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Summary

e Our knowledge of carbon (C) and nitrogen (N) dynamics during stand develop-
ment 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.

e Here, we synthesized the results of more than 100 studies to examine C and N
dynamics during forest stand development.

e 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.

e 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, 2000).
Secondary forests have the potential to sequester a large
amount of carbon (C) because of their rapid regrowth
following disturbance (Houghton ez /., 2009). However,
the role of secondary forests in the global terrestrial eco-
system 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: old-
growth 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 ez al, 20006;
Luyssaert ez al., 2008). In addition, soil C dynamics in sec-
ondary 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 ez /., 2000;
Silver et al., 2000). Given that soil is the largest C pool in
the terrestrial biosphere, soil C dynamics may exert signifi-
cant 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 vegeta-
tion (Bellamy ez 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 ez al., 2001; Houghton et /., 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 ez al,
2001; Hungate ez al., 2003; Luo ez al., 2006b; Reich ez 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, mod-
eling 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 a/., 1997).
Similarly, a conceptual framework of progressive N limita-
tion also predicted that N would increasingly constrain
terrestrial C dynamics only if ecosystem N capital did not
change over time (Luo ez al., 2004). If additional C inputs
stimulate the capital gain of N through biological fixation
and atmospheric deposition, increased uptake for soil avail-
able N or decreased N losses, progressive N limitation will
not occur (Luo ez al, 2006a). However, current evidence
on terrestrial C-N interactions comes primarily from short-
term carbon dioxide (CO,) enrichment experiments (e.g.
Finzi et al., 2006; Hungate ez 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 ter-
restrial 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, 20006).

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
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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 ez 2/ (2004) docu-
mented 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 develop-
ment. 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 ez al,
2010). However, the results can be synthesized across indi-
vidual 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 indi-
vidual 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.

New Phytologist (2011) 190: 977-989
www.newphytologist.com

© 2011 The Authors
New Phytologist © 2011 New Phytologist Trust



New
Phytologist

Materials and Methods

Data compilation

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 follow-
ing 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 detec-
tion of statistical trends in C and N pools and C : N ratio
along the age gradient; and each sequence must contain quan-
titative 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 data-
base was comprised of ¢ 2400 entries, each containing
geographic location (longitude and latitude), climatic infor-
mation (mean annual temperature (MAT) and mean annual
precipitation (MAP)), disturbance type (fire, harvest, agri-
cultural 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
poolsand 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™! or Mg
N ha™"). If necessary, a conversion factor of 0.5 was used to
estimate vegetation C pool size from a given oven-dry bio-
mass (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 /., 2005).

To increase the comparability of data derived from differ-
ent studies, the original soil C data were converted to the
soil C pool in the top 100 cm using the depth functions
developed by Jobbagy & Jackson (2000) (Eqns 1-2).
Specifically, the changes in soil C pool along the soil profile
were described by an asymprotic function (Eqn 1). Based
on vertical distributions of the soil C pool in forest eco-
systems around the world (Jobb4gy & Jackson, 2000), the
parameter 3 in Eqn 1 was calculated to be 0.97. The soil C
pool in the upper 100 c¢m 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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the top 100 cm using the depth distributions provided by
Jobbagy & Jackson (2001).

y=1-p* Eqn 1

__ p100

SOC100 = ﬁSOC%, Eqn 2

Y, the cumulative proportion of the soil C pool from the
soil surface to depth  (cm); B, the relative rate of decrease
in the soil C pool with soil depth (Jobbagy & Jackson,
2000); SOCj g9, the soil C pool in the upper 100 cm (Mg
C ha™"); dp, the original soil depth available in individual
studies (cm); SOC,, the original soil C pool (Mg C ha™h).

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, pos-
sibly as a consequence of the short experimental duration of
these individual studies (Johnson ez 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 pro-
ducing 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 pat-
terns: increase (O’Neill ez al, 2006), decrease (Rothstein
et al., 2004), no trend (Perez ez al., 2004) or Covington
curve (Zak ez al., 1990) (Fig. 2). The Covington curve was
fitted by a gamma function (Eqn 4), characterized by an ini-
tial decrease and a subsequent increase in C pool over age
sequence (Covington, 1981; Zak ez al., 1990).

y=ax+b Eqn 3

y= axl’exp"cd +e Eqn 4
x, stand age (yr); 3, C or N content (Mg ha™); 4 b, ¢ d
and ¢, statistical coefficients (Covington, 1981; Zak ez 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 vari-
ous 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™! yr_l). The rate of absolute N
change over age sequence was obtained in a similar manner
Mg N ha™! yr_l). In addition, we also examined the rela-
tionships 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 pat-
tern (Fig. 3a—e). Although the increasing pattern occurred
in approximately one-fifth of the individual studies, a statis-
tically 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 (72 = 0.40, P < 0.05), woody tissues (72 = 0.40,
P <0.05), leaves (# = 0.48, P < 0.05), litter (#* = 0.64,
P<0.05 and the forest floor (#* = 0.14, P < 0.05)
(Fig. 3a—¢) during the later stage of stand development.
The rate of C accumulation and loss in mineral soil exhib-
ited 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 equilib-
rium under both scenarios (#* = 0.36, P< 0.05 for C
accumulation; 7 = 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 accu-
mulation in aboveground vegetation was positively
associated with both MAT (= 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 relation-
ships with the rate of soil C pool change over age sequence
(MAT: 7=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 (7’2 =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 0.33** 0.21*%
Litter 0.31 0.10
Forest floor 0.70%*** 0.44**
Mineral soil 0.11 0.10

