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• Our knowledge of carbon (C) and nitrogen (N) dynamics during stand development is not only essential for evaluating the role of secondary forests in the global
terrestrial C cycle, but also crucial for understanding long-term C–N interactions in
terrestrial ecosystems. However, a comprehensive understanding of forest C and N
dynamics over age sequence remains elusive due to the diverse results obtained
across individual studies.
• Here, we synthesized the results of more than 100 studies to examine C and N
dynamics during forest stand development.
• Our results showed that C accumulated in aboveground vegetation, litter and
forest floor pools, while the mineral soil C pool did not exhibit significant changes
in most studies. The rate of C changes declined with stand age and approached
equilibrium during the later stage of stand development. The rate of N changes
exhibited linear increases with that of C changes, indicating that N also accrued in
various ecosystem components except mineral soil.
• These results demonstrate that substantial increases in C pools over age
sequence are accompanied by N accretion in forest ecosystems. The concurrent C
and N dynamics suggest that forest ecosystems may have an intrinsic ability to
preclude progressive N limitation during stand development.

Introduction
Secondary forests, regenerated on abandoned agricultural
land and pasture or re-established after stand-replacing
disturbances, are an important component of terrestrial
ecosystems around the world (Kauppi et al., 2006).
Secondary forests have the potential to sequester a large
amount of carbon (C) because of their rapid regrowth
following disturbance (Houghton et al., 2009). However,
the role of secondary forests in the global terrestrial ecosystem C cycle remains uncertain, partly because of the lack
of explicit algorithms for stand-replacing disturbances in
land surface models (Running, 2008). Moreover, it remains
controversial whether secondary forests could continue to
sequester C during the later stage of stand development: oldgrowth forests have been considered to be C neutral (Odum,
1969), while recent studies have reported that old-growth
forests could function as a C sink (Zhou et al., 2006;
Luyssaert et al., 2008). In addition, soil C dynamics in secondary forests remain poorly characterized (Peltoniemi
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et al., 2004) although vegetation has been widely accepted to
be a C sink during stand development (Johnson et al., 2000;
Silver et al., 2000). Given that soil is the largest C pool in
the terrestrial biosphere, soil C dynamics may exert significant effects on the ecosystem C balance (Davidson &
Janssens, 2006). It has been suggested that substantial C
release from soil may even offset C sequestration in vegetation (Bellamy et al., 2005). Therefore, to accurately evaluate
their contributions to the global terrestrial ecosystem C
cycle, a comprehensive assessment of C dynamics in both
vegetation and soil is essential for secondary forests around
the world (Law et al., 2001; Houghton et al., 2009).
Terrestrial carbon–nitrogen (C–N) interactions have
attracted considerable interest because of their importance
in determining whether the C sink in land ecosystems (e.g.
C accumulation in secondary forests) could be sustained
over the long term (Strain & Bazzaz, 1983; Finzi et al.,
2001; Hungate et al., 2003; Luo et al., 2006b; Reich et al.,
2006). It has been suggested that the change in ecosystem
nitrogen (N) capital (i.e. the amount of N) is a key
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parameter regulating long-term terrestrial C sequestration
(Rastetter et al., 1997; Luo et al., 2004). Specifically, modeling studies demonstrated that N capital in an ecosystem
determined the long-term trend of terrestrial C sink
(Rastetter et al., 1997). If a land surface model allows
increased N input into an ecosystem, C sequestration in
land ecosystems will be sustainable (Rastetter et al., 1997).
Similarly, a conceptual framework of progressive N limitation also predicted that N would increasingly constrain
terrestrial C dynamics only if ecosystem N capital did not
change over time (Luo et al., 2004). If additional C inputs
stimulate the capital gain of N through biological fixation
and atmospheric deposition, increased uptake for soil available N or decreased N losses, progressive N limitation will
not occur (Luo et al., 2006a). However, current evidence
on terrestrial C–N interactions comes primarily from shortterm carbon dioxide (CO2) enrichment experiments (e.g.
Finzi et al., 2006; Hungate et al., 2006; Norby & Iversen,
2006) which usually do not last long enough to permit
quantification of the changes in ecosystem N capital. Thus,
to improve our understanding of C–N interactions in terrestrial ecosystems, it is critical to use long-term data series,
such as those obtained in secondary forests, to determine
the changes occurring in ecosystem N capital (Rastetter
et al., 1997; Luo et al., 2004; Johnson, 2006).
During the past several decades, numerous studies have
been conducted to quantify the changes in both C (e.g. Law
et al., 2001; Gough et al., 2007) and N (e.g. Zak et al.,
1990; Knops & Tilman, 2000) stocks during forest stand
development. However, the experimental results obtained

