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Abstract In the latest projections of future greenhouse gas emissions for the Intergovernmental Panel on
Climate Change (IPCC), few Earth System Models included the effect of nitrogen limitation, a key process
limiting forest regrowth. Few included forest management (wood harvest). We estimate the impacts of
nitrogen limitation on the CO2 emissions from land use and land use change (LULUC), including wood
harvest, for the period 1900–2100. We use a land surface model that includes a fully coupled carbon and
nitrogen cycle and accounts for forest regrowth processes following agricultural abandonment and wood
harvest. Future projections are based on the four Representation Concentration Pathways used in the IPCC
Fifth Assessment Report, and we account for uncertainty in future climate for each scenario based on
ensembles of climate model outputs. Results show that excluding nitrogen limitation will underestimate
global LULUC emissions by 34–52 PgC (20–30%) during the 20th century (range across three different
historical LULUC reconstructions) and by 128–187 PgC (90–150%) during the 21st century (range across the
four IPCC scenarios). The full range for estimated LULUC emissions during the 21st century including climate
model uncertainty is 91 to 227 PgC (with nitrogen limitation included). The underestimation increases with
time because (1) projected annual wood harvest rates from forests summed over the 21st century are
380–1080% higher compared to those of the 20th century, resulting in more regrowing secondary forests;
(2) nitrogen limitation reduces the CO2 fertilization effect on net primary production of regrowing secondary
forests following wood harvest and agricultural abandonment; and (3) nitrogen limitation effect is aggravated
by the gradual loss of soil nitrogen from LULUC disturbance. Our study implies that (1) nitrogen limitation of
CO2 uptake is substantial and sensitive to nitrogen inputs; (2) if LULUC emissions are larger than previously
estimated in studies without nitrogen limitation, then meeting the same climate mitigation target would
require an equivalent additional reduction of fossil fuel emissions; (3) the effectiveness of land-basedmitigation
strategies will critically depend on the interactions between nutrient limitations and secondary forests
resulting from LULUC; and (4) it is important for terrestrial biosphere models to consider nitrogen constraint
in estimates of the strength of future land carbon uptake.

1. Introduction

The term “land use change” typically refers to conversion of one land cover type to another, such as clearing
forest to grow crops. In contrast, “land use” refers to management without changing the land cover, such as
wood harvest and agricultural management (e.g., cropping practices and irrigation). CO2 emissions from land
use and land use change (LULUC) represents the “net effect” of CO2 sources (emissions from deforestation,
logging, and other direct human activities) and CO2 sinks (as vegetation regrows following land disturbance).
LULUC emissions are estimated as 0.9 ± 0.5 PgC/yr (1 PgC= 1015 gC) to the atmosphere, for the decade
2004–2013 [Le Quéré et al., 2015]. On a relative scale, LULUC emissions are ~10% of the CO2 emissions from
fossil fuel combustion and cement manufacture (8.9 ± 0.4 PgC/yr), for the same decade [Boden et al., 2013].

To balance the carbon budget, total anthropogenic CO2 emissions (fossil fuels + LULUC) should equal the sum
of CO2 accumulated in the atmosphere, the oceanic sink, and the remaining CO2 exchanged between the
atmosphere and terrestrial biosphere. We have a good quantitative understanding and constrained estimates
of fossil fuel emissions, atmospheric growth rates, and the oceanic sink. From these better constrained fluxes,
andmodeled estimates of LULUC emissions, the remaining terrestrial biosphere flux is inferred as a residual sink
of 2.9± 0.8 PgC/yr for the decade 2004–2013, thereby offsetting roughly one quarter of the total anthropogenic
carbon emissions [Le Quéré et al., 2015]. The uncertainty in estimating the residual terrestrial sink is mainly
attributable to uncertainties in estimating LULUC emissions [Ballantyne et al., 2015; Houghton et al., 2012].
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The residual terrestrial sink indicates an increased net carbon accumulation by the terrestrial ecosystems
which are sensitive to changing environmental controls (e.g., climate, CO2 fertilization, and nitrogen deposition)
[Ballantyne et al., 2015; Ciais et al., 2013; Le Quéré et al., 2015; Schimel et al., 2015; Shevliakova et al., 2013]. Thus,
the terrestrial biosphere provides a subsidy to human activities by net absorption of atmospheric CO2, slowing
down the rate of climate change significantly. An understanding of how this subsidy may change in the future,
in response to changing environmental controls, is essential to understanding the magnitude of the climate
change problem. Constraining the future residual terrestrial sink hinges on our estimates of sources and sinks
from LULUC with narrow enough uncertainty bounds. The uncertainties arise not only due to the range of
possibilities on how the future world might evolve with respect to LULUC and its environmental controls
but also in our understanding of various processes that affect the LULUC fluxes.

