1.7(0.2)a

STP in 0–10 cm (g kg−1) 0.38(0.03)a 0.21(0.03)b 0.33(0.06)ab 0.29(0.03)ab 0.23(0.03)ab 0.36(0.03)ab

Values with different letters (a, b, and c) denote significant difference between planted and natural forests at the same ages or among the same
management forests at different ages (p< 0.05 based on Tukey’s honestly significant difference test). Values in parentheses are standard errors of the
means. SOC, STN, and STP are the abbreviation of soil organic carbon, soil total nitrogen, and soil total phosphorus

Table 2 Allometric growth equations used to estimate biomass for
planted and natural Masson’s pine

Organ Management Equation R2 P

Stem Planted 0.025 × (D2H)0.957 0.963 <0.0001

Natural 0.031 × (D2H)0.931 0.992 <0.0001

Branch Planted 0.062 × (D2H)0.696 0.865 <0.0001

Natural 0.024 × (D2H)0.755 0.818 <0.0001

Leaf Planted 0.103 × (D2H)0.508 0.811 <0.0001

Natural 0.142 × (D2H)0.374 0.732 <0.0001

Root Planted 0.006 × (D2H)0.946 0.995 <0.0001

Natural 0.005 × (D2H)0.991 0.905 <0.0001

D and H are diameter at 1.3 m height (cm) and tree height (m)
respectively
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and the total aboveground biomass for each plot in the planted
and natural forests respectively.

Although few dead trees standing at > 45° relative to the
ground were found only in the mature natural pine forests, the
standing dead trees were sampled within the entirety of each
plot. The biomass of the intact standing dead trees was esti-
mated using the above allometric growth equation. For broken
standing dead trees, the top and bottom diameters of each
piece were recorded, and their volume was estimated as the
frustum of a cone (Fraver et al. 2007). The same decay classes
and densities used for fallen coarse woody debris (CWD)were
utilized for standing dead trees. The biomass of broken stand-
ing dead trees was calculated by multiplying their densities to
their volume.

The biomass of coarse root (≥ 2 mm) was also calculated
using the allometric growth equations (Table 2). The coarse
root biomass of individual standard trees in the planted and
natural forests was determined through excavation, where a
cylinder extending from the ground projection of the crown at
a depth of 60 cm was used to ascertain the data (Xiang et al.
2011). Soil was carefully excavated at a 20-cm-depth intervals
and then sifted through a wire sieve (20-mm mesh), where
roots were separated into bags. Stumps and attached taproots
were pulled out. The soil residue remaining on the roots was
removed by brushing and washing. All harvested roots were
weighed and divided into four categories according to the
method of Xiang et al. (2011). The subsamples of each cate-
gory were brought to the laboratory and then dried at 65 °C to
constant weight. The moisture content was determined and
used to calculate the dry mass of each category, and the total
root biomass was achieved by combining the biomass of all
categories.

The biomass of fine root (< 2 mm) was measured using the
soil coring method (Helmisaari et al. 2007). Ten soil cores
were collected randomly from the 0–20 and 20–40 cmmineral
soil layers of each plot using a stainless steel cylinder with
10 cm diameter. The fine roots were separated from the soil by
washing, and then dried at 65 °C for 48 hours to calculate the
dry biomass on an area basis. The density of fine root biomass
(Goodfriend et al. 1998) was calculated from the mean dry
biomass of the sampled fine root (Bfr) and volume of the
stainless steel cylinder (V) using the following equation: Dfr

= Bfr/V. The total belowground biomass is equal to the sum of
coarse root and fine root biomass.

We used the destructive harvesting method to estimate the
biomass of the understory vegetation (herb and shrub). Three
2 m×2 m shrub subplots and one 1 m×1 m herb quadrat per
subplot were randomly selected within each 20 m×50 m plot.
In each shrub subplot, all harvested materials were separated
into its component parts and then weighed to determine the
fresh weight of stems, branches, and leaves. In each herb
subplot, all herbs were clipped at ground line from each quad-
rat and were weighed to determine the fresh weight of the

aboveground and belowground parts. Each component of
shrub and herb was sampled, and each sample was placed into
a separate plastic bag. The samples were transported to the
laboratory and then dried at 65 °C to constant weight before
biomass measurement.