in different studies are highly variable. For instance, O’Neill
et al. (2006) observed that C accumulated in mineral soil in
black spruce (Picea mariana) stands in the interior of Alaska
after fire disturbance, whereas Rothstein et al. (2004) documented significant loss of soil C in Michigan jack pine (Pinus
banksiana) forests along a 72-yr wildfire chronosequence. In
addition, the C pool in mineral soil has also been reported to
exhibit an initial decrease and a subsequent increase (Zak
et al., 1990) or a statistically insignificant change (Perez
et al., 2004; Gough et al., 2007) during forest stand development. The inconsistent results obtained in different studies
indicate that a comprehensive understanding of forest C and
N dynamics over age sequence remains elusive.
The highly diverse results from individual studies are
unlikely to reveal a generalized pattern that can be applied
to various forest ecosystems around the world (Lu et al.,
2010). However, the results can be synthesized across individual studies to examine the probability of changes in
ecosystem C and N pools over age sequence (Carpenter
et al., 2009). This study was designed to examine C and N
dynamics during forest stand development through the
compilation and analysis of published data from 124 individual studies. Specifically, we used the synthesized data sets
to examine ecosystem C dynamics along the age gradient;
to investigate the relationship between the rate of C pool
change and biophysical factors (e.g. stand age and climatic
variables); to explore the relationship between the rate of N
pool change and the rate of C pool change over age
sequence; and to quantify the changes in ecosystem N
capital during stand development.

Fig. 1 Locations of various individual studies included in this synthesis. Some individual studies contain multiple age sequences.
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Materials and Methods

the top 100 cm using the depth distributions provided by
Jobbágy & Jackson (2001).

Data compilation

Y ¼ 1  bd

We compiled a database of 124 published papers from the
literature that reported C and N dynamics during forest stand
development (Fig. 1, Supporting Information Notes S1,
Table S1). To avoid bias in reference selection, we collected
data on C and N pools and C : N ratio based on the following three criteria: the study must focus on C and ⁄ or N pools
in forest ecosystems during stand development; each
sequence must include at least five data points to allow detection of statistical trends in C and N pools and C : N ratio
along the age gradient; and each sequence must contain quantitative information on stand age. In addition, those papers
that evaluated forest C and N dynamics over age sequence
primarily based on ecosystem models were not included.
The raw data were either extracted from published tables
or obtained by digitizing published graphs using ORIGINPRO
7.5 (OriginLab, Northampton, MA, USA). The entire database was comprised of c. 2400 entries, each containing
geographic location (longitude and latitude), climatic information (mean annual temperature (MAT) and mean annual
precipitation (MAP)), disturbance type (fire, harvest, agricultural abandonment or plantation), forest type (boreal,
temperate or tropical forest or plantation), stand age and 18
target variables. These 18 variables described C pools, N
pools and C : N ratios in aboveground vegetation (including
both leaves and woody tissues), leaves, woody tissues, litter,
forest floor and mineral soil. All original data on C and N
stocks were converted to standard units (Mg C ha)1 or Mg
N ha)1). If necessary, a conversion factor of 0.5 was used to
estimate vegetation C pool size from a given oven-dry biomass (Pregitzer & Euskirchen, 2004). Soil C and N contents
were estimated in some cases when C and N concentrations
and bulk density were provided. Similarly, the C : N ratio
was calculated if data on C and N pools were synchronously
available. In addition, data on MAT and MAP were either
extracted from each publication or obtained from a global
climate database (http://www.worldclim.org/) according to
longitude and latitude (Hijmans et al., 2005).
To increase the comparability of data derived from different studies, the original soil C data were converted to the
soil C pool in the top 100 cm using the depth functions
developed by Jobbágy & Jackson (2000) (Eqns 1–2).
Specifically, the changes in soil C pool along the soil profile
were described by an asymptotic function (Eqn 1). Based
on vertical distributions of the soil C pool in forest ecosystems around the world (Jobbágy & Jackson, 2000), the
parameter b in Eqn 1 was calculated to be 0.97. The soil C
pool in the upper 100 cm could then be estimated from the
original soil C pool using Eqn 2. In a similar fashion, the
original soil N data were converted to the soil N pools in
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SOC100 ¼

Eqn 1

1  b100
1  bd 0

SOCd0 ;