In a recent article, we studied the role of LULUC emissions on the carbon budget for the period 1765–2010.
The study used a terrestrial ecosystem component of a land surface model, the Integrated Science
Assessment Model (ISAM) that includes a fully coupled carbon-nitrogen cycle and detailed representation
of secondary forest dynamics to account for forest regrowth processes following agricultural abandonment
and wood harvest. We showed that failing to account for nitrogen dynamics, a key process limiting forest
regrowth, underestimated LULUC emissions by ~70% in the nontropics, ~10% in the tropics, and ~40%
globally during 1990s compared to simulations that included the nitrogen dynamics. The study conveyed
two key messages: (1) nitrogen limitation will significantly reduce the effect of carbon sinks on regrowing
secondary forests [see Pongratz, 2013] and (2) historically, more secondary forests have resulted from wood
harvest than from agricultural abandonment, underscoring the importance of forest management in estimat-
ing LULUC emissions [see also Yang et al., 2010; Ciais et al., 2013].

The 21st century scenarios based on the Coupled Model Intercomparison Project Phase 5 (CMIP5) project a
380–1080% rise in global forest wood harvest rates (area harvested each year summed over the century)
compared to those of the 20th century (Table 1), due to rapid increase in demand for bioenergy and wood
products [Hurtt et al., 2011]. Therefore, the effect of nitrogen limitation on the rates of carbon sink on regrow-
ing secondary forests could be much greater in the future compared to the historical period, having signifi-
cant implications for the effectiveness of land-based mitigation policies. Accounting for both nitrogen
limitation and forest management is beyond the current capabilities of many global climate models involved
in CMIP5 [Ciais et al., 2013], thus giving them the tendency to be too optimistic in simulating future carbon
sinks [Walker et al., 2015; Wårlind et al., 2014; Wieder et al., 2015a]. Accordingly, the overall aim of this study
is to understand how future LULUC emissions are influenced by the interactions among LULUC, nitrogen
limitation, and anthropogenic environmental changes (CO2 fertilization, climate change, and nitrogen
deposition that reduce the nitrogen limitation effect). We place specific emphasis on land management.
The overall aim can be split into three parts.

First, we study the magnitude of LULUC emissions (with nitrogen limitation effect) attributable to land use
(management) as compared to land use change and how the magnitude is influenced by anthropogenic
environmental changes. To quantify this effect, first we study the relative contribution of the direct effects
of human LULUC activities versus the indirect effects of anthropogenic activity via environmental changes
(climate, CO2, and nitrogen deposition) to total LULUC emissions (see methods; for significance, see

Table 1. Net Change in Forest Area Estimated by the Integrated Science Assessment Model (Net Forest Loss Including Afforestation and Forest Regrowth
Following Cropland and Pastureland Abandonment; Negative Values Indicate a Net Loss in Forest Area) and the Annual Forest Harvested Areas Summed Over a
Hundred Year Period (From Hurtt et al. [2011])a

Region

Net Change in Forest Area Cumulative Wood Harvest Area From Forests [Hurtt et al., 2011]

20th Century 21st Century 20th Century 21st Century

Historical RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5 Historical RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5

Global �4.6 �2.6 2.3 �0.5 �2.1 16 76 87 188 137
Tropics �2.2 �1.1 0.9 �0.2 �1.0 6 45 60 98 72
Nontropics �2.4 �1.5 1.4 �0.3 �1.1 10 31 27 90 65

aThe historical estimates are averages of the three LULUC reconstructions described in Jain et al. [2013]. The data for the 21st century correspond to the four
Representative Concentration Pathways (RCPs). All units in million km2/century.
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Houghton [2013a]). We then breakdown these contributions into its two component activities: land use and
land use change. The land use activities considered include wood harvested from forests and subsequent
regrowth processes. The land use change activities include clearing of natural ecosystems for expansion of
cropland and pastureland and forest regrowth following agricultural abandonment.

Second, we study the impact of nitrogen limitation on the 21st century LULUC fluxes. For this purpose, all
LULUC fluxes estimated for the above objective are also simulated without the effect of nitrogen limitation.
We quantify the impacts of nitrogen limitation by comparing the LULUC fluxes simulated between with and
without nitrogen limitation cases. We assess the future impacts of nitrogen limitation on LULUC fluxes rela-
tive to that of 20th century.

Third, we carry out a comprehensive assessment of the uncertainties in estimates of future LULUC emissions
due to the different mitigation scenarios of the IPCC Fifth Assessment Report [IPCC, 2013] and uncertainties
in climate projections underlying each scenario. This is important given that significant uncertainties in
simulating future terrestrial carbon fluxes among Earth System Models are attributable to differences in
simulated climate [Ciais et al., 2013]. The uncertainties in projected climate (see Figures S1 and S2 in the
supporting information) reflect uncertainties in emissions scenarios, model initializations, and gaps in pro-
cess understanding [Knutti and Sedláček, 2012]. Using one terrestrial ecosystem model but consistently
driven by different climate model projections enables us to study how much of total uncertainty in future
LULUC emissions are attributable to differences in climate projections alone. Our future climate uncertainty
analysis builds on historical uncertainties in quantifying the spatial and temporal patterns of historical
LULUC (methods).

2. Materials and Methods

We use a data-modeling approach to study the three objectives discussed above. This section briefly
describes the land surface model used to simulate LULUC fluxes, model forcing data, and model
simulations performed.

