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Abstract. We use a terrestrial carbon-nitrogen cycle component of the Integrated Science Assessment Model (ISAM) to
investigate the impacts of nitrogen dynamics on regrowing
secondary forests over the 20th century. We further examine
what the impacts of nitrogen deposition and land use change
history are on terrestrial carbon uptake since preindustrial
time. Our results suggest that global total net land use emissions for the 1990s associated with changes in cropland, pastureland, and wood harvest are 1.22 GtC/yr. Without considering the secondary forest regrowth, the estimated net global
total land use emissions are 1.58 GtC/yr or about 0.36 GtC/yr
higher than if secondary forest regrowth is considered. Results also show that without considering the nitrogen dynamics and deposition, the estimated global total secondary forest sink for the 1990s is 0.90 GtC/yr or about 0.54 GtC/yr
higher than estimates that include the impacts of nitrogen
dynamics and deposition. Nitrogen deposition alone is responsible for about 0.13 GtC/yr of the total secondary forest
sink. While nitrogen is not a limiting nutrient in the intact
primary forests in tropical regions, our study suggests that nitrogen becomes a limiting nutrient for regrowing secondary
forests of the tropical regions, in particular Latin America
and Tropical Africa. This is because land use change activities, especially wood harvest, removes large amounts of
nitrogen from the system when slash is burnt or wood is removed for harvest. However, our model results show that
carbon uptake is enhanced in the tropical secondary forests
of the Indian region. We argue that this may be due to enhanced nitrogen mineralization and increased nitrogen availability following land use change in the Indian tropical forest
ecosystems. Results also demonstrate that there is a significant amount of carbon accumulating in the Northern Hemisphere where most land use changes and forest regrowth has
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occurred in recent decades. This study indicates the significance of secondary forests to terrestrial carbon sinks, the importance of nitrogen dynamics to the magnitude of secondary
forests carbon uptake, and therefore the need to include both
primary and secondary forests and nitrogen dynamics in terrestrial ecosystem models.

1

Introduction

Human activities have significantly altered the Earth’s vegetation cover in nearly every part of the world. Such changes
have the potential to alter regional and global climate through
changes in the biophysical characteristics of the Earth’s surface, such as albedo and surface roughness and in the biogeochemical cycles of terrestrial ecosystems, such as the global
carbon (C) and nitrogen (N) cycles. Historically, land use
change (LUC), such as the conversion of forests to croplands and pasturelands, has generally released C to the atmosphere due to the burning of forest biomass and subsequent
decomposition of the dead organic matter. However in recent decades, C stocks in forest ecosystems have increased
through reforestation, afforestation and forest regrowth on
abandoned land (Houghton et al., 1999). Recent studies suggest that forest regrowth is one of the important causes of
the net carbon sink in terrestrial biosphere over the past few
decades (Canadell et al., 2007; Houghton et al., 2005; Denman et al., 2007). Caspersen et al. (2000) shows that carbon
sinks in forests in the US are caused largely by forest recovery from prior LUC, accounting for more than 90% of the
carbon sink in the US Houghton et al. (1999) estimate C sink
of about 0.35 GtC/yr due to forest regrowth in the 1980s in
the United States. Shevilakova et al. (2009) show that, on a
global scale, secondary forests were a substantial sink of C
during the 1990s, accumulating 0.35–0.6 GtC/yr.
However, as our previous study also suggest that the accumulation of C in regrowing forests can be constrained if
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the regrowth of forest occurs in N limited regions (Jain et
al., 2009) or enhanced if the additional N is deposited in the
forest regrowing regions (Jain et al., 2009). While Jain et
al. (2009) did not consider the LUC changes for wood harvest, pasturelands and the associated secondary forests; our
model results demonstrated that the impact of N limitation
on terrestrial net C flux during the 1990s is spatially heterogeneous across the globe. In general, the inclusion of N dynamics significantly reduces the CO2 fertilization response
relative to the case where N is sufficiently available for plants
to grow, in particular in moist temperate regions where N is a
primary limiting nutrient. While high latitude boreal forests
and tundra regions are also limited in N availability, the response of these regions to N limitation is less pronounced
than the temperate evergreen deciduous and evergreen forest
regions because ecosystem productivity in high latitudes is
limited by shorter growing seasons and relatively less N is
required for plant growth. While tropical regions are highly
productive, our previous study (Jain et al., 2009) results indicate that N does not limit productivity in tropical primary
forests.
N is a primary limiting nutrient in mid- and high-latitude
regions (Vitousek and Howarth, 1991). In tropical regions,
N is usually not considered as a limiting nutrient because the
warmer and wetter tropical climate enhances N mineralization in soils (Vitousek and Howarth, 1991) and biological N
fixation is high. The exception is in montane tropical forests,
where N mineralization is greatly reduced due to temperature and moisture constraints (Tanner et al., 1998). However, studies suggest that N is an important limiting nutrient
in secondary forest in tropical lowland regions (Davidson et
al., 2004; Herbert et al., 2003). This is supported by a recent
meta-analysis of 126 number of studies, where N limitation
is shown clearly for tropical secondary forest in a magnitude
similar to that identified for temperate forests, whereas there
was no indication of N limitation in the primary tropical forest sites (Lebauer and Treseder, 2008).
LUC history can also impact the N status of soils. N is lost
from soils after the clearing of forests for cropland and/or
pastureland due to leaching, erosion and higher decomposition rates (Herbert, 2003; Mathers et al., 2006). A large fraction of biomass N is volatilized during clearing and burning
of forest (Davidson et al., 2004). N is also lost through enhanced leaching due to soil erosion (Pimentel and Kounang,
1998.). Furthermore, cultivation also removed ecosystem N
due to crop consumption and export. Schipper et al. (2007)
indicates that significant amount of soil C and N is lost from
soils under pasture in New Zealand during 20 years time period. Therefore it is expected that regrowing forest would
very likely be nitrogen limited.
On the other hand, N deposition on terrestrial ecosystems
has increased continuously due to human activity through
crop production and energy production (Galloway et al.,
2004), especially beginning with the green revolution when
the Haber process became widely used to provide fertilizer
Biogeosciences, 7, 3041–3050, 2010