Eqn 2

Y, the cumulative proportion of the soil C pool from the
soil surface to depth d (cm); b, the relative rate of decrease
in the soil C pool with soil depth (Jobbágy & Jackson,
2000); SOC100, the soil C pool in the upper 100 cm (Mg
C ha)1); d0, the original soil depth available in individual
studies (cm); SOCd0, the original soil C pool (Mg C ha)1).
Data analyses
Data were processed in the following three steps. First, we
examined the dynamics of C and N pools and C : N ratios
along the age gradient. Both vegetation C and N pools are
usually hypothesized to show a linear increase and then
approach a plateau during forest stand development (Odum,
1969). However, in this synthesis, both vegetation C and N
pools exhibited linear changes but did not level off in most
cases. For instance, the C pool in aboveground vegetation
did not approach a plateau in 97% of individual studies, possibly as a consequence of the short experimental duration of
these individual studies (Johnson et al., 2000). The changes
in soil C and N pools during stand development are expected
to exhibit an initial decrease and a subsequent increase over
age sequence, which can be characterized with a gamma
function (Covington, 1981; Zak et al., 1990). Thus, either a
linear function (Eqn 3) or a gamma function (Eqn 4) was
used to fit the relationships of ecosystem C and N pools with
stand age. The best fit was determined as the function producing the smallest residual mean square, with the
significance level at P < 0.05 (Zak et al., 1990). We then
grouped age-related C and N dynamics into one of four patterns: increase (O’Neill et al., 2006), decrease (Rothstein
et al., 2004), no trend (Perez et al., 2004) or Covington
curve (Zak et al., 1990) (Fig. 2). The Covington curve was
fitted by a gamma function (Eqn 4), characterized by an initial decrease and a subsequent increase in C pool over age
sequence (Covington, 1981; Zak et al., 1990).
y ¼ ax þ b

Eqn 3
d

y ¼ ax b expcx þ e

Eqn 4

x, stand age (yr); y, C or N content (Mg ha)1); a, b, c, d
and e, statistical coefficients (Covington, 1981; Zak et al.,
1990).
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Fig. 2 Age-related changes in the soil carbon (C) pool during forest stand development. (a) Increase (O’Neill et al., 2006), (b) decrease
(Rothstein et al., 2004), (c) no trend (Perez et al., 2004) and (d) Covington curve (Zak et al., 1990).

Second, we explored the associations between the rate of
absolute N change and the rate of absolute C change for various ecosystem components. Given that both C and N pools
exhibited linear changes in most cases, the rate of absolute C
change over age sequence was determined as the slope of the
relationship between C pool and stand age within each
sequence and calculated through the ordinary least squares
(OLS) regression (Mg C ha)1 yr)1). The rate of absolute N
change over age sequence was obtained in a similar manner
(Mg N ha)1 yr)1). In addition, we also examined the relationships between the rate of absolute C change and
biophysical factors, such as stand age and climatic variables.
Third, to further elucidate C–N interactions during stand
development, we investigated the relationship between the
rate of relative N change and the rate of relative C change for
various ecosystem components. The relative C and N
changes were used to remove the effects of pool sizes on the
rates of C and N changes over age sequence. The relative C
change was defined as the C pool at the current age stage
divided by the C pool at the previous age stage for each
sequence. The rate of relative C change (per year) was then
calculated as the relative change in the C pool divided by the
age interval between the two adjacent age stages. The rate of
relative N change (per year) was determined in a similar
manner. All statistical analyses were conducted using the
software package R (R Development Core Team, 2007).

