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HIGHLIGHTS

* Soil carbon stocks decreased initially
and finally restored after subtropical
forest conversion.

* The recovery time of soil carbon stocks
after subtropical forest conversion was
27 years.

* The forest conversion didn't affect the
soil carbon pool in the long-term.

* Soil total nitrogen had a similar trend
with soil carbon stocks after subtropical
forest conversion.

» Soil carbon stocks were positively cor-
related to soil nitrogen stocks and soil
C:N ratio.
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ABSTRACT

The conversion from natural forest to plantation has been widely applied, with consequences on ecosystem car-
bon pool. The experimental results of changes of soil carbon stocks after forest conversion are often contradictory.
Moreover, the recovery time of soil carbon stocks after forest conversion varies among different sites. To examine
the changes of soil carbon stocks following the forest conversions in the long-term and to estimate the recovery
time, we selected 116 subtropical forests, including 29 pair-wise replicates for evergreen broadleaved forests
(EBF, 40-100-year-old), young Chinese fir plantations (Cunninghamia lanceolata) (YCP, 4-8-year-old), middle-
aged Chinese fir plantations (MACP, 13-20-year-old), and mature Chinese fir plantations (MCP, 23-32-year-
old), and estimated soil carbon stocks. Soil carbon stocks of YCP and MACP decreased in average 12.5 and
28.7 Mg ha~ ! compared with EBF, and showed no variation between MCP and EBF. Soil carbon stocks were pos-
itively correlated to soil total nitrogen stocks and C:N ratio. Our results showed that the forest conversions didn't
cause a variation of soil carbon stocks in the long-term, although there was a short-term decline after conversion.
The recovery time of soil carbon stock is 27 years. These results indicate that the conversion from evergreen
broadleaved forests to Chinese fir plantations in subtropical region of China causes soil carbon release in early
stage, but has no effect on soil carbon stocks in the long-term. Prolonging the rotation period (>27 years)
would offset the adverse effects of the forest conversion on soil carbon stocks, and be critical in alleviating global
climate change.
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1. Introduction

Soil organic carbon stock, which is a major component of the terres-
trial ecosystem carbon reservoir, plays a key role in global carbon dy-
namics (Grace, 2004). The amount of soil organic carbon is as much as
three times the size of the atmospheric pool and 4.5 times the size of
the biotic pool (Lal, 2004). Moreover, CO, emission from soils is one of
the largest fluxes in the global carbon cycle (Schlesinger and Andrews,
2000). Therefore, even slight changes in the soil organic carbon pool
can have a large effect on atmospheric CO, concentration and global car-
bon budget (Schlesinger and Andrews, 2000; Amundson, 2001). Accu-
rate quantify of soil organic carbon stock is essential to understand the
global carbon cycle (Morisada et al., 2004; Wang et al., 2013c).

The forest conversion of natural forest to plantation and agriculture
is occurring globally and results in variations of soil organic carbon
stocks (Guo and Gifford, 2002; Paul et al.,, 2002; Li et al., 2012). Although
the loss of soil carbon stocks by the conversion of natural forest to plan-
tation is well known (Guo and Gifford, 2002; Murty et al., 2002; de
Blecourt et al., 2013; Ferré et al., 2014; Wei et al., 2014; van Straaten
et al., 2015), a few studies reported that no change of soil carbon
stocks after forest conversion (Khasanah et al., 2015; Lewis et al.,
2016). It is widely accepted that the changes of soil carbon stocks
are highly time-dependent, with an initial decline of soil organic
carbon stocks but a finial recovery in the long-term (Paul et al.,
2002; Mao et al.,, 2010; Song et al., 2014; Khasanah et al., 2015; Li et
al,, 2015).

The recovery time of soil organic carbon stocks varied among differ-
ent ecosystems and sites, ranging from 15 years to several centuries.
Mao et al. (2010) reported that soil organic carbon stocks recovered to
the initial level after 15 years. The recovery time of soil organic carbon
stocks after forest conversion reported by Li et al. (2015) is >26 years.
Paul et al. (2002) found that soil carbon content decreased by 3.5% per
year during the first 5 years and increased after 30 years of afforestation.
Guo and Gifford (2002) suggested that soil carbon stocks restored to
original level in plantations >40 years old after forest conversion. Forest
particulate organic matter carbon concentration declined after 20 years
of cultivation and then recovered after 50 years of cultivation (Anaya
and Huber-Sannwald, 2015). Soil carbon stocks of reforested Douglas-
fir plantation will take 600 years to recover similar value of soil carbon
stocks of non-managed stands (Blanco, 2012).