for expanding crop production (Smil, 2001). The combustion of fossil fuels and the use of N fertilizer in agriculture
have released significant amounts of reactive N in the form of
nitric oxide (NO), nitrous oxide (NO2 ) and ammonia (NH3 ),
into the atmosphere over the last century. In 2000, global
emissions of NO and NH3 are 52.1 and 64.6 TgN/yr (Galloway et al., 2004). These reactive forms of N are converted
to a number of other oxides of N (NOy ) as well as NHx and
then deposited on land and ocean, with 50–70% of NOy and
60% of NHx to be deposited on terrestrial ecosystems (Reay
et al., 2008). In systems that are N limited, such as temperate
and boreal forests, the increased N deposition could alleviate or even remove N limitation on C uptake and lead to increased C sequestration. The key uncertainty is how much C
could be sequestered in vegetation and soil due to N deposition and how long this stimulation effect would be sustained.
Using a simplified ecosystem model, Townsend et al. (1996)
estimated additional C uptake due to N deposition at a rate of
0.3–1.3 Gt C yr−1 globally. In contrast, Holland et al. (1997)
reported a global C sequestration rate of 1.5–2.0 Gt C yr−1
using updated N deposition data. Nadelhoffer et al. (1999),
however, showed that increased N deposition made a minor
contribution in C sequestration in terrestrial ecosystems, arguing that most of deposited N ends up in soil that has lower
C:N ratio. These studies have not however considered the interactions between N deposition and other processes such as
increasing atmospheric CO2 concentration ([CO2 ]), climate
change and LUC.
There are few studies in the literature which evaluate the
interactive effects of N deposition and LUC at the global
scale. Churkina et al. (2007) show that N deposition does not
lead to significant C sink unless it occurs with the regrowth
of forest. Jain et al. (2009) examined the combined effect
of increasing [CO2 ], climate change, N deposition and LUC
and show that forest regrowth in temperate regions is limited by N availability. While Churkina et al. (2007) assume
constant LUC, Jain et al. (2009) consider LUCs for cropland
and cropland abandonment and no LUC for pastureland and
wood harvest. In addition, Jain et al. (2009) also assume that
there are minimal N limitation effects in primary tropical forest and secondary tropical forests.
While the C sinks associated with regrowth of forest are
commonly simulated within terrestrial C cycle models, the
impacts of N limitations and N deposition on the C sink associated with regrowing forests have not been considered.
The objectives of this study are to use the Integrated Science
Assessment Model (ISAM), which couples the terrestrial C
and N cycles for global change assessments, to examine the
nitrogen limitation in secondary forests from historical LUC
and the interactions between LUC and N deposition.
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2.1