Results
C pools in various ecosystem components showed different
trends along the age gradient (Fig. 3). For aboveground
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vegetation, woody tissue, leaf, litter and forest floor C pools,
an increasing trend was the most frequently observed pattern (Fig. 3a–e). Although the increasing pattern occurred
in approximately one-fifth of the individual studies, a statistically insignificant trend predominated for soil C dynamics
over age sequence (Fig. 3f). Interestingly, the rates of C
pool changes declined with stand age and approached an
equilibrium state (i.e. C flux was near zero) in aboveground
vegetation (r2 = 0.40, P < 0.05), woody tissues (r2 = 0.40,
P < 0.05), leaves (r2 = 0.48, P < 0.05), litter (r2 = 0.64,
P < 0.05) and the forest floor (r2 = 0.14, P < 0.05)
(Fig. 3a–e) during the later stage of stand development.
The rate of C accumulation and loss in mineral soil exhibited opposite patterns with respect to stand age (Fig. 3f).
However, the absolute value of the rate of soil C pool
change declined with stand age and tended to be at equilibrium under both scenarios (r2 = 0.36, P < 0.05 for C
accumulation; r2 = 0.52, P < 0.05 for C loss). In addition,
the rate of C pool change was also closely correlated with
climatic variables (Table 1). Specifically, the rate of C accumulation in aboveground vegetation was positively
associated with both MAT (r = 0.33, P < 0.05) and MAP
(r = 0.21, P < 0.1). Also, the rate of C pool change in the
forest floor exhibited positive correlations with both MAT
(r = 0.70, P < 0.001) and MAP (r = 0.44, P < 0.05)
(Table 1). By contrast, climatic factors had weak relationships with the rate of soil C pool change over age sequence
(MAT: r = 0.11, P = 0.52; MAP: r = 0.10, P = 0.54)
(Table 1).
The rate of absolute N change increased linearly with that
of C pool change in aboveground vegetation (r2 = 0.95,
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Fig. 3 Relationships between the rate of absolute carbon (C) change and stand age in various ecosystem components: (a) aboveground
vegetation, (b) woody tissues, (c) leaves, (d) litter, (e) the forest floor, and (f) mineral soil. The rate of absolute C change is determined as the
slope of the relationship between C pool and stand age within each sequence. The x-axis shows the average age within each sequence. Two
power functions are used to describe age-related soil C dynamics because of the opposite patterns occurring under C loss and accumulation
scenarios. The open circles in panel (f) indicate soil C loss over age sequence (i.e. the rate of soil C pool change < 0), while the closed circles
show soil C accumulation during stand development (i.e. the rate of soil C pool change > 0). The insets indicate the percentage of published
studies showing various patterns of C dynamics over age sequence. Inc, increase; Dec, decrease; Not, no trend; Cov, Covington curve. Sample
size (n) refers to the total number of analyzed sequences for each ecosystem component.

Table 1 Pearson correlation coefficients between carbon dynamics
in various ecosystem components and climatic variables across
secondary forests around the world
Ecosystem component

MAT

MAP

Aboveground vegetation
Litter
Forest floor
Mineral soil

0.33**
0.31
0.70***
0.11

0.21*
0.10
0.44**
0.10

*, P < 0.1; **, P < 0.05; ***, P < 0.001.
MAT, mean annual temperature; MAP, mean annual precipitation.

P < 0.001), woody tissues (r2 = 0.81, P < 0.05), leaves
(r2 = 0.89, P < 0.05), litter (r2 = 0.61, P < 0.05), the forest
floor (r2 = 0.67, P < 0.05) and mineral soil (r2 = 0.73,
P < 0.001) during stand development (Fig. 4). The rate of
relative N change was also positively associated with the rate
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of relative C change in all ecosystem components (Fig. 5).
However, the slope of the relationship between the rates of
relative N and C changes was different among various ecosystem components (Fig. 5). The slope was < 1.0 in both
aboveground vegetation (0.65) and woody tissues (0.67)
(Fig. 5a–b), indicating slower rates of relative N change
than relative C change in these two ecosystem components.
By contrast, the slope was close to 1.0 in other ecosystem
components (0.94 for leaves, 0.95 for litter, 1.00 for the
forest floor and 0.90 for mineral soil) (Fig. 5c–f), showing
similar rates of relative N and C changes in these ecosystem
components.
The increase of C pool size during stand development
(Fig. 3) and the close associations between N and C changes
(Figs 4–5) indicated that N also accumulated in forest ecosystems over age sequence. Similar to C pools, N pools in
various ecosystem components exhibited different dominant
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trends along the age gradient (Fig. 6). An increasing trend
was the dominant pattern for N pools in aboveground vegetation, woody tissues, leaves, litter and the forest floor
(Fig. 6a–e), whereas a statistically insignificant change was
more common for the N pool in mineral soil (Fig. 6f). The
associations between N and C changes (Figs 4–5) were also
consistent with the changes in C : N ratios over age sequence
(Fig. 7). As shown in Fig. 5, the rates of relative N changes
were lower than the rates of relative C changes in both aboveground vegetation and woody tissues (Fig. 5a,b), while they
were approximately equal in other ecosystem components
(Fig. 5c–f). Accordingly, an increasing trend predominated
for C : N ratios in both aboveground vegetation and woody
tissues (Fig. 7a,b), while a statistically insignificant change
was the most commonly observed pattern for C : N ratios in
leaves, litter, the forest floor and mineral soil (Fig. 7c–f).
Interestingly, the relative change in C : N ratio was > 1.0 in
both aboveground vegetation (1.26) and woody tissues
(1.32) (Fig. 7a,b), but close to 1.0 in other ecosystem com-

