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Abstract
Background and aims Planted forests, established on
non-forest lands, play an important role in enhancing
terrestrial carbon (C) sequestration. Understanding the
changes in soil C, nutrients and stoichiometry in planted
forests is important for forest management.

Methods We conducted a global meta-analysis of
changes in C, nitrogen (N), phosphorus (P) and sulfur
(S) and their stoichiometry in mineral soils of planted
forest across broad climatic zones from 139 papers.
Results Soil C and N are slightly decreased after foresta-
tion on grassland, moderately increased after forestation
on cropland, and substantially increased after forestation
on barren land. Forestation does not affect total soil P, but
the available P is significantly depleted after the foresta-
tion of grassland and cropland with N-fixers. Changes in
soil nutrients (N, P and S) and shifts in stoichiometry
(ratios of C:N, C:P and N:P) are significantly related to
soil C dynamics (p<0.05). Soil C sequestration is the
lowest in the boreal zone, and greater under plantation
with N-fixing species than under non-fixing species.
Conclusion Changes in soil C and nutrients after fores-
tation mainly differ to prior land use. Compared with
forestation of grassland, forestation of barren land is a
more effective approach to enhancing C sequestration.

Keywords Carbon sequestration . Planted forests .

Nutrient availability . Soil properties . Stoichiometry

Introduction

Planted forests, established on non-forest lands by af-
forestation or reforestation, are one type of practice that
may have an important effect on terrestrial carbon (C)
cycle (Pan et al. 2011). Large-scale forestation (includ-
ing afforestation and reforestation) can sequester sub-
stantial amount of CO2 from the atmosphere and then
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assimilate the C into living biomass and dead organic
matter in soils (Silver et al. 2000; Persson et al. 2013),
providing an opportunity to offset C emission through
land-use change. Better assessments of soil C change in
planted forest can reduce the considerable uncertainty in
estimating C sequestration and emissions in terrestrial
ecosystems, and provide a scientific basis for predicting
changes in soil fertility for use by policy-makers in forest
management (Johnson and Curtis 2001; Li et al. 2012a).
However, the magnitude and direction of soil C changes
after forestation varies greatly. For instance, soil C
change after forestation of cropland has been found to
be inconsistent across geographic and/or climatic zones,
ranging from close to zero in the United States (US)
(Nave et al. 2013) to +20 % in the top 10 cm in Northern
Europe (Bárcena et al. 2014), +50 % in the tropical zone
(Don et al. 2011) and +68.6 % in the top 10 cm in China
(Song et al. 2014). Soil organic C (SOC) content serves
as a proxy for soil organic matter (SOM) with a conver-
sion factor of 2 (Pribyl 2010), and the SOM is a major
contributor of plant nutrients and soil fertility (Whitbread
1995). Therefore, quantifying soil C change in planted
forests is essential for understanding the global C cycle
and the evolution of forest soil fertility.

Nitrogen (N), phosphorus (P) and sulfur (S) are
important macronutrients for plant growth and soil C
sequestration, and they vary with stand development
and global environmental change (Bradford et al.
2008; Oulehle et al. 2011; Cleveland et al. 2013).
Altered N, P and S content have strong impacts on C
dynamics in forest ecosystems (Oulehle et al. 2011;
Goll et al. 2012). The regulatory effects of N, P and
S on soil C sequestration in forest ecosystems can be
largely explained by three factors. Firstly, soil N and
P availability is crucial in controlling net primary
productivity (NPP) and C allocation in forest eco-
systems (Cleveland et al. 2013; Fernandez-Martinez
et al. 2014). Limited amounts of available N and P
in soils may constrain the rate of input of organic
matter from NPP (Goll et al. 2012; Cleveland et al.
2013). Available S is a less critical limiting factor
for plant productivity (Mitchell et al. 1992), but it
plays a major role in the structure of proteins and
functioning of enzymes in plant metabolism and by
its interactions with other elements (Droux 2004).
Secondly, soil nutrient availability regulates the de-
composition rate of soil C by altering the structure
and metabolism of the soil microbial community
(Moscatelli et al. 2005; Strickland et al. 2010). Soil

nutrient availability also determines the output rate
of soil C by regulation of labile C (e.g., dissolved
organic matter) released from the litter and mineral
layer (Cleveland and Townsend 2006; Borken et al.
2011) and controls the rates of the net humification
efficiency for soil organic matter (Kirkby et al.
2013; Kirkby et al. 2014). Thirdly, shifts in the
C:nutrient stoichiometry of soil and microbial bio-
mass could regulate the soil C sequestration process
by altering the structure of soil microbial communi-
ties and the biogeochemical cycle (Griffiths et al.
2012; Sistla and Schimel 2012). For instance, the
soil C:N ratio is closely related to the N mineraliza-
tion rates of soil organic material and C allocation in
forest ecosystems (Alberti et al. 2014).

In previous studies, soil C change after afforestation
of non-forested land has been evaluated according to
different categories of intrinsic edaphic factors (e.g.,
mineralogy and texture) (Laganière et al. 2010; Don
et al. 2011), soil depths (Shi et al. 2013), plant genera
(e.g., Pinus and Eucalyptus) (Berthrong et al. 2009),
climatic conditions and anthropogenic management
(Laganière et al. 2010; Poeplau et al. 2011). These
pioneering studies offered a basic understanding of soil
C change in forested land and potential determinants at
large scales, but several points remain to be further
investigated. First, previous studies mainly focused on
changes in C and N in forested agricultural soils (i.e.
grassland, pasture and cropland) (Laganière et al. 2010;
Li et al. 2012a), while the response of soil P, S and
stoichiometry, and the effects of forestation on barren
land, defined as the land with sparse vegetation cover
and eroded soils, have not been thoroughly evaluted.
Second, the potential impacts of changes in nutrient
dynamics and soil stoichiometry on soil C sequestration
in planted forests at large scales are still unknown.
Third, the observations included in previous global
meta-analysis were mainly located in Europe, the
Americas and Oceania (Berthrong et al. 2009;
Laganière et al. 2010), while observations in Asia and
Africa were rarely included. These shortcomings point
to knowledge gaps in our understanding of soil C se-
questration, nutrient cycles and stoichiometric varia-
tions in planted forest ecosystems.