Methods
Model description

The Integrated Science Assessment Model’s carbon-nitrogen
cycle model (ISAM-NC), is used to assess the impacts of
LUC on terrestrial C uptake. ISAM-NC consists of fully
prognostic N and C dynamics associated with LUC and
changes in vegetation, above- and below-ground litter decomposition, and soil organic matter. ISAM-NC simulates C
and N fluxes to and from different “compartments” of the terrestrial biosphere with 0.5-by-0.5 degree spatial resolution.
The compartments consist of above and below-ground plant
and soil pools. The C cycle includes feedback processes such
as CO2 fertilization, climate (i.e. temperature and precipitation) effects on photosynthesis and respiration and increased
C fixation by N deposition. The N cycle includes all the
major processes including nitrogen fixation, immobilization,
mineralization, nitrification, denitrification, leaching (Yang
et al., 2009). In addition, model accounts for both symbiotic biological nitrogen fixation (BNF) and non-symbiotic
BNF. We incorporated the empirical function developed by
Schimel et al. (1996) to estimate BNF based on evaportranspiration (ET). We modified the parameters in the function in
such a way so that the estimated BNF for each biome type is
consistent with that given by Cleveland et al. (1999), which
based on the field measurements and included both symbiotic BNF and non-symbiotic BNF (Yang et al., 2009). The
structure, parameterization, and performance of the ISAMNC have been previously described in detail (Jain and Yang,
2005; Yang et al., 2009; Jain et al., 2009). In addition, ISAMNC has been extensively calibrated and evaluated using field
measurements (Yang et al., 2009). The uncertainty in the
model parameters and their impacts on the model results have
also been investigated (Yang et al., 2009).
Originally, ISAM-NC accounted for 13 different land
cover types. For the current study, five additional land cover
types were added to represent secondary forest due to abandonment of cropland, pastureland, and wood harvest. These
include: (1) secondary tropical evergreen forest, (2) secondary tropical deciduous forest, (3) secondary temperate
evergreen forest, (4) secondary temperate deciduous forest,
and (5) secondary boreal forest. The surface area of secondary forests varies with time in order to capture the historical legacy of abandonment of cropland, pasture land and
wood harvest. The vegetation C and N dynamics of secondary forests were set to follow that of respective primary
forests based on the assumption that forest will grow back if
there is abandonment of cropland and pasture land or wood
harvest. This assumption is based on the ecological phenomenon, secondary succession that starts with a disturbance
such as forest fire or harvesting, progresses through initial
colonization, canopy closure, recovery of species richness,
increases in biomass, and ends with a return to the state
similar to old-growth conditions (Horn, 1974; Guariguata
www.biogeosciences.net/7/3041/2010/

3043

and Ostertag, 2001). This assumption has also been implemented in previous modeling studies (Ramankutty et al.,
2007; Woodbury et al., 2006). Dominant plant functional
types could change through time during secondary succession (Guariguata and Ostertag, 2001). However in this study,
we assume stationary land cover types of secondary forests
for simplification.
The land use emissions of carbon due to LUC activities are
calculated using the methods described in detail by Jain and
Yang (2005). In brief, upon removal of natural vegetation in
an affected land area, i.e. model grid cell, a specified fraction of vegetation biomass is transferred to litter reservoirs,
effectively representing plant material left on the ground following deforestation activities. Some of the C and N in these
reservoirs are subject to decomposition as discussed in Yang
et al. (2009). The rest of plant material is either burned to
clear the land for agriculture, which releases C (in the form
of CO2 ) and N (either as N gases or mineral form of N) contained in the burned plant material, or is transferred as C
and N to wood and/or fuel product reservoirs. Carbon and
N stored in the wood and/or fuel product reservoirs are released to the atmosphere at three rates dependent on the assigned product categories. Agriculture and agricultural products have turnover times of 1 year, paper and paper products
have turnover times of 10 years, and lumber and long lived
products such as furniture have turnover times of 100 years
(Jain and Yang, 2005).
A separate version of ISAM which considers C cycle dynamics alone, ISAM-C, is used to compare the impact of
excluding N cycle dynamics from assessments of LUC in a
globally changing environment. ISAM-C has a C cycle component identical to the ISAM-NC but N availability is always
in sufficient supply. The ISAM-C model has been used to investigate uncertainties in the land use emissions and net landatmosphere fluxes by using various different land use change
datasets (Jain and Yang, 2005).
2.2
2.2.1