To our knowledge, this study provides the most comprehensive evaluation to date of C dynamics in both vegetation and
soil during forest stand development. Our results show that
vegetation C pools increased over age sequence. Similarly, C
was found to accumulate in mineral soil in approximately
one-fifth of the individual studies, but remained relatively
stable in most cases along the age gradient. These results suggest that the C dynamics of mineral soils will not offset
vegetation C sink during stand development. Our results
also indicate that the rate of C pool changes declines with
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during stand development.
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Fig. 4 Relationships between the rate of absolute nitrogen (N) change and the rate of absolute carbon (C) change in various ecosystem
components: (a) aboveground vegetation, (b) woody tissues, (c) leaves, (d) litter, (e) the forest floor, and (f) mineral soil. The rate of absolute
N change is expressed as the slope of the relationship between N pool and stand age within each sequence. The rate of absolute C change is
determined in a similar manner. The error bars show the 95% confidence interval of the rates of absolute N and C changes.
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Fig. 5 Relationships between the rate of relative nitrogen (N) change and the rate of relative carbon (C) change in various ecosystem
components: (a) aboveground vegetation, (b) woody tissues, (c) leaves, (d) litter, (e) the forest floor, and (f) mineral soil. The relative N
change is defined as the N pool at the current age stage divided by the N pool at the previous age stage for each sequence. The rate of relative
N change is determined as the relative change in N pool divided by the age interval between two adjacent age stages. The rate of relative C
change is obtained in a similar manner.

stand age and approaches an equilibrium state during the
later stage of stand development, supporting Odum’s succession theory (Odum, 1969). In addition, our results
demonstrate that C accrual in forest ecosystems is accompanied by substantial N accretion over age sequence. The
concurrent C and N dynamics suggest that forest ecosystems
may have an intrinsic ability to accrue N and prevent progressive N limitation during long-term stand development.
Taken together, the results obtained in this study provide a
basis for evaluating the role of secondary forests in the global
terrestrial ecosystem C cycle and understanding long-term
C–N interactions in terrestrial ecosystems.
Ecosystem C dynamics during stand development
Vegetation C pools accrued over age sequence in most ecosystems. The accumulation of plant biomass along the age
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gradient could be ascribed to the increase in leaf area index
before canopy closure (Sprugel, 1984). It has frequently
been observed that leaf area increases rapidly during the
initial stage of stand development but approaches an
asymptote or declines after canopy closure (Gower et al.,
1996). Accordingly, plant production is high during early
stand development and then decreases with stand age (Ryan
et al., 1997). Thus, vegetation C pools usually show a
relatively linear increase after disturbance followed by a
saturation phase during the final stage of stand development (Odum, 1969). In addition, the increase in vegetation
C pools over age sequence could also be driven by an
increase in nutrient availability as a result of the increase in
soil N mineralization following stand-replacing disturbances (White et al., 2004; Davidson et al., 2007).
The soil C pool exhibited diverse dynamics during stand
development, with a statistically insignificant change being
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Fig. 6 Relationships between the rate of absolute nitrogen (N) change and stand age in various ecosystem components: (a) aboveground
vegetation, (b) woody tissues, (c) leaves, (d) litter, (e) the forest floor, and (f) mineral soil. The rate of absolute N change is expressed as the
slope of the relationship between N pool and stand age within each sequence. The x-axis shows the average age within each sequence. The
open circles in panels (b) and (e) indicate the outliers. Two power functions are used to describe age-related soil N dynamics because of the
opposite patterns occurring under N loss and accumulation scenarios. The open circles in panel (f) represents soil N loss over age sequence (i.e.
the rate of soil N pool change < 0), while the closed circles show soil N accumulation during stand development (i.e. the rate of soil N pool
change > 0). The insets indicate the percentage of published studies showing various patterns of N dynamics over age sequence. Inc, increase;
Dec, decrease; Not, no trend; Cov, Covington curve. Sample size (n) refers to the total number of analyzed sequences for each ecosystem
component.