2.3 Debris biomass calculation

In this study, debris included standing litter and CWD.
Standing litter, which is the litter on the soil surface, was
quantified by collecting all the litter and twigs (<2 cm diam-
eter) within a randomly selected 1m×1m subplot in each plot
(similar to the herb quadrat). After sampling, all plant mate-
rials collected within these subplots were dried at 65 °C to
constant weight prior to biomass measurement.

Given the human intervention, CWD (>2 cm diameter)
occurred only in the mature stand of the natural Masson’s pine
forests. The amounts of CWD in the three 10 m×10 m sub-
plots of mature stand in the natural forests were measured. The
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 the five decay classes
modified from Keller et al. (Keller et al. 2004). Decay classes
1–4 consist of successively more decomposed tree CWD, and
the decay class 5 comprises tree fern CWD. The densities (dry
mass/volume) of each decay class were quantified on repre-
sentative samples from crosssections of debris collected in situ
from random locations using the water displacement method,
except for decay class 1, which was based on live wood
density.

2.4 Soil sampling

Soil sampling was conducted in five soil layers, namely, 0–10,
10–20, 20–30, 30–50, and 50–100 cm, using a stainless steel
cylinder with 5 cm diameter. In each 20 m×50 m plot, eight
soil cores were collected after removing the litter layer and
then mixed to effectively form one soil sample. All samples
were passed through a 2-mm sieve to remove the organic
fragments (plant material and root residues). Each sample
was then air-dried and stored at room temperature for chemi-
cal analysis. The soil bulk density of the different soil layers
was also measured, using a soil bulk sampler with a 5 cm
diameter and a 5.0 cm high stainless steel cutting ring (three
replicates) in each plot. 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.

2.5 Chemical analysis

All plant materials, including the components of tree species
(stem, branch, leaf, and coarse and fine roots), shrub (stem,
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branch, and leaf), herb (aboveground and belowground), litter,
and CWD of the different decay classes, were dried at 65 °C
for two days and then ground to 0.25 mm before chemical
analysis of organic carbon content. The soil samples were
air-dried at room temperature for 1 week and then ground to
0.25 mm before chemical analysis. The carbon concentrations
of the plant and soil samples were measured using a C/N
analyzer (Elementar, Germany).

2.6 Calculation and statistical analysis

The carbon stocks in the tree, shrub, herb, and woody debris
were estimated by multiplying their measured biomass to their
corresponding carbon concentrations. The soil carbon stock
density (Cs, Mg ha−1) in each soil layer was calculated based
on soil organic carbon concentration (Cc, g kg−1), sampled
depth (D, cm), and bulk density (BD, g cm−3) using the fol-
lowing equation:Cs = BD × D × Cc/10. The total soil carbon
stock density was the sum of the carbon stock of each soil
layer.

The characteristics of the Masson’s pine forests, such as
age, slope, elevation, canopy closure, DBH, tree height, stand
density, plant biomass, and debris and soil carbon stock den-
sities and their proportions in the planted and natural forests
were compared through ANOVA using SPSS Statistics
Release 15.0 (SPSS Inc.). Tukey’s honestly significant differ-
ence test was performed as a post-hoc test to separate the
means when significant differences exist. Significance levels
were set at p<0.05 in all statistical analyses.

3 Results

3.1 Biomass carbon stock density

The carbon stock densities of the tree layer of the planted and
natural Masson’s pine forests were significantly different
(p<0.05, Fig. 2). The carbon stock density in the tree layer
at middle-aged and mature ages of the planted pine forests was
greater than that in the natural pine forests. In addition, the
carbon stock densities of the tree in pine forests increased
gradually and differed significantly as the forests developed.
Significant interactions in the carbon stock density of the tree
layer also exist between stand management and age, as shown
by two-way ANOVA. At young age, the carbon stock densi-
ties in the tree layer did not differ between the planted
(13.88 Mg ha−1) and the natural forests (12.08 Mg ha−1).
However, significant differences exist between the carbon
stock densities in the tree layer of the planted (61.52 and
137.43 Mg ha−1) and natural forests (40.08 and
76.71 Mg ha−1) at middle-aged and mature ages. Moreover,
the proportion of carbon stock densities were significantly
higher in the tree layer of the planted pine forests (64.70 %)

than in the natural pine forests (41.12 %) at mature age.
However, no differences were observed between the planted
and natural pine forests at young and middle-aged ages
(p<0.05, Table 3).