In this study, we conducted a global meta-analysis of
the changes in soil C, N, P, S and their stoichiometry in
soils of planted forests spanning the global range of
climate conditions, prior land use, plantation age, and
tree species. The main objectives of this study were to
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(1) quantify the changes in C, N, P, S concentrations and
their stoichiometry under different categories of explan-
atory factors across broad climatic zones, and (2) inves-
tigate the potential determinants of soil C-sequestration
in planted forests at global scales.

Materials and methods

Data collection

Data on C, N, P and S concentrations in soil and microbial
biomass following afforestation and reforestation at global
scale were collected from studies published between 1993
and 2015 in both English and Chinese (including journal
articles and dissertations). In order to reduce publication
bias, literature was selected according to the following 4
criteria (Shi and Han 2014): (1) the concentrations of SOC
and nutrient of non-forest land (reference) and forested
plots must have been assessed; (2) the same stratified
method for soil sampling must have been employed for
forested and reference plots, and samplesmust be collected
to a depth of at least 10 cm; (3) plantation age and
dominant species of forested plots must have been report-
ed; and (4) when the chronosequence approach was
employed, the soil type must be consistent and stand age
must be no less than 3 years.We considered changes in the
concentration of soil C and nutrients in soils of planted
forests established on non-forest land under natural condi-
tions. Thus, we excluded data from sampling sites that
were fertilized and/or harvested during forest development.
Numerical values were extracted from digital figures using
GetData Graph Digitizer (Version 2.22, Russian
Federation).

The profile of forest soil mainly consists of the O
horizon (forest floor) and mineral horizon, particularly
for temperate and boreal forests (Thuille and Schulze
2006). Few properties of the forest floor were monitored
in the selected publications. Thus, we focused on chang-
es in properties in the mineral horizon. As soil pH plays
a critical role in nutrient availability (Lucas and Davis
1961), we also extracted data on soil pH at forested and
reference plots. Finally, a total of 16 soil properties,
including soil pH, total organic C concentration (SOC,
g kg-1), total N concentration (TN, g kg-1), total P
concentration (TP, mg kg-1), total S concentration (TS,
mg kg-1), easily available N concentration (AN, sum of
ammonia and nitrate, mg kg-1), easily available P con-
centration (AP, mg kg-1), sulfate concentration (SO4

2−,

mg kg-1), soil microbial C concentration (mg kg-1), soil
microbial N concentration (mg kg-1), soil microbial P
concentration (mg kg-1), and the C:N:P:S stoichiometry
(mass ratios of soil C:N, C:P, C:S, N:P and C:N of
microbial biomass, unitless) in the topsoil depth (within
30 cm depth) were compiled. Because soil element (C,
N and P) concentrations are highly influenced by sam-
pling depth (Jackson et al. 2000), values from shallow
sampling depths (<10 cm) were excluded. If an element
concentration in the topsoil was measured at different
sampling depths, a depth-weighted mean was calculat-
ed. The fertilization by atmospheric N deposition can
increase C stock in forest biomass and the upper mineral
soils (de Vries et al. 2009; Pregitzer et al. 2008). How-
ever, we did not consider the influences of N deposition
on soil C sequestration after forestation due to the lack
of annual N deposition rate during the stand develop-
ment at sampling sites. Then, a final dataset on the
response of soil properties to afforestation and refores-
tation was compiled, including detailed information on
site location, plantation age, climate factors (including
mean annual precipitation (MAP, mm) and mean annual
temperature (MAT, °C), experimental design, soil sam-
pling depths and repeated sampling from 139 published
studies from 1993 to 2015 (Fig. 1; Table S1).

Data classification

Both afforestation and reforestation refer to establish-
ment of forest on non-forest land in most definitions
(Lund 1999; IPCC 2000). The distinction between af-
forestation and reforestation is determined by whether
the land supported trees during the past X (e.g., 30, 50)
years (reforestation) or not (afforestation) from the per-
spective of land-use and land-cover change (IPCC 2000;
Verchot et al. 2007). Nevertheless, the definition of
reforestation has different implications for different
countries and organizations (Lund 1999; IPCC 2000).
For example, from a forestry management perspective,
the definition of reforestation includes regeneration after
harvesting (IPCC 2000), however, it does not reflect a
change of land-use designation. Thus, we defined refor-
estation activities as the conversion of non-forest land to
planted forest in this study. Since the SOC stock after
deforestation decreased rapidly and became steady after
10 years (Poeplau et al. 2011), we assumed that changes in
the soil properties at the reforested sites were quite similar
to the afforested sites. This is also supported by a global
meta-analysis (Liao et al. 2012). Therefore, we used the
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term Bforestation^ to include both afforestation and refor-
estation. According to prior land use, the type of planted
forest was categorized as forest established on grassland
(FG), forest established on cropland (FC) and forest
established on barren land (FB).

Tree species, particularly the N-fixing properties of
species, has been found to determine the direction and
magnitude of changes in soil C and other nutrients after
forestation (Resh et al. 2002). Tree species of the genus
Eucalyptus are widely planted on non-forested land, and
their impacts on soil nutrients have been widely investi-
gated (Berthrong et al. 2012; Eclesia et al. 2012). Thus, the
tree species were categorized as Eucalyptus, broadleaf
trees excluding Eucalyptus and N-fixing species, conifer-
ous trees, mixed forests including both broadleaf and
coniferous trees, N-fixing species and others (like bamboo
species) in plantations (Marin-Spiotta and Sharma 2013).