predominant. The diverse patterns of soil C dynamics may
be related to the specific type of disturbance before forest
establishment. To test this possibility, we summarized the
age-related dynamics in soil C pool according to the disturbance type (i.e. fire, harvest, agricultural abandonment or
plantation). Our results showed that agricultural abandonment made a major contribution to the increase in soil C
pool over age sequence, while plantation was responsible for
a decline in soil C pool during stand development (Fig. S1).
It is well known that the changes in soil C stock driven by
disturbance are largely determined by changes in the input
rates of organic matter and its decomposability (Post &
Kwon, 2000). The forest that becomes established after agricultural abandonment usually consists of highly productive
tree species with low litter quality and thus is favourable for
C accumulation in mineral soil (Don et al., 2010). By contrast, plantation deposits more C as litter to the forest floor,
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which is incorporated more slowly into mineral soil than in
native ecosystems, leading to C loss from mineral soil
(Berthrong et al., 2009). Nevertheless, our results indicated
that a statistically insignificant change dominated under all
disturbance types (Fig. S1), suggesting that the dominant
pattern of soil C dynamics was independent of disturbance
type. The insignificant C dynamics of mineral soil may result
from a dynamic balance between C input from plant production and output through microbial decomposition
(Davidson & Janssens, 2006). During stand development, C
accumulated in both litter and the forest floor in most cases
(Fig. 3d,e). The increase in C pools in both litter and the
forest floor could lead to more C inputs into mineral soil
through subsequent dissolved organic C leaching or mixing
by microfauna (Chapin et al., 2002). However, microbial
decomposition was frequently observed to accelerate after a
stand-replacing disturbance (Covington, 1981; Zak et al.,
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Fig. 7 Frequency distributions of the relative changes in carbon : nitrogen (C : N) ratios in various ecosystem components: (a) aboveground
vegetation, (b) wood, (c) leaves, (d) litter, (e) the forest floor, and (f) mineral soil. The relative change in the C : N ratio is defined as the C : N
ratio at the current age stage divided by the C : N ratio at the previous age stage for each sequence. The dashed line shows that the relative
change in the C : N ratio is equal to 1.0, indicating that the C : N ratio is constant over the two adjacent age stages. The inserts represent the
percentage of published studies showing various patterns of C : N ratio dynamics over age sequence. Inc, increase; Dec, decrease; Not, no
trend; Cov, Covington curve. Sample size (n) refers to the total number of analyzed sequences for each ecosystem component.