2.1. Model Details

We use a terrestrial ecosystem component of a land surface model, Integrated Science Assessment Model
(ISAM), to assess the impacts of LULUC on terrestrial carbon fluxes. The terrestrial component of ISAM simu-
lates carbon and nitrogen fluxes between the vegetation and the atmosphere (net land-to-atmosphere flux),
aboveground and belowground litter, and soil organic matter at 0.5° × 0.5° spatial resolution [Jain and Yang,
2005]. ISAM includes detailed representation of nitrogen dynamics [Yang et al., 2009] and secondary forest
dynamics [Yang et al., 2010]. The carbon cycle feedback modeled includes the influence of (1) increasing
atmospheric CO2 on net primary productivity (NPP); (2) temperature and precipitation changes on photo-
synthesis, autotrophic, and heterotrophic respiration; and (3) nitrogen deposition on carbon uptake by
plants. The modeled nitrogen cycle accounts for major processes such as denitrification, mineralization,
immobilization, nitrification, leaching, symbiotic, and nonsymbiotic biological nitrogen fixation. Our water
cycle is based on the LINKAGES model [Hanson et al., 2004; Pastor and Post, 1985]. The model operates at
two time steps. The vegetation carbon including NPP, litter production, and nitrogen demand by plants
are calculated annually. Decomposition of soil and litter and nitrogen cycle are calculated weekly. The struc-
ture, parameterization, and evaluation of nitrogen cycle in ISAM are detailed in Yang et al. [2009]. Jain et al.
[2009] show that the model can simulate the response on historical terrestrial carbon fluxes due to nitrogen
limitation, LULUC, and changes in CO2, climate change, and nitrogen deposition. ISAM and its extended ver-
sions have continually been evaluated and improved using both field observations and model intercompar-
ison activities [El-Masri et al., 2013; Huntzinger et al., 2012; Ito et al., 2008; Tian et al., 2015;Walker et al., 2014].
Results from ISAM have been a part of the global carbon budget [Le Quéré et al., 2015] and several IPCC
Assessment Reports, including the most recent Fifth Assessment Report [Ciais et al., 2013].

Each 0.5° × 0.5° latitude/longitude grid cell in ISAM is occupied by one or more of the 18 land cover types
[Yang et al., 2010] that include 5 types of primary forests classified by ecozone and their corresponding
“secondary forests,” 5 types of nonforested vegetation (e.g., grassland, savanna, and shrubland), bareland,
cropland, and pastureland. The model separately accounts for forest regrowth following agricultural aban-
donment and wood harvest, here termed as “secondary forest.”
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2.2. Net Land-to-Atmosphere Carbon Flux Calculation in ISAM

Here we provide an overview of the calculation of the net ecosystem exchange (NEE), the carbon exchanged
between the ecosystem and the atmosphere. In the “simulations performed” section, we describe how NEE
calculated with different experimental setup is combined to estimate LULUC fluxes. Our terminology of
carbon fluxes follows Chapin et al. [2006].

Following LULUC, the vegetation biomass is released as carbon to the atmosphere as three components in ISAM.

1. Loss of soil organic carbon due to oxidation of organic matter when native soils are cleared for agriculture.
We assume that 25% of soil organic carbon stored in the top meter of the soil is lost to the atmosphere
upon clearing (Es), with most loss occurring within the first year of clearing soils. The 25% loss is the
average estimate across observational studies (Table 3 of Houghton and Goodale [2004]) and consistent
with the assumption of Houghton’s bookkeeping model [Houghton, 2010]. We also test the sensitivity
of our results to this model parameter.

2. Part of biomass is shed as litter that enters the soils and decays on-site. As a result of decomposition, there
is a heterotrophic respiration (HR) that includes losses by herbivory and the decomposition of organic
debris by soil biota.

3. Part of vegetation biomass enters the wood and fuel product pools and decays at rates dependent on the
product pool type following McGuire et al. [2001]. Ep is the emissions from product pools that collectively
represents 1 year (agriculture and agriculture products), 10 year (paper and paper products), and 100 year
(lumber and long-lived products) product pools. The fraction of vegetation biomass that goes into the
three product pools depends on the LULUC activity and region, following Houghton and Hackler [2001].
The three decay pools represent the woody material removed from the site. In reality, the harvest from
agriculture and forestry may be transported to locations far off from the harvested grid cell and allowed
to decay. However, due to lack of such global data sets, we assume that the product pool decays at the
grid cells of origin.

We calculate the NEE carbon flux following LULUC as

NEE ¼ HR–NPPþ Ep þ Es (1)

In equation (1), positive values for NEE represent flux to the atmosphere. NPP is the carbon accumulated in
vegetation (carbon fixed through photosynthesis minus autotrophic respiration). In the case of LULUC, NPP
accounts for the carbon accumulated from forest regrowth following agricultural abandonment and wood har-
vest. The model downregulates NPP depending on the magnitude of simulated nitrogen limitation (nitrogen
demand minus supply) (see Yang et al. [2009] for equations). All the right-hand side terms of equation (1) are
influenced by both LULUC, natural (nitrogen limitation), and anthropogenic environmental changes (CO2 ferti-
lization, climate change, and nitrogen deposition that partly offset nitrogen limitation effects).

To highlight, NEE following LULUC (equation (1)) includes three components: emissions following distur-
bance, legacy fluxes (delayed carbon fluxes from soil and product pool decays), and carbon fluxes induced
by anthropogenic environmental changes. Legacy fluxes include both source (decay) and sink terms
(regrowth of secondary forests following agricultural abandonment and wood harvest in previous years),
and they cause an imbalance between NPP and HR [Pongratz et al., 2014].