Moreover, most of results on the changes of soil organic carbon
stocks after forest conversion were derived from tropical, temperate,
and boreal forests. Li et al. (2015) evaluated the changes of soil organic
carbon stocks following the conversion from a second coniferous forest
to a pine plantation in Yunnan province, China. de Blecourt et al. (2013)
also researched the change of soil organic carbon stocks after conversion
from secondary forest to rubber plantation in Yunnan province, China.
The change of carbon stocks after conversion from natural forest to co-
nifer plantation was studied in New Brunswick, Canada (Fleming and
Freedman, 1998). However, it is still lack of the researches in the effect
of subtropical forest conversion on soil organic carbon stocks (Chen et
al., 2005; Wei and Blanco, 2014). Determining the recovery time to orig-
inal level of soil organic carbon stocks after conversion from native for-
est to plantation would be helpful to optimize the management
practices to resolve the tradeoff between soil organic carbon pool and
wood production in the plantation. Long-term research on soil carbon
stock following vegetation conversion is needed to correctly understand
the dynamics of soil carbon stocks following forest conversion.

Soil nitrogen content and dynamics is an important driver for the
long-term soil carbon dynamics (Luo et al., 2004; Finzi et al., 2006). In-
creasing nitrogen supply would influence ecosystem carbon sequestra-
tion (Lutze and Gifford, 1995; Prescott, 2010; Maaroufi et al., 2015).
Similarly, nitrogen stored in ecosystems determines the long-term
trend of ecosystem carbon sinks, in that increases in total ecosystem ni-
trogen enable organic matter to accumulate in both vegetation and soils
(Rastetter et al., 1997). Consequently, it is imperative to quantify soil

nitrogen stocks over time following the conversion of native forests to
plantations.

Over the past five decades, there has been a large scale conversion
from native forests to plantations in China, largely due to economic
growth and enhanced demands for timber. The area of plantations in
China now exceeds 69 million hectares, constituting about 73% of the
global plantation area (SFA, 2014). The conversion from native forests
to plantations has significant influence on soil properties, such as soil
chemistry (Yang et al., 2013), labile soil organic carbon and enzyme ac-
tivity (Wu et al.,, 2010; Wang et al., 2013b), soil microbial diversity (Yu
et al, 2012), and soil fertility (Wang et al.,, 2011). However, there have
been few studies focused on the changes of soil carbon stocks following
the forest conversion (Chen et al., 2013). Moreover, the high spatial and
temporal heterogeneity of soil carbon content and stocks (Nave et al.,
2010), results in difficulty to detect the effects of forest conversion on
soil carbon stocks within an individual site. Studies with diverse sites
and large scales would be needed to identify underlying changes of
soil carbon stocks following the forest conversion and avoid false
conclusions.

To investigate the long-term effects of forest conversion on soil or-
ganic carbon and total nitrogen stocks in the subtropical area of China,
we selected 29 pair-wise forest stands, including evergreen broadleaved
forest, young, middle-aged, and mature Chinese fir plantations, and
measured soil carbon and nitrogen concentrations and soil bulk density
at five levels to 1 m depth. We hypothesized that the forest conversion
from native broadleaved forests to plantation resulted in an initial de-
cline of soil carbon stock, and finally recovered with forest develop-
ment. We also quantified the recovery time of soil carbon stocks after
forest conversion.

2. Materials and methods
2.1. Study area

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 Yunnan-Guizhou
plateau to the lower mountains and hills along the southern bank of the
Yangtze River. The altitude ranges from 21 m to 2122 m above sea level.
The region is typical of a humid mid-subtropical monsoon climate. The
mean annual temperature is 16-18 °C with mean minimum in January
and mean maximum in July. The mean annual precipitation is 1200-
1700 mm occurring mostly between April and October. The soil derived
from shale and slate is red-yellow and is classified as Plinthudults, a
Subgroup of Ultisols according to U.S. Soil Taxonomy (Wang et al.,
2013a). The soil also exhibits a grayish upper horizon found above the
reddish argillic horizon.

The natural forest is evergreen broadleaved forest typical of subtrop-
ics, with Castanopsis fargesii Franch., C. eyrei (Champ.) Tutch.,
Lithocarpus glabra Rehd., Quercus spp., and Cyclobalanopsis glauca
(Thunb.) Oerst. as the dominant species. Large areas of the native forests
in this region were clear-cutting for timber production. The area was
slashed and burned, which removed all surface organic matter. The con-
version from native broadleaved forest to plantations was accomplished
by planting fast-growing and highly productive commercial tree spe-
cies, especially Cunninghamia lanceolata (Lamb.) Hook.