Generally, the default time period for soil C stock
changes after land-use change is 20 years (IPCC 2006;
Don et al. 2011). Furthermore, the mean site age where
most soil properties were measured is close to 20 years
(Table 1). Thus, plantation age was divided into<20 years
(younger plantation, mean, 10 years; range, 1–19 years)
and≥20 years (older plantation, mean, 37 years; range,
20–200 years). Climatic zone has a significant influence on
soil C and N change after forests have been established on
non-forested land (Laganière et al. 2010; Li et al. 2012a).
In order to compare the response of soil C and nutrients to

forestation spanning the global range of climate conditions,
we adopted the climatic zone classification in the IPCC
Good Practice Guidance for Land Use, Land-Use Change
and Forestry (LULUCF) (IPCC 2006). The IPCC classifi-
cation distinguishes 8 climatic zones according to temper-
ature and moisture gradients (IPCC 2006). However, soil
sampling sites were unevenly distributed across the climat-
ic zones (e.g., sampling sites located in the tropical moist
zone, tropical dry zone and cool temperate zone with dry
climate accounting for 2, 4 and 31 % of total sampling
sites, respectively). This uneven distribution may bias the
results. In order to compare our estimates with other stud-
ies, we classified the climatic zones into 4 types across a
mean annual temperature gradient: t ropical
(MAT>18 °C), warm temperate (10 °C<MAT<18 °C),
cool temperate (4 °C<MAT<10 °C) and boreal zones
(MAT<4 °C) (IPCC 2006; Laganière et al. 2010).

Data analysis

Main calculations

The soil element stock in a fixed layer i were calculated
using equation 1,

Ci ¼ Si � γi � hi � 10−1 ð1Þ

Fig. 1 Location of planted forest sites used in this meta-analysis

326 Plant Soil (2016) 407:323–340



where Ci is soil element stock (Mg ha−1) and Si is soil
element concentration (g kg−1) for i sampling layer,
respectively; γi is the bulk density (g cm−3) and hi is
thickness (cm) of soil layer (Yang et al. 2007).

Soil bulk density estimates are critical for calcula-
tions of Ci, but many studies did not report it. We used a
logarithmic linear function γ= -0.115 × ln(SOC) + 1.17,
which was established with the reported values of soil
bulk density (γ) and SOC concentration from published
literatures, to estimate missing soil bulk density. More
details about this empirical function are available in Shi
et al. (2013). In order to compare our estimates with
previous studies, only the SOC and TN stocks were
calculated.

In our preliminary data set, soil sample depth varied
among the studies between 10 and 30 cm. In order to
make comparable estimates of SOC and TN pool
change to the same sample depth, the SOC and TN
stock changes with irregular sample depths (h) were
adjusted to those of the top 20 cm of the sample using
methodology adopted by Yang et al. (2011) and Li et al.
(2012a) (equations 2 and 3).

Y ¼ 1−βh ð2Þ

C20 ¼ 1−β20

1−βh � Ch ð3Þ

Table 1 Categorical variables and total number of case studies used to quantify soil properties after forestation and the test of heterogeneity
between groups (Qb) using meta-analysis

VariablesΔ Number of cases Mean age Test p value of Qb
‡

Paper Total Decrease Increase (year) Prior land-use Plantation age† Climatic zone§ Tree species

Soil pH 66 228 166 62 23.5 <0.004 0.132 0.507 0.441

SOC stock 131 513 173 340 21.3 0.001 <0.001 0.001 <0.001

TN stock 126 416 168 248 20.5 0.001 0.569 0.004 0.001

SOC concentration 128 516 180 336 22.0 <0.001 0.005 <0.001 <0.001

TN concentration 106 411 161 250 20.9 0.001 0.380 0.005 <0.001

TP concentration 45 137 65 72 21.3 0.078 0.287 0.902 0.172

TS concentration 4 10 9 1 22.5 0.064 0.084 0.093 0.868

Inorganic N 33 120 37 83 19.0 0.030 0.001 0.044 0.467

Available P 50 151 66 85 23.6 <0.001 0.619 0.619 0.182

Sulfate 3 21 3 18 24.5 NA 0.001 0.005 NA

Microbial C 27 115 47 68 20.6 <0.001 0.274 0.045 0.257

Microbial N 11 44 13 31 20.46 <0.001 0.137 0.565 0.164

Microbial P 4 17 2 15 37.1 0.047 0.328 NA 0.005

C:N ratio 107 411 132 279 21.4 0.271 <0.001 0.044 0.012

C:P ratio 38 128 37 91 20.1 <0.001 0.245 0.042 0.451

C:S ratio 4 10 3 7 22.5 0.997 0.264 0.267 NA

N:P ratio 39 140 51 89 22.6 0.006 0.966 0.002 0.008

Mc:Mn 11 60 5 55 20.6 0.026 0.965 0.981 0.278

Δ The abbreviations SOC, TN, TP, TS and Mc:Mn are soil organic carbon, total nitrogen, total phosphorus, total sulfur and the C/N ratio of
microbial biomass, respectively
‡ Significant results are shown in bold at p values < 0.05, indicating that the response ratios are significantly different among the various
levels
† Plantation age was categorized as < 20 years for younger forests and≥ 20 years for older forests
§ Climatic zones were classified into 4 types across a mean annual temperature gradient: tropical (MAT> 18 °C), warm temperate
(10 °C<MAT< 18 °C), cool temperate (4 °C<MAT<10 °C) and boreal zones (MAT< 4 °C) (IPCC 2006; Laganière et al. 2010)

Tree species were categorized as Eucalyptus, broadleaf trees excluding Eucalyptus and N-fixing species, coniferous trees, and N-fixing
species in plantations

NA: no available data to perform a Qb test
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where Y is the cumulative proportion of the SOC (or
TN) stock from the soil surface to depth h (cm);βis the
relative rate of decrease in the soil C (or TN) stock with
soil depth (0.9786 for SOC and 0.9831 for TN, respec-
tively) (Jobbágy and Jackson 2000; Jobbágy and
Jackson 2001); C20 is the expected soil C (or TN)
stock adjusted to the top 20 cm soil layer at a
specific site; h is the original soil depth available
in individual studies (cm); Ch is measured SOC
(or TN) stock at sample depth h (cm) at a specific
site.