Data
Land use change

Over the period 1765–2000, we calculated historical net terrestrial C fluxes due to LUC based on the Hurtt et al. (2006)
data that provide two land use history reconstructions. The
first is based on the detailed land use history reconstruction of the HYDE dataset, which includes both cropland and
pastureland reconstruction (Klein Goldewijk, 2001), and the
other based on SAGE cropland reconstruction (Ramankutty
and Foley, 1999) and HYDE pastureland reconstruction.
Both land use reconstructions were supplemented with the
FAO-based wood harvest reconstruction (FAOSTAT, 2004).
There were more spatial details in the SAGE/HYDE reconstruction (Hurtt et al., 2006), and therefore the LUC reconstructions based on SAGE/HYDE are used here. The LUC
activity related to shifting cultivation is not considered in this
Biogeosciences, 7, 3041–3050, 2010
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Table 1. Experiments performed for the period 1765–2000 for
ISAM-NC and ISAM-C. The change of climate and atmospheric
CO2 concentrations are considered in all experiments.
Experiment

ISAM-NC S1
ISAM-NC S2
ISAM-NC S3
ISAM-NC S4
ISAM-NC S5
ISAM-C S6
ISAM-C S7

Land use change
Clearing of
Secondary
natural vegetation
forest
Yes
No
Yes
Yes
Yes
Yes
Yes

Yes
No
No
No
Yes
Yes
No

N deposition

Yes
Yes
Yes
No
No
–
–

these two types of deposition. Changes in N deposition
(NOy + NHx ) are based on Galloway et al. (2004), which ac(c)
count for both direct wet and dry depositions that result from
recorded fertilizer application to agricultural land and incomplete combustion when fossil fuels are burned. and are calculated on a 5 × 3.75◦ grid using a global transport-chemistry
model (Lelieveld and Dentener, 2000). Each grid data was
then subdivided into a 0.5 × 0.5 sub-grid scale. Over the time
period 1860–2000, the global total net exchange of N depo(d)
sition flux from the atmosphere to land increases from 10.81
(NOyfrom
= 6.45,
(a)NH
cropland
656
Figure 1. The distribution of secondary forest area (109 m2) regrown
x = 4.35) to 62.29 (NOy = 26.1, NHx = 36.1)
TgN/yr. For the period 1765–1859, we assume the N depoFig. 1. The distribution of secondary forest area (109 m2 ) reabandonment, (b) pastureland abandonment, (c) wood harvest , and (d) sum of (a), (b)
657
sition was the same value as for 1860.
grown from (a) cropland abandonment, (b) pastureland abandonand (c)
(c).wood harvest, and (d) sum of (a), (b) and (c).
658 ment,
2.2.3 Climate and atmospheric CO2 concentrations
659
study, because of large uncertainty associated with the shifting cultivation rate.
The area of secondary forests due to abandonment of cropland and pastureland and wood harvest increases from zero
in 1765 to 7.42 million km2 in 1900 and 8.19 million km2 in
2000 (Fig. 1d). Area previously used for wood harvest is the
largest contributor for an increase in secondary forest area,
while abandonment of pastureland is the smallest contributor (Fig. 1). Most of the secondary forest regrowth occurs in
North American and Eurasia regions. There is also an area
of secondary forest in India and Eastern China. A small area
of secondary tropical forest also exists in Latin America and
tropical Africa due to regrowth of forest after wood harvest
24
(Fig. 1c).
2.2.2

Nitrogen deposition

The monthly temperature and precipitation data used in this
study are the CRU TS 2.0 observation data set of the Tydall
Center (Mitchell et al., 2005). These climate data are available for the period 1900–2000, and the resolution of this data
set is 0.5 degrees. For grid cells with missing data sets, particularly in the early twentieth century, relaxation to the climatological data is applied to ensure the completeness of the
data set in space and time. For initialization of ISAM between 1765 and 1899, the climate data is generated by randomly selecting yearly climate data between the period 1900
and 1920. Estimates of [CO2 ] from ice cores (Neftel et al.,
1985; Friedli et al., 1986) and direct measurements given by
Keeling et al. (1982) are specified from 1765 through 1958.
The average of annual [CO2 ] from the Mauna Loa (Hawaii)
and South Pole Observatories (Keeling and Whorf, 2007) is
specified for the period from 1959 through 2000.
2.3