We selected 116 stands located at 29 pair-wise sites on each of four
forests — the natural evergreen broadleaved forests (EBF), young Chi-
nese fir plantations (YCP), middle-aged Chinese fir plantations
(MACP), and mature Chinese fir plantations (MCP) (Fig. 1). YCP, MACP
and MCP, with the same history of land use, were established after
clear-cutting and slash-burning the originally existing natural ever-
green broadleaved forests. The average ages of YCP, MACP and MCP
were 6, 16 and 28 years old. Distance between forest stands
representing each forest type was >1 km. The main characteristics of se-
lected forests, such as age, slope, elevation, canopy closure, etc., are
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Fig. 1. Location of 29 sampling sites of different forest stands distributed in Hunan
Province, China. In each site, evergreen broadleaved forest (EBF), young (YCP), middle-
aged (MACP) and mature Chinese fir plantation (MCP) were sampled.

shown in Table 1. The dominant species in tree, shrub and herbaceous
layers are listed in Table 2.

2.2. Soil sampling and analysis

A 1000 m? (20 m x 50 m) plot was established in each selected for-
est stand. Soil samples were taken at 0-10, 10-20, 20-30, 30-50, and
50-100 cm depths using a stainless-steel cylinder of 5 cm diameter. In
each plot, after the removal of the litter layer and organic horizon, ten
soil cores at the same soil depth were collected randomly to pool into
a composite soil sample. Then, a soil sample was taken from each of
the five soil depths in each plot. All samples were passed through a 2-
mm sieve after removing the organic fragments (plant material and
root residues). Each sample was air-dried and stored at room tempera-
ture for determining soil organic carbon and total nitrogen concentra-
tion. Soil samples were ground to 0.25 mm before chemical analysis.
Organic carbon and total nitrogen concentrations of all composite soil
samples were measured with a C/N analyzer (Elementar, Germany).

Soil bulk density of each soil layer was measured using a soil bulk
sampler with a 5.0 cm diameter and 5.0 cm high stainless-steel cutting
ring in each plot. Three soil cores (replicates) in each soil layer in each
plot were sampled. 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.

Table 1

Characteristics of sampled forest stands.
Characteristics EBF YCP MACP MCP
Age (years) 75 + 7 6+1 16 £ 1 28 +1
Slope (°) 199 +22 186+ 14 148+ 14 183+ 13
Elevation (m) 545 4 81 316 £+ 20 488 + 45 391 + 40
Canopy closure (%) 71 + 2 60 + 3 65 + 2 65 + 2
Community height (m) 186 £ 0.7 6.1 £ 0.5 122 £ 05 162 £ 0.5
Average tree height (m) 11.0 £ 0.7 52 +03 99 £+ 05 149 + 0.6
Average DBH (cm) 152+ 12 67+ 04 1344+ 05 184 4+ 038

Stand density 1725 + 257 2797 + 154 1714 + 118 1405 + 133

(stems ha™1)

EBF, YCP, MACP, MCP denote evergreen broadleaved forest, and young, middle-aged, and
mature Chinese fir plantation. Data were mean =+ SE.

Table 2
Dominant species of sampled forest stands.

Forest Tree layer Shrub layer Herbaceous layer

EBF Castanopsis fargesii Maesa japonica
Castanopsis sclerophylla  Eurya nitida
Lithocarpus glabra Sapium discolor
Cyclobalanopsis glauca  Quercus fabri

Dicranopteris linearis
Urena lobata
Diplopterygium chinense
Carex nemostachy
Arthraxon hispidus
Parathelypteris
glanduligera
Woodwardia japonica
Miscanthus sinensis
Dicranopteris linearis

YCP Cunninghamia
lanceolata

Maesa japonica

Rhus chinensis
Litsea cubeba

Herba lophatheri
MACP Cunninghamia Rhus chinensis Miscanthus floridulu
lanceolata
Lindera glauca Dicranopteris linearis
Mussaenda Herba lophatheri
esquirolli

Maesa japonica
Maesa japonica

Carex tristachya
Parathelypteris
glanduligera
Dicranopteris linearis

MCP  Cunninghamia
lanceolata
Mussaenda
esquirolli
Rhus chinensis
Ilex aculcolata

Herba lophatheri

EBF, YCP, MACP, MCP denote evergreen broadleaved forest, and young, middle-aged, and
mature Chinese fir plantation.