1990). As a consequence, the enhanced C input from litter
and the forest floor may be balanced by the increased C output driven by microbial decomposition and thus result in a
relatively stable soil C pool over age sequence.
Potential uncertainties may be introduced into the overall
pattern of soil C dynamics observed in this study, as soil C
pools at the original depth were converted to a depth of 1 m
using the depth functions developed by Jobbágy & Jackson
(2000). To evaluate such uncertainties, we examined
changes in soil C pool at the original depth for each individual study and then re-summarized the overall pattern. Our
results confirmed that soil C stock did not exhibit significant
changes with stand age in most studies (Fig. S2), consistent
with results having depth corrections (Fig. 3). These consistencies suggest that depth corrections do not alter the overall
pattern of soil C dynamics during stand development.
Nevertheless, the potential changes in root distributions, dissolved organic C and organic matter turnover over age
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sequence may result in some uncertainties in soil C corrections calculated using fixed depth functions. Unfortunately,
there is little experimental evidence showing that root distributions may exhibit significant changes during forest stand
development. To the best of our knowledge, only one study
examined changes in vertical distributions of roots along the
age gradient, and revealed that the changes in root distributions over age sequence were not statistically significant
(Yanai et al., 2006). Similarly, changes in dissolved organic
C with stand age remain equivocal (e.g. Peichl et al., 2007;
Teklay & Chang, 2008). Thus, to gain more insight into the
potential uncertainties involved in depth corrections, more
individual studies should be conducted to examine changes
in the vertical distributions of roots, dissolved organic C and
organic matter turnover rate over age sequence. More
directly, a number of actual observations are required to evaluate changes in the vertical distributions of the soil C pool
during forest stand development. In addition, more frequent
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measurements at different developmental stages are needed
to produce a realistic picture of soil C dynamics along the
age gradient.
Effects of biophysical factors on forest C dynamics
The rates of C pool changes in both vegetation and soil
declined markedly with stand age, and C dynamics in all
ecosystem components tended to reach equilibrium during
the latter stage of stand development, indicating that stand
age plays a discernible role in shaping the trajectory of C
dynamics across secondary forests around the world
(Pregitzer & Euskirchen, 2004). These results accord well
with Odum’s succession theory, which predicts that C
dynamics tend to be balanced during the later stage of ecosystem development (Odum, 1969). These results are also
consistent with a recent ‘dynamic disequilibrium’ framework, which states that disturbance leads to temporal
changes in ecosystem C pool within one disturbance–recovery episode but does not affect long-term C dynamics
unless the disturbance regime changes (Luo & Weng,
2010). The decreased rate of C pool change with stand age
could be largely driven by the decline of vegetation net
primary production (NPP) during stand development
(Ryan et al., 1997, 2009). The decrease of C accumulation
rate over age sequence may also be attributable to an upper
limit on the amount of C that can be stored per unit land
area (Silver et al., 2000). The decreased rate of C pool
change with stand age should be incorporated into land surface models when projecting future terrestrial C dynamics
under global change scenarios (Zaehle et al., 2006).
The rate of C pool changes in both vegetation and forest
floor increased with MAT and MAP, while that in mineral
soil did not vary with either MAT or MAP. The increased
rate of vegetation C pool change along the climatic gradient
is consistent with the fact that tropical forests usually grow
more rapidly than temperate and boreal forests (Bonan,
2008). Such a pattern may be induced by the stimulating
effects of temperature and moisture on vegetation growth
(Luyssaert et al., 2007). The different relationships of the
rates of C pool changes in the forest floor and mineral soil
with climatic factors were indirectly indicated by the different associations of the rates of C pool changes in the
forest floor and mineral soil with the rate of C pool change
in aboveground vegetation (Fig. S3). Specifically, the rate of
C pool changes in the forest floor was closely correlated with
that in aboveground vegetation (r = 0.65, P < 0.05)
(Fig. S3a), while the rate of C pool changes in mineral soil
did not show any significant association with that in aboveground vegetation (r = )0.11, P = 0.64) (Fig. S3b). As a
consequence, the increased rate of C pool changes in the forest floor along the climatic gradient may be indirectly driven
by their stimulating effects on vegetation C accumulation
during stand development. However, the weak relationships
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between the rate of soil C pool changes and climatic factors
presumably stem from similar effects of climatic variables on
vegetation production and microbial decomposition. It is
well established that both vegetation growth (Luyssaert
et al., 2007) and microbial activity (Raich & Schlesinger,
1992) tend to be faster and higher under warmer ⁄ wetter
conditions than under colder ⁄ drier conditions. Thus, the
similar effects of climatic factors on C inputs and outputs to
mineral soil could lead to the weak associations between the
rate of soil C pool changes and climatic variables.
N accrual and its implications for long-term
C accumulation
The accumulation of C stock during long-term stand
development was accompanied by N accretion in vegetation, litter and the forest floor (Figs 4–6). To quantify
changes in N pools during forest stand development, we
estimated the rate of N accumulation over age sequence for
each ecosystem component. First, N accretion in aboveground vegetation was estimated to be 8.2 kg N ha)1 yr)1,
using the median value of 15 age sequences. Because of the
lack of root N information in the literature, the rate of N
accumulation in belowground vegetation over age sequence
was estimated using data on N accretion in aboveground
vegetation and root : shoot ratio in forest ecosystems.
Assuming that the root : shoot ratio in forest ecosystems is
0.3 (Mokany et al., 2006), the rate of N accumulation