2.3. Model Forcing Data
2.3.1. Overview
The basis of our study is driving data and climate model output from the Coupled Model Intercomparison
Project Phase 5 (CMIP5) for future scenarios of land use change and fossil fuel emissions. The CMIP5 is coor-
dinated by the World Climate Research Programme in support of IPCC Fifth Assessment Report [Taylor et al.,
2012]. The IPCC CMIP5 analysis features four Representation Concentration Pathways (RCPs) for the future
(>2005 A.D.) derived from Integrated Assessment Models (IAMs), each describing a possible pathway of
future greenhouse gas concentration depending on human behavior including energy use, land use, and
mitigation policy. No single pathway is more likely than another. The products for each RCP include gridded
estimates of LULUC and atmospheric emissions and concentrations of greenhouse gases for the future that
are harmonized to transition smoothly from historical estimates/observations. Coordinated experiments, car-
ried out by more than 20modeling groups from around the world, used these data products for conducting a
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range of climate modeling experiments that included projecting future climate change. The RCPs have been
extensively described in literature [Moss et al., 2010; van Vuuren et al., 2011]. We provide a summary of the
RCPs with emphasis on its LULUC characteristics in Text S1 in the supporting information.
2.3.2. Atmospheric Forcing Data
ISAM requires forcing data on climate, atmospheric CO2, and nitrogen deposition. Data for atmospheric CO2

are as per CMIP5 experiments [Meinshausen et al., 2011] (see Figure S3 for how the atmospheric CO2 varies
with time for the RCPs). Gridded estimates of airborne nitrogen deposition are from Lamarque et al. [2011]
(see Text S2 and Figure S4 for further details). We account for changes in two climate variables: temperature
and precipitation. We do not explicitly simulate the effects of radiation on carbon fluxes. Climate data for the
historical period are from Climate Research Unit Time-Series 3.21 [Harris et al., 2014]. To account for the cli-
mate uncertainties for the RCPs (2006–2100), we use monthly climate projections from a suite of 43 climate
models from the CMIP5 multimodel ensemble database (Table S1 in the supporting information). All climate
data are at 0.5° × 0.5° latitude/longitude and interpolated to weekly time steps within the model. Additional
details on climate data processing are available in Text S3.
2.3.3. LULUC Data
We prescribed LULUC data from the land use harmonization (LUH) database used for CMIP5 [Hurtt et al., 2011]
(http://luh.umd.edu/). The data cover the period 1500–2100 annually and at 0.5° × 0.5° latitude/longitude
resolution. The historical LULUC in the Hurtt data is based on the HYDE 3.1 reconstruction for cropland
and pastureland transitions [Klein Goldewijk et al., 2011] and wood harvest from Food and Agriculture
Organization (FAO). Specifically, we include three types of wood harvest from LUH database that are pro-
vided as fractional area of each grid cell: wood harvest from primary forested land (variable code in LUH:
gfsh3), mature secondary forested land (gfsh1), and young secondary forested land (gfsh2). Hurtt et al.
[2011] estimated wood harvest area by combining two other estimates: (1) biomass extracted from wood
harvest and (2) model-based estimates of historical aboveground carbon stocks and forest extent.

The future aggregate (for larger world regions) land demands (cropland, pastureland, and wood harvest) in
the Hurtt data are based on the four RCPs derived from IAMs. The “harmonization” in the Hurtt data down-
scales the aggregate regional land demands to individual grid cells within the region while simultaneously
ensuring that the downscaled maps are spatially consistent with the historical reconstruction.

We use a map of potential natural vegetation and a rule-based approach [Meiyappan and Jain, 2012] to trans-
form the prescribed LULUC information into estimates of annual land cover areas (and underlying land
conversions) for each grid cell, consistent with the land cover types of ISAM, similar to the approach taken
in other land models [Lawrence et al., 2012; Pitman et al., 2009]. The rules are specific to each LULUC activity
and are broadly consistent with our understanding of historical LULUC dynamics. The rules are generaliza-
tions of regional case studies of LULUC drivers and have been calibrated using remote sensing observations.
Text S4 gives further details on the LULUC implementation in the model. The LULUC characteristics for the
study period (1900–2100), historically and for each future RCP, are shown in Figure 1 and Table 1 and
summarized in Text S1.

2.4. Simulations Performed

We initialized ISAM with an atmospheric CO2 concentration of 278 ppmv, representative of approximate
conditions in the starting year (1765 A.D.–preindustrial conditions) of themodel simulation, to allow vegetation
and soil carbon pools to reach an initial steady state.

The basic approach to calculate LULUC emissions (ELULUC in equation (2)) is by comparing the NEE (equation (1))
calculated between two simulations, one with LULUC (NEE_LULUC in equation (3)) and the other without
LULUC (NEE_noLULUC in equation (4)).