2.3. Carbon and nitrogen stock calculation

Soil organic carbon stocks were calculated using the following
equation:

n
CSeoi (Mgha'1> - Z] BD; x Cconc; x D; x (1—S) 1)
i=

Where CS,o; is the carbon stock of soil (Mg ha™!), BD; is the soil bulk
density in i layer (g cm~3), Ccong; is the soil organic carbon concentra-
tion in i layer (%), D; is the soil thickness of i layer, i is the layer number
of soil, and S is the coarse fraction (%, soil fraction > 2 mm).

Soil total nitrogen stocks were calculated as follows:

n
NS (Mgha’l) == BD; x TNeon; x D; x (1=5) 2)
i=

Where TNS,,; is the total nitrogen stock of soil (Mg ha=1), TNconc; is
the soil total nitrogen concentration in i layer (%), BD;, D;, i and S are the
same with above.

The changes in soil carbon and total nitrogen stocks of Chinese fir
plantations compared to EBF were calculated by the following equation:

cs Cchange =(S CCP - CSCEBF (3)
CSN change — CSNcp—CSNepr (4)

Where CSCepange and CSNcnange are the changes of soil carbon and
total nitrogen stocks following the forest conversion, respectively;
CSCcp and CSNp are the soil carbon and total nitrogen stocks of Chinese
fir plantations at different development stages, respectively; CSCggr and
CSNggr are the soil carbon and total nitrogen stocks of EBF. If CSCcpange OF
CSNchange < 0, this indicates that carbon or nitrogen is released from the
soil after the forest conversion; if CSCcnange O CSNchange > 0, this indicates
that carbon or nitrogen sequesters into the soil after the forest
conversion.
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2.4, Statistical analysis

The changes of soil carbon stocks of every stands compared to the
average value of soil carbon stocks of natural evergreen broadleaved
forests were calculated following Eq. (3). Multiple regression analysis
was performed with forest ages and the changes of soil carbon stocks
of every stands, to determine the time needed to recover to the original
level of soil carbon stocks before the conversion from natural ever-green
broadleaved forest to Chinese fir plantation, using OriginPro 8.5
(OriginLab Corporation).

The effects of forest conversion on soil bulk density, organic carbon
and total nitrogen concentrations, C:N ratio, carbon and total nitrogen
stocks were analysed via multivariate analysis of covariance with soil
depth and forest stage as the main factors and initial soil carbon stocks
of EBF as covariate. The changes of carbon stocks were tested using
Student's t-test. The relationship between soil organic carbon stocks
and total nitrogen stocks was examined using Pearson linear regression.
Pearson linear regressions were also analysed to assess the relationships
between soil organic carbon stocks and soil C:N ratio. All effects were
considered significant at the p < 0.05 level. Statistical analysis was per-
formed using IBM SPSS Statistics Release 15.0 (SPSS Inc.).

3. Results
3.1. The pattern of soil carbon stocks

There were significant differences in soil bulk density following the
conversion from evergreen broadleaved forests to Chinese fir planta-
tions, ranging from 0.81 to 1.24 g cm™~> (Fig. 2A, Table 3). When com-
pared with evergreen broadleaved forests, soil bulk densities in YCP,
MACP and MCP increased by 19.4, 13.5 and 14.4%, respectively. More-
over, soil bulk density increased significantly with the increases of soil
depth (Fig. 2). Soil organic carbon concentrations varied significantly
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following the forest conversion in the order: EBF > MCP > MACP =
YCP, ranging from 6.72 to 41.05 g kg~ ! (Fig. 2B, Table 3).

Soil carbon stocks varied significantly following the conversion from
evergreen broadleaved forests to Chinese fir plantations, ranging from
77.7 to 106.5 Mg ha~! (Fig. 3A). Soil carbon stocks of MCP and EBF
were significantly greater than that of MACP. There were significant dif-
ferences among soil carbon stocks in different soil layers. Soil carbon
stock in the 0-10 cm soil layer was more than those in the 10-20 cm
and 20-30 cm layers.

The initial values of soil carbon stocks of EBF had a significant effect
on soil carbon stocks of Chinese fir plantations after forest conversion,
but there were no significant effects of initial soil carbon stocks on soil
bulk density and carbon concentration (Table 3).