The carbon stock densities in the shrub and herb layers
were significantly lower in the planted pine forests than in
the natural pine forests (p<0.05, Fig. 2). This trend was op-
posite to that of the tree layer. Moreover, no significant dif-
ferences in the carbon stock densities in the shrub and herb
layers of the pine forests were observed at different ages. Two-
way ANOVA revealed the significant interactions between
stand management and age in terms of carbon stock density
in the herb layer. At a young age, the carbon stock density was
significantly lower in the herb layer of the planted pine forests
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(0.98Mg ha−1) than in the natural pine forests (2.64Mg ha−1),
although the carbon stock density did not vary between the
planted (1.25 and 1.61Mg ha−1) and natural pine forests (0.95
and 2.22 Mg ha−1) at middle-aged and mature ages. In addi-
tion, the proportion of carbon stock density was significantly
lower in the shrub layer of the planted pine forests (0.43 %)
than in the natural pine forests (1.14 %) at mature age, and no
difference was observed between the planted and natural for-
ests at young and middle-aged ages (p<0.05, Table 3). No
significant difference in the proportions of carbon stock den-
sity in the herb layer was also observed between the planted
and natural pine forests at all ages.

The carbon stock densities were significantly higher in the
vegetation of the planted Masson’s pine forests than in the
natural pine forests (p<0.05, Fig. 3). Significant differences
among the carbon stock densities in the vegetation of pine
forests in different ages were also observed, as follows:mature
> middle-aged > young. Two-way ANOVA showed that sig-
nificant interactions in carbon stock density in the vegetation
exist between stand management and age. Although no sig-
nificant difference was observed between the carbon stock
densities of the vegetation in the planted (15.10 Mg ha−1)

and natural forests (16.50 Mg ha−1) at young age, the carbon
stock densities were significantly greater in the vegetation of
the planted pine forests (64.26 and 139.98 Mg ha−1) than in
the natural pine forests (42.84 and 80.86 Mg ha−1) at middle-
aged and mature ages.

3.2 Debrisand soil carbon stock density

Debris is defined as the dead material found in the forest floor,
and is equal to the sum of litter and CWD. The carbon stock
densities were significantly lower in the debris found in the
planted Masson’s pine forests than in the natural pine forests
(p<0.05, Fig. 3). No significant difference was also observed
between the soil carbon stock densities across all depths of the
planted and natural pine forests (p<0.05, Fig. 3). In addition,
the soil carbon stock densities in the pine forests did not vary
as the forests developed. The proportion of soil carbon stock
density was significantly lower in the planted forests
(32.77 %) than in natural forests (53.93 %) at mature age,
but the proportions of soil carbon stock density in the planted
forests at young and middle-aged ages did not differ with
those in the natural forests at corresponding ages.

Table 3 The proportions of
carbon stock densities of planted
and natural Pinus massoniana
forests in Hunan Province, China

Component Young forest Middle-aged forest Mature forest

Planted(%) Natural(%) Planted(%) Natural(%) Planted(%) Natural(%)

Tree 17.74 ± 2.66 10.90 ± 1.70 42.65± 6.54 33.35 ± 3.80 64.70 ± 3.08** 41.12± 3.89

Shrub 0.64 ± 0.20 1.67± 0.63 1.17± 0.48 1.51 ± 0.31 0.43± 0.09* 1.14± 0.21

Herb 1.93 ± 0.87 3.26± 0.96 0.90± 0.16 0.76 ± 0.14 0.76± 0.29 1.34± 0.29

Debris 2.35 ± 0.46 3.11 ± 0.92 1.94± 0.31 2.62 ± 0.37 1.34± 0.17 2.47± 0.43

Soil 77.50 ± 2.47 81.06 ± 2.06 53.34± 6.07 61.75 ± 4.00 32.77 ± 3.22** 53.93± 3.39

Data are means followed by standard deviations. For each compartment, values with asterisks denote significant
difference between planted and natural pine forests at the same age at p< 0.05 based on one-way ANOVA
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3.3 Carbon stock density in forest ecosystem

The carbon stock densities of the planted and natural pine
forest ecosystems are not significantly different (p<0.05,
Fig. 3). Moreover, the carbon stock densities in the planted
and natural pine forest ecosystems increased gradually and
then differed significantly as the forests developed.