ELULUC ¼ NEELULUC–NEEnoLULUC (2)

where

NEELULUC ¼ HRLULUC–NPPLULUC þ EpLULUC þ EsLULUC (3)

NEEnoLULUC ¼ HRnoLULUC–NPPnoLULUC (4)

In equation (4), NEE_noLULUC represents the effects of environmental changes on potential natural vegeta-
tion. The Ep and Es terms do not appear in equation (4), because they are zero when there is no LULUC. The
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LULUC emissions (equation (2)) are influenced directly by humans through LULUC (equation (3); hereafter
referred as “direct emissions” from LULUC) and indirectly by human-induced environmental changes on
lands undergoing LULUC through equations (3) and (4) (“indirect emissions” from LULUC). In this paper,
the total of direct and indirect emissions is referred to as “total emissions” from LULUC. The definition has
been widely adopted for over a decade [McGuire et al., 2001; Pongratz et al., 2014]. All the three emissions
(i.e., direct, indirect, and total emissions) are net fluxes, and they include both source and sink terms.

We carried out a series of with and without LULUC simulations (Table 2) for the time period 1765–2100.
Table 3 summarizes how the results from the simulations listed in Table 2 were combined to estimate
equation (2) that represents different LULUC flux components and is further explained in Text S5.

In principle, the effects of nitrogen limitation on terrestrial ecosystems are a natural response of the system to
human-induced environmental change and hence can be counted as indirect effects of human activity along
with climate and CO2 change. However, in our simulations, we kept nitrogen limitation separate from other
environmental effects because our study aims to understand the interactive effects of including nitrogen
cycle on LULUC fluxes.
2.4.1. Accounting for Uncertainties in Future Climate Projections and LULUC Reconstructions
We carried out the simulations (Table 2) and associated calculations (Table 3) separately for each RCP using
corresponding forcing data for LULUC and environmental drivers. Specifically, to account for uncertainties in
climate projections within each RCP, we repeated simulations Ref_1, Ref_2, A1, A2, B1, and B2 by varying the

Figure 1. Annual rates of change in cropland and pastureland, annual wood harvest area from forests, and annual net deforestation rates (net forest area loss includ-
ing afforestation and forest regrowth following cropland and pastureland abandonment; negative values indicate net forest loss) for 1900–2100. Figure legends are
shown in Figure 1a. All units are in million ha/yr (1 ha = 0.01 km2).
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climate data listed in Table S1 but keeping the data for other drivers (CO2, nitrogen deposition, and LULUC)
same across the simulations. We carried out simulations C1, C2, D1, and D2 once for each RCP, as they are
independent of climate change. The climate-induced uncertainty in simulating total LULUC emissions is
purely from indirect effects of human activity on emissions mediated through environmental change,
because by design, direct effects of human LULUC activities on emissions are independent of environmental
changes. The simulations cover the period 1765–2100, and we present results for 1900–2100.

There are significant uncertainties in quantifying historical LULUC, resulting from differences in inventory
data sets [Meiyappan and Jain, 2012] and reconstruction methodologies [Klein Goldewijk and Verburg,
2013]. The HYDE reconstruction for cropland and pastureland used in CMIP5 is just one realization of what
could have happened in the past. In an earlier study [Jain et al., 2013] we forced ISAM with three LULUC
reconstructions to estimate an array (uncertainty range) of “total LULUC emissions” for the 20th century
(including cropland and pastureland transitions from HYDE, Ramankutty [2012], and Food and Agriculture
Organization (FAO) [2006]; all using common data for wood harvest based on Hurtt et al. [2011]). Here we used
those estimates for comparison with our future estimates. New to this study is separately calculating direct

Table 3. Summary of How the Different Simulations Mentioned in Table 2 Were Combined to Estimate Land Use and Land Use Change (LULUC) Fluxes With
Varying Environmental Factors, LULUC Activities, and Nitrogen Dynamicsa

LULUC Flux Estimated

Effects Included
Calculation
MethodLULUC Activities Changing Environmental Factors Nitrogen Dynamics

Total emissions with nitrogen limitation LUC +WH CO2 + nitrogen deposition + climate Active A1–Ref1
LUC B1–Ref1
WH (A1–B1)

Total emissions without nitrogen limitation LUC +WH CO2 + climate Inactiveb A2–Ref2
LUC B2–Ref2
WH (A2–B2)

Direct emissions with nitrogen limitation LUC +WH None Active C1
LUC D1
WH (C1–D1)

Direct emissions without nitrogen limitation LUC +WH None Inactiveb C2
LUC D2
WH (C2–D2)

Indirect emissions with nitrogen limitation LUC +WH CO2 + nitrogen deposition + climate Active (A1–Ref1)–C1
LUC (B1–Ref1)–D1
WH (A1–B1)–(C1–D1)

Indirect emissions without nitrogen limitation LUC +WH CO2 + climate Inactiveb (A2–Ref2)–C2
LUC (B2–Ref2)–D2
WH (A2–B2)–(C2–D2)

aTotal LULUC emissions are the sum of direct and indirect LULUC emissions. Land use change is abbreviated as “LUC” and wood harvest as “WH.”
bInclusion of nitrogen deposition is irrelevant for without nitrogen limitation case.