3.2. The pattern of soil total nitrogen stock

There were significant differences among soil total nitrogen concen-
trations following the forest conversion, ranging from 0.75 to
298 g kg~ (Fig. 2C, Table 3). Soil total nitrogen concentrations in YCP
and MACP decreased significantly by 28.9 and 28.2%, respectively, com-
pared with EBF. Soil total nitrogen concentrations decreased significant-
ly with the increases of soil depth. Soil C:N ratio varied significantly
following the conversion, ranging from 12.1 to 14.0 at the depth of 0-
10 cm (Fig. 2D, Table 3). Soil C:N ratios also decreased with the increase
of soil depth. The initial values of soil carbon stocks had no effects on soil
total nitrogen concentration and C:N ratio (Table 3).

There were significant differences among soil total nitrogen stocks
following the conversion, ranging from 7.7 to 10.0 Mg ha~! (Fig. 3B).
Soil total nitrogen stocks decreased significantly with the increase of
soil depth. Soil total nitrogen stock in 0-10 cm soil layer was significant-
ly more 40.2 and 68.2% than that in 10-20 cm and 20-30 cm soil layers,
respectively. In addition, the initial values of soil carbon stocks didn't af-
fect soil total nitrogen stocks of Chinese fir plantations (Table 3).
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Fig. 2. Changes in soil bulk density (A), SOC concentration (B), soil TN concentration (C), and C:N ratio (D) following conversion of evergreen broadleaved forests to developing Chinese fir
plantations in subtropical China. EBF, YCP, MACP and MCP denote evergreen broadleaved forest, and young, middle-aged, and mature Chinese fir plantation. SOC and TN signify soil organic

carbon and total nitrogen, respectively.
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Table 3

Multivariate analysis of covariance for soil depth, development stage, and depth x stage interaction with covariate of original soil C stocks of EBF found for soil bulk density, SOC concen-
tration, TN concentration, C:N ratio, C stock, and TN stock in Chinese fir plantations in Hunan province, subtropical China.

Variables Original C stock Depth Stage Depth x stage
F p F p F p F p

Soil bulk density 1.790 0.182 19.899 <0.001 4.207 0.016 0.141 0.997
SOC concentration 3.295 0.07 88.764 <0.001 21.839 <0.001 0.501 0.856
Soil TN concentration 1.665 0.198 69.596 <0.001 16.079 <0.001 0.416 0911
Soil C:N ratio 3.165 0.076 40.887 <0.001 7.068 0.001 0.88 0.533
Soil C stock 6.222 0.013 23.333 <0.001 20.097 <0.001 2.820 0.005
Soil TN stock 2.379 0.124 38.06 <0.001 16.878 <0.001 523 <0.001

SOC, C and TN denote soil organic carbon, carbon and total nitrogen, respectively. EBF denote evergreen broadleaved forest.

3.3. Relationships of soil carbon stock with soil C:N ratio and total
nitrogen stock

Across all the stands, soil carbon stocks were positively correlated to
soil total nitrogen stock (p < 0.0001; Fig. 4A) and soil C:N ratio
(p <0.0001; Fig. 4B).

3.4. The net changes of soil carbon and total nitrogen stocks following forest
conversion
The changes in soil carbon stocks following forest conversion varied

across plantation ages. At the young stage, the change was negative
(—12.5 Mg ha—!) (Fig. 5). With increasing plantation age, the changes
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Fig. 3. The pattern of soil carbon (A) and total nitrogen (B) stocks of evergreen
broadleaved forest and Chinese fir plantations in subtropical China. Letters on columns
indicate significant differences of soil carbon and total nitrogen among evergreen
broadleaved forest and Chinese fir plantations at p < 0.05 (ANOVA using Tukey's
honestly significant difference test). EBF, YCP, MACP, MCP denote evergreen
broadleaved forest, and young, middle-aged, and mature Chinese fir plantation.

in soil carbon stocks became much less and reached —28.7 Mg ha™ .
However, the changes recovered to zero and became positive at the ma-
ture stage (7.2 Mg ha™ ') (Fig. 5a).

Changes in soil total nitrogen stocks following the forest conversion
varied significantly. At the early stage of the forest conversion, the
changes were positive (0.6 Mg ha™!). With forest development, the
changes of soil total nitrogen stocks declined and were negative
(—1.3 Mg ha™ ). Finally, the changes recovered and were positive
(0.7 Mg ha=1) (Fig. 5b).