in belowground vegetation was roughly equal to 2.5 kg
N ha)1 yr)1. Similarly, litter and the forest floor could
accumulate N at rates of 1.0 and 11.0 kg N ha)1 yr)1,
respectively, during stand development. In total, the accrual
of ecosystem N capital over age sequence was estimated
to be 22.7 kg N ha)1 yr)1, within the range of 0–
120 kg N ha)1 yr)1 reported by Binkley et al. (2000).
Where does the additional N come from? The increases in
N pools in vegetation, litter and the forest floor could be
largely derived from the external inputs from atmospheric
N deposition and biological N fixation (Bormann et al.,
1993; Davidson et al., 2007). The increased N pools in vegetation, litter and the forest floor could also come from
deeper soil as a result of an increase in root exploration of
soil for available N, such as increasing biomass allocation to
fine roots (Iversen et al., 2010). In addition, the soil N
availability stimulated by the rhizospheric interactions
between plants and microbes could be an important source of
N supporting forest production across decades and centuries.
It has been reported that increased soil organic matter decomposition as a result of the priming effects of rhizosphere
microbes may contribute a large proportion of available N in
mineral soil (Phillips, 2007; Frank & Groffman, 2009).
The increases in ecosystem N capital revealed in this
study have important implications for long-term C sequestration in terrestrial ecosystems. It is well known that
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additional N is required to support terrestrial C accumulation as a result of stoichiometric relationships in both
vegetation and soil (Hungate et al., 2003). If ecosystems
cannot capture enough N to match the increases in C storage, the terrestrial C sink will be down-regulated and will
not be sustained in the long term (Hungate et al., 2003;
Luo et al., 2004; Reich et al., 2006). However, ecosystems
have a number of processes to mitigate the degree of N
regulation of C sequestration. Over short and intermediate
time scales, either an increase in the C : N ratio or N redistribution from mineral soil with low C : N ratio to
vegetation with high C : N ratio can increase the capability
of terrestrial ecosystems to sequester C without additional
N inputs (Rastetter et al., 1997; Luo et al., 2004). By contrast, a long-term sustainable terrestrial C sink requires an
increase in ecosystem N capital (Rastetter et al., 1997; Luo
et al., 2004). Our results showed substantial N accretion in
various ecosystem components, demonstrating that natural
ecosystems may have an intrinsic ability to accrue N for
additional C accumulation along the age gradient. Subsequently,
the increased ecosystem N capital may promote internal N
cycling through enhanced N mineralization (Schimel et al.,
1997; Davidson et al., 2007) and enable mineral soils to
provide more available N to support forest growth
(Rastetter et al., 1997; Davidson et al., 2007). Therefore, N
accretion in forest ecosystems may preclude progressive N
limitation over age sequence (Luo et al., 2006a) and will be
favorable for maintaining forest C accumulation during
long-term stand development (Knops & Tilman, 2000).
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Nardoto GB, Sabá RT, Hayashi SN, Leal EC, Vieira IC. 2007.
Recuperation of nitrogen cycling in Amazonian forests following
agricultural abandonment. Nature 447: 995–998.
Davidson EA, Janssens IA. 2006. Temperature sensitivity of soil
carbon decomposition and feedbacks to climate change. Nature 440:
165–173.
Don A, Schumacher J, Freibauer A. 2010. Impact of tropical land-use
change on soil organic carbon stocks – a meta-analysis. Global Change
Biology. doi: 10.1111/j.1365-2486.2010.02336.x.
Finzi AC, Allen AS, DeLucia EH, Ellsworth DS, Schlesinger WH. 2001.
Forest litter production, chemistry, and decomposition following two
years of free-air CO2 enrichment. Ecology 82: 470–484.
Finzi AC, Moore DJP, DeLucia EH, Lichter J, Hofmockel KS, Jackson
RB, Kim H-S, Matamala R, McCarthy HR, Oren R. 2006. Progressive
nitrogen limitation of ecosystem processes under elevated CO2 in a
warm-temperate forest. Ecology 87: 15–25.
Frank DA, Groffman PM. 2009. Plant rhizospheric N processes: what we
don’t know and why we should care. Ecology 90: 1512–1519.
Gough CM, Vogel CS, Harrold KH, George K, Curtis PS. 2007. The
legacy of harvest and fire on ecosystem carbon storage in a north
temperate forest. Global Change Biology 13: 1935–1949.
Gower ST, McMurtrie RE, Murty D. 1996. Aboveground net primary
production decline with stand age: potential causes. Trends in Ecology
and Evolution 11: 378–382.
Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. 2005. Very high
resolution interpolated climate surfaces for global land areas.
International Journal of Climatology 25: 1965–1978.
Houghton RA, Hall F, Goetz SJ. 2009. Importance of biomass in the
global carbon cycle. Journal of Geophysical Research 114: G00E03, doi:
10.1029/2009JG000935.
Hungate BA, Dukes JS, Shaw MR, Luo YQ, Field CB. 2003. Nitrogen
and climate change. Science 302: 1512–1513.
Hungate BA, Stiling PD, Dijkstra P, Johnson DW, Ketterer ME, Hymus
GJ, Hinkle CR, Drake BG. 2006. Nitrogen cycling during seven years
of atmospheric CO2 enrichment in a scrub oak woodland. Ecology 87:
26–40.
Iversen CM, Hooker TD, Classen AT, Norby RJ. 2010. Net
mineralization of N at deeper soil depths as a potential mechanism for
sustained forest production under elevated [CO2]. Global Change
Biology 17: 1130–1139.
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Fig. S1 Frequency distribution of published studies showing various patterns of soil carbon (C) dynamics under
various disturbance types.
Fig. S2 Frequency distribution of published studies showing various patterns of soil carbon (C) dynamics over age
sequence, generated using soil C data at the original soil depth.
Fig. S3 Relationships between the rate of carbon (C)
change in the forest floor and the rate of C change in aboveground vegetation (a) and between the rate of C change in
mineral soil and the rate of C change in aboveground vegetation (b) during stand development.
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Table S1 Characteristics of 124 age sequences included in
this study
Notes S1 A list of papers from which data are extracted for
this study.
Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting information
supplied by the authors. Any queries (other than missing
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Office.
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