Table 2. Design of the Simulationsa

Simulation CO2 Climate Nitrogen Deposition Land Use Change Wood Harvest Nitrogen Dynamics

Ref_1 ✓ ✓ ✓ ✗ ✗ Active
A1 ✓ ✓ ✓ ✓ ✓ Active
B1 ✓ ✓ ✓ ✓ ✗ Active
C1 ✗ ✗ ✗ ✓ ✓ Active
D1 ✗ ✗ ✗ ✓ ✗ Active
Ref_2 ✓ ✓ - ✗ ✗ Inactive
A2 ✓ ✓ - ✓ ✓ Inactive
B2 ✓ ✓ - ✓ ✗ Inactive
C2 ✗ ✗ - ✓ ✓ Inactive
D2 ✗ ✗ - ✓ ✗ Inactive

aThe tick mark indicates that the variable was varied with time. The cross mark indicates that the variable was held
static at initial (assumed zero for nitrogen deposition and LULUC) value. Inclusion of nitrogen deposition is irrelevant
when nitrogen dynamics is inactive in the model and is indicated by a hyphen.
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and indirect LULUC emissions and
separating emissions by LULUC activ-
ity (i.e., land use change and wood
harvest) for the three historical LULUC
reconstructions (from simulations ana-
logous to Tables 2 and 3).

3. Results
3.1. Historical
Simulations: Overview

We first present comparison of two
key modeled estimates from our
historical simulations with observa-
tionally derived global estimates: (1)
model-simulated aboveground vege-
tation (tree foliage+woody biomass)
carbon in forests versus FAO-based
gridded estimates and (2) our model-
simulated NPP versus NPP modeled
from Moderate Resolution Imaging

Spectroradiometer (MODIS)-derived radiation absorption by plants. These comparisons are broadly intended
to evaluate how well the historical simulations can reproduce the current conditions. While evaluating the
model performance over the historical period is no guarantee of good performance over the 21st century, it
does add confidence in the model’s suitability for assessing impacts of the interactions between LULUC and
environmental change on terrestrial carbon fluxes. While comparison of two model-simulated variables is not
indicative of overall model performance, the two variables compared here are critical to modeling LULUC emis-
sions. For example, our modeled emissions from wood harvest depend on how well we simulate aboveground
vegetation carbon in forests. Similarly, as our NPP is regulated by modeled nitrogen demand and supply spe-
cific to land cover type [Yang et al., 2009], an overall agreement in NPP compared to an independent estimate
adds confidence in our modeled nitrogen cycle and its applicability to scientific questions addressed in this
paper. Following this comparison, we present LULUC emission estimates for the 20th century. We highlight
model uncertainty in the Discussion section.
3.1.1. Model Evaluation
Globally, our model-simulated aboveground vegetation carbon in forests of 268PgC (year 2000) compares to
234 PgC estimated from FAO-based gridded statistics [Kindermann et al., 2008] (note that the study does not
provide uncertainty estimates). A zonal (Figure 2) and spatial comparison (Figure S5) indicates that our simu-
lated aboveground carbon in forests is higher in tropics and northern nontropics and lower in southern nontro-
pics. The reasons underlying the systematic latitudinal bias between the two estimates could stem from both
data and model sources (e.g., bias from methods used to fill missing country data in FAO and gridding proce-
dure and bias in our model forcing data and errors inmodel parameter and structure) and include differences in
definition of forest (FAO forest definition of percent cover >10% and height >5m (Annex 2 of FAO [2006,
2010]) versus our model definition of percent cover >60% and height >2m based on the International
Geosphere-Biosphere Programme (IGBP) land classification scheme [Loveland and Belward, 1997]).

Next, we compared our model-simulated NPP across six land cover types averaged globally over a 5 year per-
iod (2001–2005) with that from modeled NPP from MODIS-derived radiation absorption by plants [Zhao and
Running, 2010; Zhao et al., 2005; Running et al., 2004]. Note that we are comparing two modeled estimates
with inherent errors and uncertainties [Cleveland et al., 2015]. Nonetheless, results show that our model-
simulated NPP across all land cover types fall within the standard deviation range from radiation-based
estimates (Figure 3).
3.1.2. Carbon Fluxes From LULUC During the 20th Century (With Nitrogen Limitation Effect)
Globally, the total LULUC emissions averaged across the three LULUC reconstructions were 163 PgC (range:
156–174 PgC) cumulated over the 20th century (Table 4) (all numbers discussed include nitrogen limitation
effect, unless explicitly noted). The total LULUC emissions are about 58–65% of fossil fuel emissions and

Figure 2. Zonal breakdown of aboveground carbon in forests (year 2000)
based on (1) our historical model simulations (averaged across estimates
obtained using three LULUC data sets; including both primary and secondary
forests) and (2) global gridded estimates based on FAO statistics [Kindermann
et al., 2008]. The darker grey shades in the background indicate larger forest
area fraction along the latitude based on FAO statistics.
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37–40% of total carbon emissions over
the 20th century (266PgC from fossil
fuel combustion and cement produc-
tion [Boden et al., 2013]). Most of
the historical total LULUC emissions
were direct emissions (Table 4 and
Figures 4a and 5a). The indirect emis-
sions averaged across the three recon-
structions were close to zero (�22 to
21PgC) because of partly offsetting
environmental effects. For example,
enhanced carbon sinks in regrowing
forests under increasing CO2 also lead
to higher emissions when harvested.