4 Discussion

4.1 Biomass carbon stock density

Vegetation is a very important carbon pool in forests (Fang
et al. 2005). The carbon stock density in the vegetation of the
planted Masson’s pine forests increased from 15.1 Mg ha−1 to
140.0 Mg ha−1 as the forests developed. These values are
found within the range of biomass carbon stock density
(8.4–145.7 Mg ha−1) reported for the Masson’s pine forests
in China (Huang et al. 2008, 2013; Wu et al. 2012). By con-
trast, the biomass carbon stock density in the natural Masson’s
pine forests ranged from 16.5Mg ha−1 to 80.9Mg ha−1, which
exceeded the range of the biomass carbon stock density (20.4–
64.4 Mg ha−1) reported for the natural pine forests in Hubei
Province (Pang et al. 2014). The biomass carbon stock density
were significantly greater in the planted than in natural pine
forests, especially in mature age. The changes of carbon stock
densities in the vegetation of planted forests at young and
middle-aged ages compared to mature age were 124.88 and
75.72 Mg ha−1, and they were much larger than that of natural
forests (64.36 Mg ha−1 for young and 38.02 Mg ha−1 for
midle-aged). This result is consistent with that obtained by
Guo and Ren (2014), who suggested that planted forests
exihibit much higher productivity and thus much higher
carbon sequestration rates than natural forests. Huang et al.
(2008) also found that the annual increment of carbon stocks
is much greater in planted forests than that in natural forests in
Sichuan Province in China. The differences in the biomass
carbon stock density of the planted and natural pine forests
were due to several reasons. First, the allelometric growth
equations for the planted and natural Masson’s pine varied
(Table 2). Being the most important component of vegetation,
the tree biomass exerts much influence on the carbon stock
density in the vegetation. Typically, we used each allelometric
growth equation for planted and natural Masson’s pine; tree
biomass of planted pine was more than that of natural pine.
For example, if the DBH and height of a pine tree are 15.3 cm
and 11 m, by using each equation, the tree biomass of the
planted and natural pine are 76.3 and 70.1 kg respectively.
Second, the management intensity in the planted and natural
pine forests varied. Management practices (higher interven-
tion intensity) are usually implemented in the planted pine
forests; however, lower intensity of human intervention, such

as fire wood collection and grazing by cattles, is practised in
the natural pine forests. Increased management intensity has
been shown to enhance the yield and carbon storage of bio-
mass (Wade et al. 2010). In subtropical China, the understory
plants in the planted pine forest at young age are usually re-
moved to improve the pine tree’s survival rate. Understory
removal affects tree growth and increases carbon stock density
in the vegetation (Wu et al. 2013). Thinning and fertilization
regimes are also common management practices. Thinning
regimes increase the carbon stock density in total above-
ground biomass (Finkral and Evans 2008; Garcia-Gonzalo
et al. 2007). Because thinning is a usual management practice,
the stand densities of the planted pine forests decrease signif-
icantly as the forests develop. However, our study found that
the stand densities of the natural forests did not change as the
forests developed (Table 1). Fertilization also increases the net
primary productivity and net ecosystem productivity
(Sampson et al. 2006). However, in this study, soil total nitro-
gen of planted pine forests was similiar to that of natural for-
ests, and the difference in soil total phosphorus was only
found in planted and natural forests at young age, but not at
other ages. It indicated that soil fertility was not the cause of
difference in carbon stock densities in the vegetation between
planted and natural pine forests. Thus, management practices,
such as understory control and thinning, resulted in an in-
crease in forest productivity and timber product in Hunan
Province and enhanced the biomass carbon stock density in
the planted forests. These data indicate that more atmospheric
carbon are sequestered in the vegetation biomass carbon of the
the planted pine forest than of the natural pine forest.

Stand age is one of the factors that controls forest ecosys-
tem biomass and is commonly positively related to biomass
carbon stock density of forest ecosystems (Du et al. 2013; Guo
and Ren 2014). Stand age can explain the significantly in-
creased carbon stock density in the vegetation of the planted
and natural pine forests as the forests develop. Being the most
important component of vegetation, the tree biomass increases
significantly with the increase in stand age, resulting in the
increase in carbon stock density in the vegetation as the forests
develop. This study found significant interactions between
stand management and age in terms of tree and carbon stock
density in the vegetation. The carbon stock densities of the
trees and other forms of vegetation in the planted and natural
forests did not differ at young age, although they were signif-
icantly greater in the planted forests than in natural forests at
later ages, especially at mature age. This difference was also
caused by the differences in the allelometric growth equation
of the planted and natural Masson’s pine trees. The results
indicated that prolonged rotation time of pine plantation is
beneficial in sequestering carbon and in mitigating global cli-
mate change.