Then the absolute change in SOC (or TN) stock in the
top 20 cm depth (ΔCj, Mg ha-1) for j site was calculated
with equation (3).

ΔC j ¼ Ce j−Ccj ð4Þ
Cej is the SOC (or TN) stock of afforested sites

(Mg ha−1), Ccj is the SOC (or TN) stock of the j obser-
vation for control sites (Mg ha−1).

Meta analysis

The soil properties in the upper mineral soil under
forestation were analyzed in the meta-analysis. The
natural logarithm of the response ratio (R+) was
employed to determine the effect size (Hedges et al.
1999).

lnRþ ¼ ln X ε=X cð Þ ¼ ln X εð Þ−ln X cð Þ ð5Þ
where Xe and Xc are the averages of a specific variable in
forested and control sites, respectively. The values of
effect size which were outside 3 standard deviations of
the mean of each soil property were considered as
outliers and discarded according to Pauta criterion. To
include as many studies as possible, an unweighted
meta-analysis was used (Adams et al. 1997). The mean
effect size (lnR+) was calculated, and 95 % confidence
intervals (CI) were generated using a bootstrapping
procedure (4, 999 iterations) on Meta-win software
(Rosenberg et al. 2000). We calculated the mean effect
size for each category (type of previous land use, cli-
matic zone, plantation age and plant species), and tested
the significance of differences among the various levels
using a random model. For each categorical group, total
heterogeneity (Qt) was calculated as the sum of within
group heterogeneity (Qw) and between group heteroge-
neity (Qb) (Hedges et al. 1999). If the Qb is significant
according to the Q-statistic, the response ratios are

considered to be significantly different among the vari-
ous levels (Liu and Greaver 2009).

The percentage of each response variable (y) was
estimated using Formula (5) (Liao et al. 2012).

y ¼ Rþð Þ−1½ � � 100% ð6Þ
If the 95 % confidence interval (CI) of y did not

overlap zero, then the percentage difference in soil
properties change is considered to be significantly af-
fected by forestation (Liao et al. 2012).

To explore the potential determinants of SOC
changes in forested land, statistical analysis was per-
formed in two steps. First, we ran linear regressions
between the effect size of SOC [Ln(Rsoc)] and the
effect size of other soil properties to test the effects of
internal factors (including changes in soil pH,
nutrients and stoichiometry) on soil C dynamics
using SAS REG procedures (Release 9.1, SAS
Institute Inc., Cary, NC, USA, 2004). Post hoc
power analysis, a well-established statistical tool with
which to overcome errors that arise from significant
changes in heterogeneous soils due to insufficient
replication (Wang et al. 2011), was performed with
each linear regression model using SAS POWER
procedures (α=0.05). The post hoc power analysis
uses the obtained sample size and effect size to detect
the probability of getting a significant linear slope
between effect size of SOC concentration and other
soil properties at a given p<0.05 of the data. Sec-
ondly, a general linear model (GLM) was run to test
the effects of external factors (prior land-use, tree
species, climatic zones as categorical variables, MAP,
MAT and plantation age as continuous variables) on the
effect size of soil C and nutrients that strongly correlated
with soil C. Only significant effects were included in the
final model (p<0.05). The GLM analysis was also
performed to determine absolute changes in soil C and
TN stock, respectively.

Results

General Changes in soil pH, C, N, P, and S
and stoichiometric ratios

The changes in soil properties after forestation in indi-
vidual studies varied from negative to positive (Table 1).
Significant values of theQb test indicated that prior land
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use was the most important factor influencing changes
in the investigated variables after forestation (Table 1).
The meta-analysis showed that mean soil pH was de-
creased by 0.34 units for FC and 0.33 units for FG
(p<0.05), respectively (Table 2). The mean SOC stock
was changed by +26.8 % in FC soils (p<0.05), by
+50.6 % in FB soils (p<0.05), but no change in FG
soils (–2.6 %, p>0.05). TN stock was significantly
changed by -12.6 % for FG, +16 % for FC, and
+37.8 % for FB (p<0.05). The changes in SOC and TN
concentrations are quite similar to their corresponding
changes in stocks (Table 2). TP concentration was not
changed under any plantation type (p> 0.05). TS
concentration changed significantly by -15.6 % for
FG (p< 0.05).

Regarding soil nutrient availabilities, inorganic N
concentration was increased by +48.1 % in FB soils
(p<0.05). P availability was significantly changed by -
23.6 % in FC soils (p<0.05), by +22.2 % in FB soils
(p<0.05), but not changed in FB soils (p>0.05). Sulfate
was increased by +67.5 % in FG soils (p<0.05). The
limited available data showed that there was a

significant change in microbial biomass C: -25.4 % for
FG (p<0.05), +32.1 % for FC (p<0.05), and +160.4 %
for FB (p<0.05).