The non-linear relationship between forest ages and changes of soil
carbon stocks of every stands compared with the average value of soil
carbon stocks of EBF was significant, with the trend of initial decline of
soil carbon stocks and finial recovery to original value before forest

A

3001 R?=0.718, p<0.0001

o
S
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Soil C stock (Mg ha'')
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Soil TN stock (Mg ha™)

R*=0.115, p<0.0001

B

Soil C stock (Mg ha)
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Fig. 4. Relationship of soil carbon stocks with soil TN stock (A) and C:N ratio (B) in
subtropical forests. TN denotes soil total nitrogen.
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conversion. Following such a relationship, we can find that soil carbon
stocks reach the maximum depletion at the age of 14 years, and the
time needed to recover to original level of soil carbon stocks is about
27 years after subtropical forest conversion (Fig. 6).

4. Discussion
4.1. Spatial patterns of soil carbon and total nitrogen stocks

Soil carbon stocks in EBF, YCP, MACP and MCP ranged from
71.6 Mg ha~ ! to 107.4 Mg ha~ . These values were well within the
ranges of soil carbon stocks (60.3-123.9 Mg ha™!) reported for subtrop-
ical forests in China (Chen et al., 2005; Yang et al., 2005; Gong et al.,
2011; Zeng et al,, 2013; Sun and Guan, 2014). Soil carbon stocks in
this study are lower than that of mixed plantations (186.6-
266.6 Mg ha~') in Guangxi of China (He et al., 2013), but higher than
that of Chinese fir plantation (58.7 Mg ha™!) in Zhejiang Province of
China (Jiang et al., 2011). These differences may be due to the depth
of soil sampling and litter decomposition (Prescott et al., 2000;
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Fig. 5. Changes in soil carbon stocks following forest conversion of EBF to Chinese fir
plantations. YCP, MACP, MCP denote young, middle-aged, and mature Chinese fir
plantation. Stars indicate significant differences between the changes of soil carbon of
Chinese fir plantations to EBF and zero at p < 0.05 using Student's t-test.
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Fig. 6. Multiple regression analysis of ages and changes of soil carbon stocks of every
stands.

Prescott, 2010; Wiesmeier et al., 2012). In our study, the soil samples
were taken at 0-100 cm depths, however, the depth of soil sampling
was only 60 cm in Zhejiang province, resulting in lower soil carbon
stocks of Chinese fir plantations in Zhejiang province. Soil total nitrogen
stocks in EBF, YCP, MACP and MCP ranged from 7.0 Mg ha~' to
10.0 Mg ha™'. They were consistent with the ranges of soil total nitro-
gen stocks (7.8-8.7 Mg ha™"') reported for subtropical forests in China
(Yang et al,, 2005; Guo et al.,, 2006). However, soil total nitrogen stocks
in this study were greater than those of Pinus densiflora plantations
(1.0-7.6 Mg ha™ ') in Korea (Noh et al., 2010), a P. strobes plantation
(47 Mg ha~!) in (Hooker and Compton, 2003) and Populus
euramericana plantations (2.8-4.6 Mg ha™!) in Northeast China (Mao
et al,, 2010). This difference may be due to the difference of climate
zone across those studies. Li et al. (2012) suggested that the lower
litterfall input and decomposition rate result in lower soil nitrogen accu-
mulation rates in the cooler climate region and the accumulation of soil
nitrogen is the highest in the subtropical region. Pinus densiflor, P.
strobes and Populus euramericana plantations were located at temperate
region, however, forest stands in our study were from subtropical re-
gion, resulting in the difference between soil nitrogen stocks of Chinese
fir plantation and above temperate plantations.

4.2. Dynamics of soil carbon and total nitrogen stocks

After the conversion from the natural evergreen broadleaved forest
to Chinese fir plantation, soil carbon stocks decreased significantly at
the early stage of reforestation (becoming negative), and recovering
(becoming positive) in mature forests. This result is consistent with
the findings from a few previous studies (Mao et al., 2010; Li et al.,
2013; Nave et al., 2013). The change rate of soil carbon stocks during
the process of forest development is determined by the balance be-
tween carbon input and output. In the early stage of forest conversion,
although soil respiration decreased compared with that of evergreen
broadleaved forest (Guo et al., 2010), soil carbon output was far greater
than soil carbon input. This is because leaf litter was scarce and root bio-
mass was low (Liao et al., 2000; Ning et al., 2009). This resulted in the
depletion of soil carbon pool in the early stage of forest conversion
(Vesterdal et al., 2002). Litterfall in Chinese fir plantations gradually in-
creases with stand age and reached 44.8 Mg ha~' yr~"' at the mature
stage (about 26 years) (Liao et al., 2000). However, annual soil respira-
tion was only 4.5 Mg ha=! yr~! at the mature stage of Chinese fir plan-
tation (Yang et al., 2007). This resulted in soil carbon accumulation at
the mature stage and recovery to carbon stock levels before the forest
conversion.