Regionally, the nontropics accounted
for about two thirds (52–71%) of
cumulative 20th century total LULUC

emissions (Table 4 and Figure 4). The total LULUC emissions from nontropics are greater than the tropics
mainly because (1) nitrogen limitation in the nontropics reduced the carbon uptake rates on regrowing sec-
ondary forests (Figures 4k and 5g; compare with and without nitrogen limitation cases) and (2) historically,
two thirds of global secondary forest area following wood harvest is from the nontropics (Table 1).

Splitting the total LULUC emissions based on LULUC activity, 60–65% of the total global LULUC emissions are
from land use change, and the rest 35–40% are from wood harvest (55–72 PgC) (Figure 4a). Breaking down
regionally, wood harvest accounted for 11–22% of total LULUC emissions in the tropics (Figure 4f) and
50–57% in the nontropics (Figure 4k).

3.2. Future Simulations: Overview

First, using RCP8.5 as example, we describe how the key mechanisms in our model impact nitrogen limitation
over time (the mechanisms qualitatively apply to all RCPs). Next, we present the overall effects of these
mechanisms on the 21st century LULUC fluxes compared to that of 20th century. For this purpose, we use
themean emissions value of the three LULUC reconstructions for the 20th century. Third, we isolate the effect
of nitrogen cycle on LULUC emissions by comparing results between with andwithout nitrogen cases. Finally,
we quantify the uncertainties in LULUC emissions resulting from uncertainty in projections of climate change.

Figure 3. NPP estimated for different land cover types averaged globally
over the period 2001–2005. The results are compared between (1) our his-
torical model simulations and (2) radiation-based modeled estimates of NPP
derived from MODIS [Zhao and Running, 2010]. The error bars indicate the
standard deviation across the 5 year annual estimates. Our model-based
error bars also encompass differences induced by LULUC data sets.

Table 4. Direct, Indirect, and Total Emissions From Land Use and Land Use Change (LULUC)a

Land Use Affected
Ecosystem Exchange

With Nitrogen Limitation Effect Without Nitrogen Limitation Effect

20th Century 21st Century 20th Century 21st Century

Mean (and Range) RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5 Mean (and Range) RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5

Global
Direct LULUC emissions +167 (135 to 186) +81 +68 +35 +96 +123 (93 to 142) +14 �39 �31 +31
Indirect LULUC emissions �4 (�22 to 21) +56 +55 +77 +71 0 (�18 to 29) �5 �25 +6 �13
Total LULUC emissions +163 (156 to 174) +137 +123 +112 +167 +123 (122 to 124) +9 �64 �25 +18
Tropics
Direct LULUC emissions +61 (43 to 85) +22 �2 +5 +25 +60 (43 to 84) +15 �17 �3 +33
Indirect LULUC emissions �1 (�9 to 8) +29 +31 +37 +40 0 (�8 to 18) +8 0 +8 +11
Total LULUC emissions +60 (51 to 76) +51 +29 +42 +65 +60 (35 to 76) +23 �17 +5 +44
Nontropics
Direct LULUC emissions +106 (80 to 143) +59 +70 +30 +71 +63 (41 to 89) �1 �22 �28 �2
Indirect LULUC emissions �3 (�20 to 25) +27 +24 +40 +31 0 (�10 to 11) �13 �25 �2 �24
Total LULUC emissions +103 (82 to 123) +86 +94 +70 +102 +63 (48 to 87) �14 �47 �30 �26

aThe estimates for the 20th century are based on the three LULUC reconstructions. The estimates for the 21st century are based on the four Representative
Concentration Pathways (RCPs). Two sets of estimates are shown, one with and the other without the effect of nitrogen limitation. For each RCP, an array of
LULUC fluxes were estimated, using outputs from a suite of climate model projections from the CMIP5 multimodel ensemble database (Table S1). The estimates
shown for the RCPs are the mean across the array of estimates. Positive values indicate a land to atmosphere flux. Units are in PgC/century.
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3.2.1. Model Response to Nitrogen Limitation
Nitrogen limitation exists if there is not enough mineral nitrogen available for plant growth and litter decom-
position. The difference between nitrogen demand and supply is the magnitude of nitrogen limitation.
Results (Figure 6) show that the total carbon uptake (NPP) by secondary forests increases with time (in both
with and without nitrogen cases) due to both CO2 fertilization effect on regrowing forests and increase in the
area of regrowing forests (following wood harvest and agricultural abandonment). However, the carbon
uptake in secondary forests is significantly lower when nitrogen limitation is included especially in the non-
tropics. The tropics have relatively less nitrogen limitation, because warmer and wetter climate enhances
nitrogen mineralization in soils. Furthermore, the difference in carbon uptake rates between with and
without nitrogen limitation simulations increases over time, reflecting the progressively increasing nitrogen
limitation effect on CO2 fertilization (note that the area of secondary forests is the same in both with andwith-
out nitrogen simulations). Our modeled response is consistent with ground-based studies that generally indi-
cate that younger regrowing secondary forests require more nitrogen to support new production under
increasing CO2 [Davidson et al., 2004; Finzi et al., 2006, 2007; Herbert et al., 2003; Hungate et al., 2003;
Lebauer and Treseder, 2008; Luo et al., 2004, 2006; Oren et al., 2001; Murty et al., 2002; Reich et al., 2006].