Regarding soil stoichiometry, the change in C:N ratio
ranged from +7.7 % in FC soils to +9.7 % in FG soils
and +15 % in FB soils (p<0.05). A significant increase
in C:P ratios occurred in FC (+52.3 %) and FB
(+58.5 %) soils (p<0.05). The limited available data
shows that C:S and N:P ratios were not changed in FG
and FC soils (p>0.05), but the N:P ratio increased
significantly by +38.3 % in FB soils (p<0.05). The
C:N ratio of microbial biomass increased significantly
by +50.4 % in FG soils and by +47.2 % in FB soils
(p<0.05), but was not significantly changed in FC soils
(p>0.05) (Table 2).

Changes in soil pH, C, N, P, and S and stoichiometric
ratios under sub-categorical variables

The range of changes in some soil properties following
forestation varied under each level of categorical variable
(Figs. 2, 3 and 4; Tables S2–S4). For FG, differences in

Table 2 The mean and 95 % confidence interval of relative changes in soil properties after forestation with different prior land uses

Variables Forestation of grassland Forestation of cropland Forestation of barren land

Mean 95 % CI Mean 95 % CI Mean 95 % CI

pH –5.19* (–7.32,–2.96) –5.83* (–7.60,–4.21) –0.52 (–2.64,1.69)

SOC stock –2.57 (–6.40,1.36) 26.78* (21.03,32.98) 50.55* (40.42,61.92)

TN stock –12.61* (–17.82,–7.27) 16.03* (9.38,23.08) 37.82* (24.11,54.53)

SOC concentration –4.43 (–8.64,0.03) 30.73* (24.11,37.76) 56.61* (44.41,70.11)

TN concentration –12.03* (–17.50,–6.15) 20.20* (13.05,27.59) 35.72* (22.33,50.96)

TP concentration –11.14 (–23.72,0.58) –4.70 (–10.71,1.18) 5.19 (–4.63,15.89)

TS concentration –15.64* (–23.49,–8.93) 23.30 (–11.94,68.40) NA

AN concentration 11.12 (–13.15,44.16) 5.74 (–14.23,29.57) 48.13* (32.49,68.32)

AP concentration –4.96 (–20.26,13.29) –23.60* (–49.53,–4.68) 22.15* (3.16,43.28)

Sulfate 67.48* (38.80,101.81) NA NA

Microbial C –25.39* (–36.81,–12.63) 32.09* (5.96,67.14) 160.50* (113.43,224.22)

Microbial N NA 0.04 (–17.52,22.04) 90.30* (53.88,142.14)

Microbial P –39.68* (–54.21,–20.53) 69.07* (52.01,83.38) 84.88* (24.51,165.74)

Soil C:N 9.68* (5.38,14.19) 7.72* (3.66,11.88) 14.98* (4.64,26.98)

Soil C:P –11.08 (–24.67,5.43) 52.34* (30.22,77.58) 58.54* (37.25,82.91)

Soil C:S 11.14 (–21.20,46.89) 12.81 (–9.41,39.00) NA

Soil N:P –13.83 (–24.73,1.22) 9.51 (–11.10,33.37) 38.32* (20.27,57.74)

Microbial C:N 50.36* (26.90,79.29) 14.52 (–6.96,37.92) 47.19* (32.49,64.54)

* The relative change in soil properties is significant (p < 0.05)

NA: no available data to estimate mean and 95 % confidence interval in meta–analysis
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changes in soil TP, TS and sulfate between older and
younger plantations were significant (p<0.05) (Fig. 2a).
For FC, the increases in soil C, TN, AN, C:N ratio were
larger in older forests than in younger stands (Fig. 2b)
(p<0.05). For FB, except for soil C:N ratio, changes in
other soil indices between older and younger plantations
were irun nsignificant (p>0.05) (Fig. 2c). The responses
of investigated variables across climatic zones varied
depending on prior land use (Fig. 3; Table S3). Change
in SOC stock after forestation on grassland was -11 % in

the boreal zone in FG soils (p<0.05) (Fig. 3a). There was
a higher level of SOC accumulation in FC soils in the
tropical zone (+50.7%) than in the boreal zone (+15.1%)
(p<0.05) (Fig. 3b). In FB soils, levels of SOC accumu-
lation in the boreal zone were significantly lower than in
other climatic zones (p<0.05) (Fig. 3c). In FC soils,
increases in SOC and N availability in plantations with
N-fixing species were significantly greater than in plan-
tations with broadleaf trees (p<0.05) (Fig. 4b). Soil P
availability in plantations with N-fixing species was

Fig. 2 Percentage difference in
soil properties after forestation on
(a) grassland or pasture (FG), (b)
cropland (FC) and (c) barren land
(FB) at different stand ages. The
bars show the mean and 95 % CI
(Table S2) and the values next to
the bars indicate the sample size

Fig. 3 Percentage difference in
soil properties after forestation on
(a) grassland or pasture (FG), (b)
cropland (FC) and (c) barren land
(FB) of different climate types.
The bars show the mean and
95% CI (Table S3) and the values
next to the bars indicate the
sample size
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significantly decreased by -34.1 % for FG and -31.9 %
for FC (p<0.05) (Fig. 4; Table S4).

Potential determinants controlling soil C sequestration
after forestation

Soil C change following forestation was strongly related
to changes in soil TN, AN, C:N ratios in soil and
microbial mass, C:P ratio, N:P ratio and the C
and N in soil microbial biomass with a high power
value (Power> 0.80) (p< 0.01), but was not related
to changes in soil pH, available P or sulfate
(p> 0.05) (Fig. 5).