In ISAM-NC, the deposited amount of N (NOy -N and NHx N) enters into ammonium-N pool and nitrate-N pool respectively (Yang et al., 2009). The deposited N could enter into
the system either in the form of dry deposition or wet deposition, but this study does not make a distinction between
Biogeosciences, 7, 3041–3050, 2010

Model experiments

The ISAM is initialized with an [CO2 ] of 278 ppmv, representative of approximate conditions in 1765, and constant
monthly mean temperature and precipitation for the period
1900–1920 (Mitchell et al., 2005) to allow vegetation and
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Figure 3. ISAM estimated spatial distributions of carbon emissions from land use change

Figure 2. ISAM estimated annual global mean emissions from land use change (GtC/year)
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use change (GtC/year) for the period 1900–2000.

soil C and mineral N pools to reach an initial dynamic steady
state (Yang et al., 2009). Once the model reaches dynamic
steady state, seven transient experiments S1-S7 (Table 1)
are performed to evaluate the contributions of LUC, secondary forests and N dynamics to terrestrial C fluxes on a
global scale. Two versions of ISAM are used, ISAM-NC and
ISAM-C, in order to compare the difference between model
calculations that consider the interactions between the C and
N cycle (ISAM-NC) and those that do not (ISAM-C). In the
experiments where N deposition is not considered, we assume constant deposition level fixed at the 1765 level between 1765 and 2000.
3
3.1

Results
Land use change emissions

25 with changes in cropland,
The land use emissions associated
pastureland, and wood harvest are calculated by subtracting
C fluxes based on experiment S2 from C fluxes based on experiment S1 (Table 1). Carbon emissions (GtC/yr) due to
LUCs reach a maximum in the early 1950s declining thereafter (Fig. 2). The decrease in emissions is because the rate
that natural vegetation was cleared for agriculture slowed and
forest was regrowing across large areas on the east coast of
the U.S. and Europe following the abandonment of agricultural land. Total global land use emissions for the 1990s are
estimated by ISAM to be 1.22 GtC/yr, which falls within the
range of values estimated by IPCC AR4 (0.5–2.7GtC/yr, median value of 1.6 GtC/yr). Our estimate is also close to land
use emissions given by Van Minnen et al. (2009) (1.3 GtC/yr
in 1990s), in which HYDE data for cropland, pastureland and
FAO wood harvest data were used.
The distribution of C sinks and sources in the 1990s due to
LUC is shown in Fig. 3. There is a net release of C from
terrestrial ecosystems in Amazonia, Southeast Asia, Latin
America, and boreal region of North America and Eurasia

www.biogeosciences.net/7/3041/2010/

ues represent net C release to the atmosphere and negative values
represent net C storage in the terrestrial biosphere.

because the natural vegetation has been cleared for cropland,
pastureland, wood harvest, which causes forest fire, the decomposition of agriculture, paper and wood products. Substantial regrowth of forest due to abandonment of agriculture land and wood harvest have contributed to the C sinks in
Eastern United States, Europe, and Eastern China.
3.2