Although the tree biomass contributed the largest propor-
tion of vegetation biomass in these forests, the shrub and herb
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biomass also accounted for 0.6–13.2 % and 1.1–23.2 % re-
spectively. This study also found low contribution of under-
story biomass, although it comprises one-third of the total
vegetation biomass at young age. Du et al. (2013) reported
that biomass of the understory is approximately five times that
of the tree in the planted Masson’s pine forest at 5 years old.
Thus, the shrub and herb components can not be ignored when
estimating carbon stocks in Masson’s pine forests, especially
at young age. Significant differences were also observed in the
interaction between stand management and age in terms of
carbon stock density in the herb layer. In addition, the carbon
stock density in the herb layer was significantly lower in the
planted forests than in the natural forests at young age, but did
not differ at middle-aged and mature ages. This result is
caused by removal of the understory in the planted forests at
young age. However, Wu et al. (2013) reported that understo-
ry removal increases carbon stock density in the vegetation.
Thus, the trade-off of understory removal on herb and carbon
stock densities in the vegetation of forest ecosystems is very
important in carbon sequestration.

4.2 Carbon stock density in the debris

Litter (or debris) is an important source of the soil carbon pool
(Osono et al. 2014) and affects the soil carbon stock density
(Muller et al. 2009). The carbon stock densities in the debris in
the planted Masson’s pine forests ranged from 1.6 Mg ha−1to
2.9 Mg ha−1 and were significantly lower than those in the
natural pine forests (3.0Mg ha−1 to 4.5Mg ha−1). The changes
of carbon stock densities in the debris of planted forests at
young and middle-aged ages compared to mature age were
1.30 and 0.09 Mg ha−1 respectively, and were less than that of
natural forests, which were 1.47 and 1.40 Mg ha−1. This find-
ing is consistent with the results of Du et al. (2013) and Pang
et al. (2014). The litter carbon stock in planted pine forests
reported by Du et al. (2013) ranges from 1.6 Mg ha−1 to
3.0 Mg ha−1 and is lower than that reported by Pang et al.
(2014), who found that litter carbon stock density in natural
pine forests ranged from 1.7 Mg ha−1 to 4.2 Mg ha−1. This
finding may be attributed to the management treatments im-
plemented in the planted forests and to the absence of human
intervention in the natural forests. Reforestation following
clear-cutting and slash-burning is a traditional silvicultural
practice in South China (Guo et al. 2006). The debris on stand
floor is transformed mostly into CO2, and is released into the
atmosphere following slash-burning. Approximately
10 Mg ha−1 carbon in debris (harvest residues) is directly lost
in volatile forms resulting from burning (Yang et al. 2005),
thereby reducing the carbon stock density in the debris in
planted pine forests. In addition, litter management in planted
pine forests also affects the carbon stock density in the debris.
Debris are usually collected and used as burning material,

resulting in reduced carbon stock density in the debris in
planted pine forests.

4.3 Soil carbon stock density

Globally, over two-thirds of the carbon pools in forest ecosys-
tems are contained in soil (Dixon et al. 1994). This study
found that the carbon pools stored in soils across all depths
accounted for 32.8–77.5 % and 53.9–81.1 % of the carbon
pools in the planted and natural pine forest ecosystems respec-
tively. This finding is consistent with the results of Pang et al.
(2014), who found that 55.1–65.6 % of forest ecosystem car-
bon is stored in soil. Although soil carbon stock densities in
pine forests tended to increase as forests developed, they did
not differ in the pine forests at young, middle-aged, and ma-
ture ages, possibly because the slight changes in soil carbon
stock density did not affect the overall soil carbon pool. These
data indicated that the soil carbon pool is relatively stable and
does not readily change within a short term. Compared with
that of the soil carbon pool, the role of vegetation biomass
carbon pool in mitigating global climate change is stronger
because the carbon stock density in the vegetation changes
significantly as the forests develop.