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

P <0.001), woody tissues (# = 0.81, P<0.05), leaves
(# = 0.89, P < 0.05), litter (* = 0.61, P < 0.05), the forest
floor (# = 0.67, P<0.05) and mineral soil (#* = 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 eco-
system 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. 5¢c—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 eco-
systems 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 vege-
tation, 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 above-
ground vegetation and woody tissues (Fig. 5a,b), while they
were approximately equal in other ecosystem components
(Fig. 5¢—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-
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ponents (i.e. 1.05 for leaves, 1.05 for litter, 1.05 for the
forest floor and 1.06 for mineral soil) (Fig. 7c—f). Thus, the
relative change in C: N ratio also confirmed increasing
C : N ratios in both aboveground vegetation and woody tis-
sues but stable C : N ratios in other ecosystem components
during stand development.

Discussion

To our knowledge, this study provides the most comprehen-
sive 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 sug-
gest 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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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 succes-
sion theory (Odum, 1969). In addition, our results
demonstrate that C accrual in forest ecosystems is accompa-
nied 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 pro-
gressive 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 eco-
systems. 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 develop-
ment (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 distur-
bances (White ez 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 distur-
bance type (i.e. fire, harvest, agricultural abandonment or
plantation). Our results showed that agricultural abandon-
ment 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 agri-
cultural abandonment usually consists of highly productive
tree species with low litter quality and thus is favourable for
C accumulation in mineral soil (Don ez 4/, 2010). By con-
trast, 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 er 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 pro-
duction 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 ez al., 2002). However, microbial
decomposition was frequently observed to accelerate after a
stand-replacing disturbance (Covington, 1981; Zak er al.,
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1990). As a consequence, the enhanced C input from litter
and the forest floor may be balanced by the increased C out-
put 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 Jobbdgy & Jackson
(2000). To evaluate such uncertainties, we examined
changes in soil C pool at the original depth for each individ-
ual 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 consis-
tencies suggest that depth corrections do not alter the overall
pattern of soil C dynamics during stand development.
Nevertheless, the potential changes in root distributions, dis-
solved organic C and organic matter turnover over age
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sequence may result in some uncertainties in soil C correc-
tions calculated using fixed depth functions. Unfortunately,
there is little experimental evidence showing that root distri-
butions 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 distribu-
tions over age sequence were not statistically significant
(Yanai e al., 2006). Similarly, changes in dissolved organic
C with stand age remain equivocal (e.g. Peichl ez 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 eval-
uate 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 eco-
system development (Odum, 1969). These results are also
consistent with a recent ‘dynamic disequilibrium’ frame-
work, which states that disturbance leads to temporal
changes in ecosystem C pool within one disturbance—recov-
ery 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 sur-
face models when projecting future terrestrial C dynamics
under global change scenarios (Zaehle ez 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 dif-
ferent 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 above-
ground vegetation (7= —0.11, P = 0.64) (Fig. S3b). As a
consequence, the increased rate of C pool changes in the for-
est 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 vegeta-
tion, 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 above-
ground vegetation was estimated to be 8.2 kg N ha™" yr™/,
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™! yr™'. Similarly, litter and the forest floor could
accumulate N at rates of 1.0 and 11.0 kg N ha™! yrfl,
respectively, during stand development. In total, the accrual
of ecosystem N capital over age sequence was estimated
to be 22.7 kgN ha™' yr™', within the range of 0-
120 kg N ha™' yr™' reported by Binkley eral (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 ez al,
1993; Davidson ez al., 2007). The increased N pools in veg-
etation, 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 decom-
position 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 seques-
tration in terrestrial ecosystems. It is well known that
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additional N is required to support terrestrial C accumula-
tion as a result of stoichiometric relationships in both
vegetation and soil (Hungate er al, 2003). If ecosystems
cannot capture enough N to match the increases in C stor-
age, the terrestrial C sink will be down-regulated and will
not be sustained in the long term (Hungate ez al., 2003;
Luo et al., 2004; Reich ez 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 redis-
tribution 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 con-
trast, a long-term sustainable terrestrial C sink requires an
increase in ecosystem N capital (Rastetter ez @/, 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 ez 4/,
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 ez al., 2006a) and will be
favorable for maintaining forest C accumulation during
long-term stand development (Knops & Tilman, 2000).
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Fig. S1 Frequency distribution of published studies show-
ing various patterns of soil carbon (C) dynamics under
various disturbance types.

Fig. S2 Frequency distribution of published studies show-
ing 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 above-
ground vegetation (a) and between the rate of C change in
mineral soil and the rate of C change in aboveground vege-
tation (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.
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