The contribution of secondary forest to terrestrial
carbon sinks

To estimate the carbon fluxes in secondary forests we ran a
third experiment (S3) with ISAM-NC. In S3, C fluxes in secondary forests are assumed to be zero and N deposition is applied (Table 1). By subtracting 26
S3 from S1, the contribution
of secondary forest to terrestrial C uptake when N deposition
is included is determined (Fig. 4).
Our model results suggest that on a global scale secondary
forests have acted as a C sink for atmospheric [CO2 ] continually from 1900 to 2000. During the 1990s, the total C sink
associated with the secondary forests is 0.36 GtC/yr (Fig. 4).
These results suggest that without considering the secondary
forest regrowth, the net land use emissions in the 1990s could
have been 1.58 GtC/yr or about 30% higher.
Figure 5 shows that secondary forests act as a C sink, especially in Northern Hemisphere. This is consistent with previous studies (Pacala et al., 2002; Hurtt et al., 2002; SOCCR,
2007), which indicate a significant Northern Hemisphere
sink based on land measurement. Shevliakova et al. (2009)
using SAGE/HYDE land use change data from Hurtt (2006)
and shifting cultivation estimate the C sink associated with
secondary forests of 0.35 GtC/yr, which is consistent with
the ISAM estimated value. However, the C sink estimated
by Shevliakova et al. (2009) is almost entirely in the Southern Hemisphere, whereas our modeled sink is mainly in the
Northern Hemisphere (Fig. 5). The differences could be attributed to the model assumptions and environmental factors.
Biogeosciences, 7, 3041–3050, 2010
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While Shevliakova et al. (2009) uses a terrestrial C only
model, we use a terrestrial carbon-nitrogen cycle model so
account for carbon-nitrogen dynamics feedbacks. Shevliakova et al. (2009) did not consider the impacts of several
environmental factors such as atmospheric [CO2 ], climate,
and N deposition, which are included in this study.
The magnitude of sink due to secondary forests, however,
is affected by N deposition (Fig. 4), which is estimated by
subtracting C fluxes estimate based on experiment S4 from
that of S5. Increasing secondary forests area over the period
1900–2000 drives terrestrial ecosystems
to act as a sink for
27
with and without N deposition cases (Fig. 4). The C uptake
rates however, are lower for without N deposition cases than
for with N deposition case between 1900 and 2000 as shown
in Fig. 4. The ISAM estimated contribution of N deposition
to the C uptake associated with secondary forests is about
0.13 GtC/yr in 1990s that is about 36% of the total secondary
forest carbon sink.
Our estimate of additional terrestrial C uptake due to N
deposition on all ecosystem types globally is 0.31 GtC/yr,
which suggests that C uptake in secondary forests due to
N deposition constitutes about 42% of the total addition C
uptake induced by N deposition. The impact of N deposition is most pronounced in temperate regions of Northern
Hemisphere (Fig. 5), where most of the secondary forest
area is increasing with time and nitrogen deposition level
is relatively high. While our estimate of global N deposition induced C uptake is comparable to estimates based on
15 N tracer field experiments (0.25 GtC/yr, Nadelhoffer et al.,
1999) and results from other process-based models such as
Thornton et al. ( 2007) (0.24 GtC/yr) and Zaehle et al. (2010)
(0.2 GtC/yr); they are much lower than Churkina et al. (2007)
estimates, which suggest that land ecosystems could take up
additional 0.75–2.21 GtC/yr in 1990s because of N deposiBiogeosciences, 7, 3041–3050, 2010
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tion. While the exact cause of this discrepancy is unclear,
a few factors can be identified which may have contributed
the difference in estimates. The discrepancy could be related to the fact Churkina et al. (2007) did not consider land
use changes and assume land cover remains constant during
1980–1999 while in this study land cover changes are driven
by historical land use change data including substantial forest regrowth. Additional reason could be the difference in the
28 and carbon-nitrogen interactreatment of N cycle processes
tions in Churkina et al. (2007) and this study. For example,
in the BIOME-BGC model used in Churkina et al. (2007),
denitrification loss of N is assumed a fixed proportion of N
mineralization. While in ISAM-NC, denitrification loss of N
is a function of available nitrate N, soil moisture, and heterotrophic respiration (Yang et al., 2009).
It is worth mentioning that in some areas that receive excessive amounts of N deposition from the atmosphere, N saturation may happen. An overabundance of available N may
lead to undesired ecosystem effects including greater losses
of nitrate to receiving waters, increased soil acidity, increased
aluminum mobility and ultimately the decline of forest productivity (Aber et al., 1998). However we have not accounted
for this adverse effect of N deposition in this study.
3.3