Although the soil carbon stock densities in the planted and
natural pine forests did not differ, that in the planted pine
forests tended to decrease compared with that in the natural
forests. The changes of soil carbon stock densities of planted
pine forests at young and middle-aged ages compared to ma-
ture age were 8.96 and -8.03 Mg ha−1, and were less than
those of natura l fores ts , which were 15.25 and
17.68 Mg ha−1. This indicated that there was a larger carbon
sequestration potential in soil of natural pine forests compared
to planted forests. Land-use history is possibly one of the
factors causing the difference in soil carbon stock densities
between the planted and natural pine forests. In this study,
the planted pine forests were all established after clear-
cutting and slash-burning of the existing Chinese fir planta-
tions, whereas the natural pine forests were established natu-
rally. Afforestation of the Chinese fir plantation has been
shown to decrease soil carbon stock density compared with
the natural broadleaved forest (Chen et al. 2013). Moreover,
Yang et al. (2005) reported that approximately 7 Mg ha−1 of
topsoil carbon is lost by the slash-burning of Chinese fir plan-
tations. In Australia, soil carbon loss in radiata pine planta-
tions after burning is estimated to be 2.4 Mg ha−1 (Turner and
Lambert 2000). Thus, afforesting pine forests in Chinese fir
plantations after slash-burning may result in soil carbon loss.
In addition, management practices, such tree thinning and
slash-burning, which are implemented in planted pine forests
exert different effects on soil carbon. Studies have reported
that management practices such as prescribed fire, mechanical
treatment, and thinning do not affect soil carbon stock density
(Boerner et al. 2008; Liang et al. 2013; Nilsen and Strand
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2008). However, other studies have reported that management
practices do affect soil carbon stock density of planted forests
(Tian et al. 2010; Wu et al. 2013). Thinning regimes increases
soil carbon storage in Masson’s pine forests (Tian et al. 2010).
Wu et al. (2013) suggested that understory removal decreases
soil carbon storage in Cinnamomum camphora forests. This
finding is attributed to several reasons. First, the manner by
which these management practices, such as thinning, under-
story removal, slash-burning, and fertilization, were imple-
mented varies. Thus, they exert different effects on soil carbon
stock density. Second, the degree of implementation of these
management practices varies. Thinning intensity slightly af-
fects the carbon stock in red pine, whereas increasing the
management intensity greatly reduces carbon stock in north-
ern hardwoods (Powers et al. 2011). Lastly, the tree species
vary. For example, thinning reduces the carbon stock density
in aboveground biomass in P. ponderosa forest (Finkral and
Evans 2008), but increases the carbon stock density in
P. sylvestris and P. abies forests (Garcia-Gonzalo et al. 2007).

Overall, more carbon is sequestered in the carbon biomass
of the planted Masson’s pine forests than that of the natural
pine forests. However, no significant difference exists be-
tween the carbon stock density of the two pine forest ecosys-
tems, because of the decrease of carbon stock densities in soil
and debris of planted forests compared to natural forests.
Selecting and optimizing the forest management practices in
plantations will increase soil carbon stock density in the
planted forest, which is a very important process in carbon
sequestration and global climate change mitigation. The po-
tential of the Masson’s pine forests in Hunan Province, China,
to sequester carbon is enormous given the growing area of the
planted forests and the changes in carbon uptake with stand
development. Moreover, selecting the appropriate manage-
ment practices can help achieve this goal.

5 Conclusion

The carbon stock densities in the planted and natural Masson’s
pine forest ecosystems ranged from 78 Mg ha−1 to
210 Mg ha−1 and from 97 Mg ha−1 to 177 Mg ha−1 respec-
tively, of which 15–140 and 17–81 Mg ha−1 biomass values
are the carbon stock densities in the planted and natural forests
respectively. In addition, the biomass carbon stock densities
were much greater in the planted pine forests than in the nat-
ural pine forests. By contrast, the carbon stock densities in the
debris were lower in the planted forests than in the natural
forests. However, the soil carbon stock densities in the planted
and natural pine forests did not differ, although a decrease
trend of soil carbon stock densities appeared in planted forests
compared to natural forests. The decrease of carbon stock
densities in the debris and soil of planted forests compared
to natural forests counteracted the increase of biomass carbon

stock densities, and resulted in no difference in carbon stock
densities between planted and natural forests at ecosystem
level. The biomass carbon stock densities of pine forests in-
creased significantly as the forests developed, although no
change was observed in the debris and soil carbon stock den-
sities. These results indicate that the potential of the mature
Masson’s pine forests to sequester carbon is enormous.
Moreover, the planted forests can sequester more biomass
carbon than the natural forests. The key is to understand and
optimize forest management practices aimed at increasing for-
est carbon sinks.
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