Consistent with theQb test in meta-analysis, prior land
use is the most important predictor of absolute and rela-
tive changes in soil C and TN stocks in forested land
(Table 3). The values of parameters in the general linear
model show that across climatic zones, forested soils in
the boreal zone have the lowest ability to sequester C.
The relative changes in soil C and TN stocks under
plantation with N-fixing species are both greater than
plantations with non-N fixing species (Table ). Temper-
ature has a positive effect on the absolute and relative
changes in soil TN stock (p<0.01). In contrast, precipi-
tation has a general negative effect on the relative chang-
es in soil C and TN stocks in forested ecosystems
(p<0.01) (Table 3). The precipitation also has a negative
effect on the relative changes in AN concentration and
soil microbial C concentration that strongly correlated
with soil C in forested ecosystems (p<0.01) (Table S5).

The absolute and relative changes in Soil C and TN
stocks increased with plantation age (p<0.01) (Table 3).

Discussion

Response of soil C to forestation

The response of soil C to forestation in the light of land-
use history preceding forestation has been described in
previous studies (Laganière et al. 2010; Li et al. 2012a;
Bárcena et al. 2014). Themean SOC stock change in the
current study was -2.6 % after forestation on grassland,
which is comparable to global average of -6.7 % esti-
mated by Berthrong et al. (2009) and -8 % in northern
Europe (Bárcena et al. 2014), but significantly lower
than the +17.5% estimated after conversion of grassland
to secondary forest in the tropical region (Don et al.
2011) and +3 to +10 % in a previous global meta-
analysis (Laganière et al. 2010). For forestation of crop-
land, the mean SOC stock change in the current study
was +26.8 %, which is significantly higher than the
estimates of no change in the US (Nave et al. 2013),
and is close to +20 % estimated for northern Europe
(Bárcena et al. 2014) and +18 to +26 % in a previous
global meta-analysis (Guo and Gifford 2002; Laganière
et al. 2010), but much lower than the +68.6 % estimated
for the top 10 cm in China (Song et al. 2014). For
forestation of barren land, the mean SOC stock change
was +50.6 %, which is comparable to the +50 %

Fig. 4 Percentage difference in
soil properties after forestation on
(a) grassland or pasture (FG), (b)
cropland (FC) and (c) barren land
(FB) for different tree species.
Percentage difference under
mixed forests and bamboo species
were not included in this figure
due to limited observations. The
bars show the mean and 95 % CI
(Table S4) and the values next to
the bars indicate the sample size
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estimated for northern Europe (Bárcena et al. 2014), and
within the range of +37 % for natural barren land to
+173 % for barren land after industrial activities in the
US (Nave et al. 2013). According to the above compar-
isons, the estimates of soil C change following foresta-
tion in our study are slightly higher (for FC) or lower
(for FG) than previous global estimates.

The differences between the estimates of SOC
change in our study and the values in previous global
meta-analysis could be mainly explained by two factors.
First, the inclusion of more data sources and data

sources from more varied areas. The data sources in
previous global meta-analysis were mainly located in
Europe, the Americas and Oceania, and rarely included
observations from developing countries in Asia and
Africa (Berthrong et al. 2009; Laganière et al. 2010).
Our data set was compiled by integrating the observa-
tions collected in previous global meta-analysis and the
latest reported observations, particularly in Asia and
Africa. Second, a more detailed categorical variable of
data classification was used. We have added the obser-
vations in forested barren land which with sparse

Fig. 5 Relationships among effect size of the main soil properties
and SOC concentration in planted forest soils. The abbreviations
pH (a), TN (b), TP (c), AN (d), AP (e), TS (f), Sulfate-S (f), C:N
(g), C:P (h), N:P (i), Mc (j), Mn (k), Mc:Mn (l) are soil acidity,
total soil N concentration, total soil P concentration, soil inorganic
N concentration, soil inorganic P concentration, soil sulfur con-
centration, soil sulfate concentration, soil C/N ratio, soil C/P ratio,
soil N/P ratio, soil microbial C concentration, soil microbial N

concentration, C/N ratio in soil microbial biomass, respectively.
Solid lines are fit by an equation with p < 0.05, and dashed lines
denote the equation with p > 0.05. R2 is the coefficient of determi-
nation for linear regression models, and power is the probability of
getting a significant linear slope at p < 0.05 for the correlation
analysis. The least significant number (LSN) indicates the number
of observations required to produce a specific p value < 0.05 given
that the data have the same form
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vegetation cover and eroded soils, and analyzed the
changes in soil C and nutrients under detailed categor-
ical variables of climatic zones and tree species. In
contrast, the prior land use was classified as grassland/
pasture and cropland in previous global meta-analysis
(Berthrong et al. 2009; Laganière et al. 2010; Shi et al.
2013).

Determinants of soil C sequestration in forested land

Nutrients

The soil C sequestration process is coupled with nutrient
cycles in terrestrial ecosystems (Goll et al. 2012;
Cleveland et al. 2013). To sequester C into soil organic
matter requires sufficient amounts of N, P and S (Kirkby
et al. 2013; Kirkby et al. 2014), as is shown for planted
forest ecosystems by a linear relationship between soil C
change and soil nutrient (TN, TP, TS and AN) changes
(Fig. 5b, c, f and d respectively). The content of soil
microbial biomass is regarded as a powerful indicator of
soil fertility and biological quality (Jenkinson et al.
1990; Li et al. 2012b). Soil C change is also strongly
and positively correlated with the C and N concentra-
tions in microbial biomass (Fig. 5j and k respectively),
indicating soil fertility is the critical internal factor de-
termining soil C sequestration after forestation
(Fernandez-Martinez et al. 2014).

Prior land use

The general linear model showed that the prior land use
is the most important predictor of changes in soil C and
nutrients after forestation (Table 3). The parameter
values of prior land use showed that soil C sequestration
potential is significantly higher in soils of forested bar-
ren land and cropland than in soils of forested grassland
(Table 3). Concentrations of soil C, TN and microbial
biomass C were significantly increased after forestation
of barren land, but reduced or no change after forestation
of grassland (Table 2). The different responses of soil C
to forestation with prior land use could be explained by
two factors:

First, the soils in barren land prior to forestation
generally have lower organic carbon level than grass-
land (Fig. 6). The initial C stock in mineral soils was
both negatively correlated with the relative and absolute
SOC accumulation in forested land (Shi et al. 2013;
Deng et al. 2014), which could be explained if the high

initial SOC is due to large amounts of still recognizable
plant remains in the soil that are easily decomposed due
to the soil disturbances in process of site preparation,
tree planting, etc. (Jandl et al. 2007).