Impact of nitrogen dynamics on carbon fluxes in
secondary Forests

To estimate the C fluxes in secondary forests when N dynamics are excluded from carbon cycle processes, two experiments with ISAM-C model version are performed, i.e. S6
and S7. In S7 C fluxes in secondary forests are assumed
zero, whereas in experiment S6 C fluxes are calculated with
www.biogeosciences.net/7/3041/2010/
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ondary forest carbon sink; (4) the temperature and precipitaN dynamics to terrestrial C uptake by subtracting S7 from
tion conditions in India region favors biological nitrogen fixS6. By comparing secondary forest contribution to C uptake
based on ISAM-NC (S3 minus S1 as discussed in Sect. 3.2)
ation, which provides substantial amount of nitrogen for India secondary forests and enhance their productivity; (5) niand that based on ISAM-C, we determine the impact of N
trogen deposition effect in southern Europe is enhancing the
dynamics on the secondary forest C fluxes.
productivity of secondary forests in this region.
Our model results show that secondary forests could act as
Although it has been suggested that phosphorus and not N
either source or sink of C, depending on the balance between
limits productivity in tropical forests (Vitousek and Howarth,
C uptake by regrowing forests and C release from litter and
1991), a recent meta-analysis (Lebauer et al., 2000) and sevsoils (Fig. 6). In general there is less C uptake associated with
secondary forests when N dynamics are considered (Fig. 6b)
eral field studies (Davidson et al., 2004; Murty et al., 2002,
Herbert et al., 2003) report strong N limitation in the secas compared to the case when N dynamics are not considered
ondary forests of tropical regions. Our model results clearly
(Fig. 6a). A decrease in the C sink is more pronounced in
show that N is a limiting nutrient in tropical secondary forests
Eastern United States, southern Canada, northern Europe and
in Latin America and Tropical Africa (Fig. 6). Although priRussia’s secondary forests (Fig. 6b). When the impacts of N
mary tropical forest is usually not N limiting, LUC, espedynamics on C fluxes are considered, N becomes a limiting
nutrient in most regions where forest is regrowing, because
cially wood harvest, removes large amount of N from the
system during the processes of burning of remaining slash
large amount of N in soils was lost due to LUC history. Furand harvesting of wood. Without large amount of N input,
thermore, although increasing atmospheric [CO2 ] could lead
regrowth of tropical secondary forest would usually be N
to an increased C uptake in secondary forests, the enhanced
limited. Nevertheless, our model results in the Indian region
C uptake is lowered when N dynamics are considered. This
show that C uptake is enhanced due to the introduction of
is because the N demand by trees under high [CO2 ] is higher
in order to support new production. This leads to further N
N dynamics, probably due to enhanced N mineralization and
limitation in secondary forests.
increased N availability as we discussed in last paragraph.
These results suggest that the N cycling effect in tropical reHowever, southern Europe as well as Indian secondary
gions is spatially heterogeneous depending on geographic loforests are sequestering more C when N dynamics are concation.
sidered. Possible reasons are: (1) when natural vegetation
As shown in Fig. 5, secondary forests act as a substantial
was cleared for cropland, pastureland, or wood harvest, both
above- and below-ground litter increases because of the unC sink, especially those in Northern Hemisphere. The magnitude of the secondary forest sink is highly dependent on
burned slash and the buried roots. The increased litter associated with LUC would lead to more litter decomposition
the N availability in secondary forests. In general, C upand N mineralization, therefore increasing N availability in 29 take by regrowing forests is limited by N availability, especially in temperate regions where N is a primary limitsoil; (2) ash additions resulted from burned slash immediing nutrient (Figs. 5 and 6). Without accounting for N dyately increases inorganic N supply; (3) the warm and moist
namics, the estimates of secondary forest sink in 1990s is
climate in India leads to the rapid decomposition of soil organic matter, which releases mineral N due to nitrogen min0.90 GtC/yr, about 0.54 GtC/yr (or 150%) higher than with
www.biogeosciences.net/7/3041/2010/
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N dynamics case. Houghton (2003) estimated C sink associated secondary forests is about 1.18 GtC/yr. This estimate
would be reduced greatly if N limitation on forest regrowth
were included.
4