The original value of soil carbon stocks significantly affected soil car-
bon stocks of Chinese fir plantations, indicating that the original soil
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carbon stock impacts on the soil carbon stock reconstitution after forest
conversion. It means that more is the initial soil carbon stock, shorter
could be the time of soil carbon stock reconstitution. An initial high
soil carbon stock may induce a better biogeochemical condition, such
as higher nutrient availability, for the reforested vegetation develop-
ment, resulting in high biomass production and litter return. The high
litter return will facilitate soil carbon stock reconstitution.

Soil total nitrogen stocks fluctuated with stand age and exhibited
similar trends to soil carbon stocks following the forest conversion.
Our results were consistent with past studies (Mao et al., 2010; Noh et
al., 2010; Li et al., 2012). Li et al. (2012) reported that soil carbon and
total nitrogen stock changes had similar temporal patterns, with initial
decline during the early stage after afforestation and gradual return of
stocks to the pre-afforestation levels and then final net gains. Li et al.
(2013) found soil total nitrogen stocks of P. bungeana plantations de-
creased from the 16-year-old stand to the 35-year-old stand and then
increased with stand age, reaching the highest value in the 68-year-
old stand. Noh et al. (2010) found that soil total nitrogen stocks of P.
densiflora plantation increased initially, decreased with stand develop-
ment, and finally increased in the 71-year-old stand. Change in soil
total nitrogen stock is a balance between nitrogen input and output
(Li et al,, 2012). Soil nitrogen input mainly includes atmospheric nitro-
gen deposition and biological nitrogen fixation (Morris et al., 2007;
Yang et al,, 2011). Soil nitrogen output is mainly due to nitrogen uptake
by plants and nitrogen leaching to groundwater or emission to the at-
mosphere (Li et al., 2012). Plant nitrogen demand is generally higher
when forests are growing actively before canopy closure. If there is no
sustainable nitrogen input, increasing nitrogen uptake for the fast
growth of trees would result in a decrease in total soil nitrogen stocks.
With forest development to the mature stage, nitrogen uptake declines
owing to the decrease in growth rate. Nitrogen input is maintained, and
even increases, due to the increase of root biomass, resulting in soil ni-
trogen accumulation.

Nitrogen dynamics is a key parameter in the regulation of long-term
terrestrial carbon sequestration (Luo et al,, 2004). Nitrogen addition in-
creased soil carbon stocks of forests (Lovett et al., 2013). More carbon
was sequestered into the soil in forests containing nitrogen-fixing
trees (Hoogmoed et al., 2014). In our study, soil carbon stocks were pos-
itively correlated to soil total nitrogen stocks, suggesting that soil nitro-
gen increment stimulated the accumulation of soil carbon. This was
likely due to the reduction in soil respiration or the decline of leaching
of older dissolved organic carbon in response to increased N availability
(Bowden et al., 2004; Mo et al., 2008; Hagedorn et al., 2012). On the
other hand, the lack of soil total nitrogen stocks in MACP stands was
due to the enhancement of biomass production, and it will lead to the
increase of soil carbon stocks in a few years, because of the return of en-
hanced biomass production. In turn, the accumulation of soil carbon
with forest succession promoted ecosystem nitrogen retention,
resulting in the accumulation of soil total nitrogen (Lewis et al., 2014).
Luo et al. (2004 ) suggested that increased soil carbon stocks cause nitro-
gen to be sequestered in organic matter. This may be due to the change
in soil C:N ratio following the forest conversion. Soil C:N ratio is an im-
portant factor that affects soil nutrient availability and soil enzyme ac-
tivity (Weintraub et al., 2013; Ng et al., 2014). Soil C:N ratio also
affects soil carbon accumulation and sequestration (Hungate et al.,
2003). It well explains our finding that soil C:N ratio was positively cor-
related to soil carbon stock (Fig. 4B).