Secondly, the barren land that was forested was
mainly located in fragile areas like the Loess Plateau
in China and subtropical regions with relatively poor
vegetation coverage, which are prone to lose soil C and
nutrients through soil erosion by water and wind (Fu
et al. 2010). When the forest was established on barren
land, the vegetation cover increased rapidly and soil
erosion was reduced (Tang et al. 2010). The restoration
of barren land can also enhance the rates of nutrient
mineralization in infertile areas (Davis 1998) and in-
crease soil C stability by forming macro-aggregates
through mycorrhizal associations with plant roots and
other soil microbes (Six et al. 2006). In contrast, con-
version of grassland to forestland will reduce organic
matter input during the early years (Don et al. 2009), and
increase C decomposition of recognizable plant remains
(generally high in grasslands) during site preparation
resulting in an over reduction in total soil C. Therefore,
we suggest that forestation of barren land is a more
effective approach to enhancing C sequestration and soil
fertility compared with forestation of grassland.

Climatic zones

Climatic zone has a significant influence on soil C
changes in forested land (Tables 1 and 3). The values
of parameters in the general linear model for both abso-
lute and relative changes in SOC indicated that across

Fig. 6 The mean SOC stock (Mg C ha-1) in reference for the
planted forest established on grassland (FG), cropland (FC) and
barren land (FB) across climatic zones. The error bar means
standard error
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climatic zones, mineral soils in the boreal zone after
forestation have the lowest ability to sequester C. The
lower C sequestration ability in the boreal zone could be
explained by lower C input after forestation and the
higher soil C stock before forestation. We suggest that
the forested soil receive less organic matter input in the
boreal zone because trees grow slowly under cold con-
ditions (Laganière et al. 2010). The initial C stock in
mineral soils in the boreal zone, particularly for FG and
FB, is relatively higher than in other climatic zones
(Fig. 6). The higher initial soil C stock will increase
the risk of soil C loss after planted forest establishment
due to the soil disturbance (Jandl et al. 2007).
Additionaly, we found a positive effect of temperature
on soil N accumulation, indicating a lower N accumu-
lation in forested soil in the boreal zone than in the
temperate and tropical zones in this study (Table 3).
Thus, the inefficient N accumulation in cold environments
could also be associated with lower soil C sequestration
ability in the boreal zone, because of the strong relationship
between soil C and N in forested land (Li et al. 2012a).

Precipitation

Precipitation has a generally negative effect on relative
changes in concentration of C in soil and microbial
biomass, total N and labile N in forested ecosystems
(Table 3 and Table S5), indicating the relatively greater
ability to accumulate C and nutrients in drier sites than
in wetter sites. Generally, losses of soil N can be attrib-
uted to uptake by plants, surface water runoff, and
leaching from topsoil to deeper soils (Davis 1998;
Lorenz and Lal 2010). The negative impacts of increas-
ing precipitation on soil C and N accumulation in for-
ested soils might be attributed to increasing soil erosion
from surface runoff, leaching into deep soils, and deni-
trification of N in high-precipitation regions
(Kirschbaum et al. 2008). A negative impact of increas-
ing precipitation on relative change in SOC was also
found in a meta-analysis of afforestation in the US
(Nave et al. 2013) and in extensive field investigations
of soil C and N change after afforestation under Euca-
lyptus planted on grassland in South America
(Berthrong et al. 2012; Eclesia et al. 2012). It should
be noted that this negative impact of increasing precip-
itation only affected relative soil C and N change (lnR),
rather than absolute change (e.g. Mg ha-1). If the chang-
es in soil C and N are expressed in an absolute terms,
precipitation might have a positive effect on soil C and

N accumulation due to greater plant productivity and
fine soil texture in wetter regions (Deng et al. 2014).

N-fixing species

As in previous studies (Resh et al. 2002; Binkley 2005),
we found that capacities to accumulate C and N in
plantations with N-fixing species were relative higher
than in pure plantations without N-fixing species
(Table 3; Fig. 4). N-fixing species can substantially
increase the amount of available N in the soil via bio-
logical N-fixation, which can moderate soil N limitation
for plant growth and reduce microbial respiration rates
(Resh et al. 2002; Fisk et al. 2015). However, there was
a significant depletion of available P in soils after fores-
tation on grassland and cropland with N-fixing species
(Fig. 4a and b), which has not been reported in previous
studies (Resh et al. 2002; Shi et al. 2015). Plantations
with N-fixing species require high P for nodule devel-
opment and growth as well as nitrogenase activity
(Binkley et al. 2000; DeLuca et al. 2002; Vitousek
et al. 2002), and they can increase P cycling through
elevated soil phosphatase activity (Zou et al. 1995;
Mitchell and Ruess 2009). It has been demonstrated that
the amount of N fixed by N-fixing species is controlled
by levels of P supply under elevated atmospheric CO2

concentration (Edwards et al. 2006; Lam et al. 2012).
Inorganic P availability can ultimately determine soil C
sequestration by directly controlling N availability in
soils under N-fixing species and plant biomass
(Augusto et al. 2013). Decreased available P under
stands with N fixing species could also result from
available P being converted into SOM once the N lim-
itation in stands without N fixers was reduced by in-
cluding N fixers. Thus, we propose that decreased P
availability might be a key limiting factor for further C
sequestration after forestation with N-fixing species.