Discussion and conclusions

In this paper we have investigated the impact of secondary
forest on global land use emission and how interactions between historical LUC, C cycle and N cycle affect terrestrial
C fluxes in secondary forests on the global scale. This study
extends our previous analyses of the global land use C fluxes
(Jain and Yang, 2005) and of the impacts of N dynamics on
terrestrial C fluxes (Jain et al., 2009) by applying a fully
coupled carbon-nitrogen cycle model and a comprehensive
LUC history that account for changes of cropland, pastureland, and wood harvest.
Results of this study suggest that global land use emissions
associated with changes in cropland, pastureland, and wood
harvest reached peak in 1950s, and starting from around 1960
there is a sharp decrease of land use emissions until 1990.
The effects of LUC is spatially heterogeneous, with most regions showing C emissions while some regions such as eastern United States, Europe, and Austrian showing C sinks due
to LUC. The estimate of global land use emissions for the
1990s is 1.22 GtC/yr, which is well within the range of values estimated by IPCC AR4 (0.5–2.7 GtC/yr) (Denman et al.,
2007). Our model results also suggest that without considering the secondary forest regrowth, the net land use emissions
in the 1990s are 1.58 GtC/yr or about 0.36 GtC/yr higher than
without secondary forest regrowth case.
Our results show that secondary forests are a substantial
sink of C globally (0.36 GtC/yr in the 1990s). This is more
than 150% lower than that given by Houghton et al. (2003),
mostly because N limitation was considered in this study.
Our study also demonstrates that there is a significant Northern Hemisphere sink, where most of lands use changes and
forest regrowth happens. This is consistent with previous
studies based on land-measurement (Goodale et al., 2002;
Hurtt et al., 2002; Pacala et al., 2001; SOCCR, 2007). Our
study also shows the significant contribution of N deposition to the secondary forest sink. N deposition is responsible for about 36% of the total secondary forest sink (about
0.13 GtC/yr in 1990s).
This study highlights the importance of N dynamics to the
secondary forest sinks on the global scale. These calculations
suggest that the introduction of N dynamics leads to the reduction of secondary forest C sinks, especially in temperate
regions. The possible reasons are: (1) N is a limiting nutrient
in these regions; (2) LUC history leads to a loss of N from
soil; (3) the increasing [CO2 ] and resulted CO2 fertilization
effect on regrowing forests leads to an additional demand for
N. Our model results also indicate the N limitation in tropical
secondary forests, which is consistent with field experiments
but has not considered in most previous modeling studies.
Biogeosciences, 7, 3041–3050, 2010

On the other hand, in some regions such as India our study
shows that the growth of secondary forests was enhanced due
to the introduction of N dynamics, the reason is being that
enhanced litter decomposition and thus N mineralization resulting from LUC leads to additional mineral nitrogen, which
could increase tree productivity.
Our results presented here are subject to uncertainties related to uncertainty in the data used, incomplete representation and/or simplifying assumptions of processes in the
model. First, we believe there is a large uncertainty in the
land use change data used in this study. Since global spatial historical land use change data is not available directly,
land use change data used in this study was reconstructed
based on earlier land use history reconstruction for agricultural land (Ramankutty and Foley, 1999; Klein Gokdewijk,
2001), and wood harvest in spatial detail based on several assumptions (Hurtt et al., 2006). In our previous study (Jain
and Yang, 2005) we estimated the uncertainties in the land
use emissions and net land-atmosphere CO2 fluxes using two
different land cover data sets for croplands (Ramankutty and
Foley, 1999; Houghton and Hackler, 2001), each was combined with one single set of pastureland data (Klein Goldewijk, 2001). We concluded that differences between the two
sets of land use fluxes are primarily due to the differences in
the rates of changes in land area amount for croplands and
argued that further investigation in data for croplands with
ground and satellite-based measurements is needed. The introduction of wood harvest (Hurtt et al., 2006) in this study
might have further amplified the uncertainty range associated
with land use change data. In the case of secondary forests,
this study assumes that secondary forests are naturally developed through reforestation and forest regrowth on abandoned
land. However, in some parts of the world, for example in
Japan and South East Asia, secondary forests are not naturally developed, but are planted (Kenda, 2000; Merker et al.,
2004). So, this study may be underestimating the secondary
forest area. Another potential area of uncertainty is that the
representation of certain processes, such as fire suppression
and woody encroachment, which are suggested to contribute
greatly to regional carbon sink (Pacala et al., 2002), are not
included in this study, because the effects of these processes
have not been well defined yet due to lack of comprehensive
data (Denman et al., 2007). Moreover, shifting cultivation
activity is not included in this study because neither the area
in shifting cultivation nor the carbon dynamics related to this
process is well understood. This could lead to the underestimation of both the land use emissions and secondary carbon
sink. Lastly, we assume that plants only take up mineral nitrogen in soils. We are not considering the pathway for nitrogen uptake through the stomata of leaves, which has been
suggested as an important pathway for forest to assimilate
deposited nitrogen (Jenkinson 1999; Sievering 1999; Sievering et al., 2000). This may cause the underestimation of carbon sink due to secondary forest, especially in regions where
nitrogen deposition level is high.
www.biogeosciences.net/7/3041/2010/
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Overall, this study indicates the significant contribution of
secondary forests to the terrestrial C sinks over the historical
time, the importance of nitrogen dynamics in estimating the
secondary forests carbon sinks, and therefore the need to include both primary and secondary forests and nitrogen cycle
dynamics in global terrestrial ecosystem models.
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