4.3. Recovery time of soil carbon stocks after forest conversion

Our results showed that the time needed to recover to original level
of soil carbon stocks after subtropical forest conversion from evergreen
broadleaved forest to Chinese fir plantation was about 27 years. It was
nearly close to the recovery time reported by Li et al. (2015) who
showed that recovery time of soil carbon stocks is about 26 years. Paul
et al. (2002) and Nave et al. (2013) also suggested that soil carbon

stocks recover at about 30 years after vegetation conversion. Using
meta-analysis, Li et al. (2012) found that soil carbon stocks declined
for 30 years after afforestation, and then increased with increasing
stand age. However, a few documents reported that the recovery time
of soil carbon stocks after vegetation conversion was less than that of
our result. Mao et al. (2010) reported that forest soils recovered to the
initial soil organic carbon stocks was found at age 15. It may be due to
the planted tree species composition after forest conversion (Tang and
Li, 2013; Wei and Blanco, 2014). The broadleaved litter decomposed
faster than needles (Prescott et al., 2000), resulting in higher rate of
soil carbon accumulation of broadleaved plantation reported by Mao
et al. (2010) compared to conifer plantation in our study.

In contrast, few document reported that the recovery time of soil
carbon stocks after forest conversion was >30 years. Li et al. (2011) re-
ported that soil carbon stocks declined initially after establishing Pinus
koraiensis plantations and recover by the stand age of 35 years. The re-
covery time of soil carbon stocks of Pinus bungeana plantations is
about 50 years old (Li et al., 2013). Soil carbon stocks of reforested
Douglas-fir plantation will need 600 years to recover similar value of
soil carbon stocks of non-managed stands (Blanco, 2012). This differ-
ence may be explained by climate zone. Our study took place in sub-
tropical zone of China, and forest conversions reported by Li et al.
(2011, 2013) and Blanco (2012) were in temperate zone. In the cooler
climate zone, the lower decomposition rate of litter impede the
decomposed carbon into soil, resulting in lower soil carbon accumula-
tion rate and longer soil carbon recovery (Li et al., 2012). These results
show that stand age is an important factor influencing soil carbon
stock levels following the forest conversion, and the estimation of re-
covery time of soil carbon stocks after forest conversion is critical in for-
est management measures (such as rotation period) to alleviate global
climate change. So, in the long-term, forest conversion from natural
broadleaved forests to Chinese fir plantations didn't vary soil carbon
pool, in spite of the peak valley fluctuation of soil carbon stocks follow-
ing forest development.

The decline of soil carbon at early stage of forest development and
final recovery at about 27 years after reforestation indicated that the
soil always released CO, into atmosphere before 27 years and then se-
questered atmospheric CO, into soil after 27 years after the conversion
from evergreen broadleaved forests to Chinese fir plantations. Due to
the decrease of litterfall of Chinese fir plantations at mature stage
(Liao et al., 2000), the soil carbon input decreased with forest devel-
oped, and thus may result that the soil carbon stock would maintain a
balance after 30 years in the forest conversion (Chen et al,, 2013). It in-
dicated that the rotation period of Chinese fir plantations is critical in
maintaining soil carbon stocks. If the rotation period of Chinese fir plan-
tations is above 27 years, then the soil carbon stocks would restore into
initial level, resulting in the recovery of soil carbon pool. Otherwise, the
soil carbon stocks would not restore, inevitably resulting in the deple-
tion of soil carbon pool, if the rotation period is below 27 years.
Prolonging the rotation period would be an effective strategy to com-
pensate the depletion of soil carbon pools, and be benificial to the recov-
ery of soil carbon stocks after the forest conversion.

5. Conclusions

Soil carbon and total nitrogen stocks varied significantly across the
Chinese fir plantations with different ages, ranging from 77.7 to
106.5 Mg ha™! and from 7.7 to 10.0 Mg ha™ !, respectively. Changes in
soil carbon stocks was negative at early stage of forest conversion
(—12.5 Mg ha™'), deepened the extent of negative effects with forest
development (—28.7 Mg ha™'), and then turned to positive at mature
stages of stand development (7.2 Mg ha™'). The recovery time of soil
carbon stocks is estimated as 27 years after the conversion from natural
evergreen broadleaved forests to Chinese fir plantations in subtropical
region of China. These results indicate that the forest conversion do
not vary the soil carbon pool of reforested Chinese fir plantations during
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the long period of forest development after the forest conversion, al-
though there is a decline of soil carbon stocks at early development
stage of Chinese fir plantations. Prolonging the rotation period
(>27 years) would be an effective management strategy to maintain
the soil carbon pools after the conversion from evergreen broadleaved
forests to Chinese fir plantations.
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