Limitations and uncertainties

First, the forest floor (O horizon) is a crucial part of the
integrated soil profile (Thuille and Schulze 2006),
playing an important role linking the soil nutrient bio-
geochemical cycle in forest ecosystems. Whether the C
and nutrients contained in the forest floor are included or
not determines the direction and magnitude of changes
in C and nutrients in the whole soil profile of forested
ecosystems (Richter et al. 1999). However, most studies
did not include changes in C and nutrients on the forest
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floor after forestation, so relevant data were not avail-
able for this meta-analysis. Omitting of C sequestration
in forest floor may underestimate the real soil C seques-
tration in forested land (Richter et al. 1999; Shi et al.
2013), particularly for the older plantation in the boreal
zone and cool temperate zone if the soil C change was
quantified using absolute terms (Mg C ha-1 orMg C ha-1

yr-1). The C sequestered in forest floor contributed to
34 % of the total soil C sequestration of forested crop-
land in a global data synthesis (Shi et al. 2013). There-
fore, more efforts are needed to quantify the C seques-
tered in forest floor and increase our knowledge about
the role of interactions between the forest floor and the
adjacent mineral soil layer in controlling C and nutrient
cycles in planted forests.

Second, using both absolute and relative changes in
soil C have advantages and shortages in quantifying the
soil C change in forested land. In terms of absolute
change, soil sampling depths are as important as soil C
concentration in calculating soil C stock (equations 1
and 3) but they are inconsistent among different authors.
In order to make comparable estimates, the data of
absolute changes in soil C stock with irregular sample
depths need to be transformed into ones with the same
sample depths. The SOC stock changes were trans-
formed to those of the top 20 cm of the sample using
the methodology that commonly used in previous meta-
analysis (equations 2 and 3) (Yang et al. 2011; Li et al.
2012a; Deng et al. 2014). However, it should be noted
that this transformation would introduce errors and un-
certainties in the estimates of SOC stock changes. The
empirical equations used in the methodology for differ-
ent depth transformation are about how soil C stock
distributes with varied depth at large scales (Jobbágy
and Jackson 2000; Jobbágy and Jackson 2001). To
estimate the soil C stock at depth in forest lands is one
thing, but to predict the soil C stock change in forested
lands with varied depths is another. In other words, these
empirical equations might be abused in estimating soil C
stock change in the soil profile and/or in deep layers,
assuming that the soil C change in the forested land
decreases asymptotically with the increasing sample
depths using a fixed coefficientβ(equation 2). However,
this assumption is never validated by the field observa-
tions. Observations from a nearly 50 years reforested
plot with loblolly pine in the subtropical southeastern
US showed that C concentration was significantly in-
creased in surface soils (0–15 cm), with no change in
sub-surface soils (15–35 cm), but significantly

decreased in subsoils (35–60 cm) (Mobley et al. 2015).
Accordingly, it is better to assess the soil C change
in whole-profile in forested land rather than that in
the upper mineral soils when using the absolute
change terms.

In terms of relative change, it is less seriously affect-
ed by the soil sample depths but lacking consideration of
C sequestration in forest floor (no reference available)
and the pre-forestation soil C content. This limitation
would be proved by the results from the linear regres-
sion analysis between the pair-data of relative and ab-
solute SOC stock change in each climatic zone (Fig. 7).
The absolute SOC stock changes are all strongly corre-
lated to the corresponding relative changes, but the
slopes are significantly differed to climatic zones [e.g.,
slopes for boreal zone is 41.5, which is significantly
higher than 18.6 for tropical zone and 20.7 for cool
temperate zone (p <0.05)] (Fig. 7). It is obviously that
the amounts of soil C sequestration across climatic
zones are not same when the relative changes of soil C
are equal. The greater slope for boreal zone is mainly
due to the higher initial soil C stock before forestation
(Fig. 6). Thus, we deduced that the relative change terms
might be a precise index to quantify soil C change in a
climatic zone scale, rather than a robust index to quan-
tify the ability of C-sequestration in forested land at
global scales due to no consideration of pre-forestation
soil C.

Third, the geographic distribution of sampling sites
was uneven, which may increase the uncertainties of our
estimates to predict soil C dynamics and soil fertility

Fig. 7 Relationship among effect size of soil organic carbon stock
[Ln(RSOC stock)] and absolute SOC stock change (Mg C ha–1) in
forested land. The significant linear slope for each climatic zone is
getting from linear regression analysis (p< 0.001)
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change in some regions. Although we have used more
observations than previous studies, sampling sites in
Africa and in the boreal zone (e.g. Russia and Canada)
were much more rare than observations in other regions.
Furthermore, changes in S have rarely been investigated
in planted forest soils, which limits our ability to quan-
tify changes in soil S and the C:S ratio after forestation.

Conclusions

The prior land use is the most important predictor of
changes in soil C and nutrients after forestation. Forest
established on barren land has a larger capacity to accu-
mulate C and nutrients in soils than forest established on
grassland. Soil C dynamics in forested soils are affected
by internal factors (i.e. soil N, P, S and the C:N ratios of
soil and microbial biomass) and by external factors (i.e.
climatic zone, tree species and precipitation). The C se-
questration ability of mineral soils is the lowest in the
boreal zone and greater under N-fixing plantations than
under non-fixing species. However, the significant reduc-
tion of P availability after the forestation of grassland and
cropland with N-fixers may further limit soil C sequestra-
tion. Across the precipitation gradients, the relative chang-
es in soil C andN are negatively correlatedwith increasing
precipitation. We recommend that future research should
add more measurements of C sequestered in forest floor,
investigate the C change in whole soil profile and collect
more the data from Africa as well as boreal zone in order
to reduce the uncertainty of the estimates in this study.
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