Next, we describe how key nitrogen variables in our model vary with increasing nitrogen limitation. First,
biological nitrogen fixation in both primary and secondary forests increases over time, with the increase
being greater in secondary forests (Figures 7a and 7b). Wemodel nitrogen fixation as a function of evapotran-
spiration (see Discussion section for limitations of this approach). Therefore, tropical forests fix more nitrogen
than nontropical forests in our model, consistent with spatial observations [Cleveland et al., 1999]. Second,
increasing nitrogen demands from CO2 fertilization cause both primary and secondary forests to uptake
more nitrogen per unit area with time (Figures 7e and 7f), thus reducing ecosystem nitrogen losses
(Figure 6). Third, with increasing nitrogen limitation, the nitrogen use efficiency (NPP per unit nitrogen
uptake; qualitatively similar to carbon:nitrogen ratio of vegetation) increases with time, especially in the
secondary forests of the nitrogen-limited nontropics (Figures 6b–6h).

Figure 4. Breakdown of LULUC emission fluxes attributable to land use change (green bars) and forest wood harvest (brown bars). The fluxes shown are direct,
indirect, and total (direct + indirect) emissions. Two sets of estimates are shown, one with and the other without the effect of nitrogen limitation. (a) The first
three bars in each panel are estimates that include the effect of nitrogen limitation (“With N lim”), and the other three bars are estimates without nitrogen limitation
effect (“No N lim”). The historical estimates are averages based on the three LULUC reconstructions. For each RCP, an array of LULUC fluxes were estimated,
using outputs from a suite of climate model projections from the CMIP5 multimodel ensemble database (Table S1). The estimates shown for the RCPs are the mean
across the array of estimates. Positive values indicate a land to atmosphere flux. Units are in PgC/century.
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Increasing anthropogenic nitrogen deposition (external forcing to our model) provides an additional nitrogen
input to terrestrial ecosystems (Figure 7i). However, its effect on enhancing regrowth sinks (or reducing LULUC
emissions) depends on howmuch of the nitrogen deposition occurs on regrowing forests. There are three major
sources of nitrogen losses attributable to LULUC (inferred by comparing “with” and “without” nitrogen limitation
simulations). (1) Anaerobic respiration by denitrifying bacteria (soil decomposition) increases with time due to
increases in litterfall (leaf litter +dead wood) from LULUC (Figure 7j). (2) Leaching as soil nitrate dissolves in
rainwater, and excess water percolates through soil (Figure 7k). Leaching is higher in the tropics because of more
rainfall and relatively more soil nitrogen compared to the nontropics. Both denitrification and leaching depend
on our simulated soil nitrate content and soil moisture. (3) Removal of nitrogen from soils and vegetation from
LULUC disturbance including slash burning and decay from product pools (Figure 7l) are also documented in
earlier studies [Davidson et al., 2007; Herbert et al., 2003; Mathers et al., 2006; Schipper et al., 2007].

In summary, our model simulations suggest that large areas of secondary forests will not respond to CO2

fertilization as strongly as they would when adequate nitrogen was available to meet the plant demands.
In the with nitrogen cycle simulation, our model responds to increasing nitrogen limitation by increasing
nitrogen fixation, reducing nitrogen losses, and increasing nitrogen use efficiency. LULUC activities result
in a gradual loss of nitrogen from the system, thus increasing the nitrogen limitation. In the following section,
we explore the overall effects of these mechanisms on the simulated future LULUC emissions.

Figure 5. Estimates of direct, indirect, and total (direct + indirect) emissions from LULUC averaged over each decade. The dark lines indicate the estimates that
include the effect of nitrogen limitation. The grey lines are estimates obtained without nitrogen limitation effect. The historical estimates are averages based on
the three LULUC reconstructions. For each RCP, an array of LULUC fluxes were estimated using outputs from a suite of climate model projections from the CMIP5
multimodel ensemble database (Table S1). The lines represent the mean across the array of estimates (for both with and without nitrogen limitation effects). The
error bars indicate the uncertainty range in simulated indirect LULUC emissions (for with nitrogen limitation case) that results due to uncertainties in projecting
future climate. Uncertainties in simulating indirect LULUC emissions will also introduce uncertainties in estimates of total LULUC emissions. For clarity, uncertainty
estimates for total LULUC emissions are not shown, instead provided in Table 5. Units are in PgC/yr. The figure legends are shown in Figure 5d. See Figure S6 for
figures corresponding to RCP2.6 and RCP6.0.
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Figure 7. Model-simulated response to key nitrogen variables illustrated using RCP8.5 simulations (with transient environmental factors) as example. First and
second columns correspond to tropics and the nontropics, respectively, and show the fluxes averaged over primary (unmanaged) and secondary forests (resulting
from LULUC). Third column shows fluxes by region and includes all land cover types. (a and b) Biological nitrogen fixation which a source of nitrogen to terrestrial
ecosystems. (g and h) Nitrogen use efficiency defined as the (c and d) net primary productivity (NPP) per unit uptake of (e and f) nitrogen by plants. (i) Anthropogenic
nitrogen deposition (NHx +Noy) over land areas (source of nitrogen to both managed and unmanaged lands). (j) Denitrification loss attributable to LULUC. (k) Nitrogen
leaching loss attributable to LULUC. (k) Nitrogen loss from LULUC disturbance (product pool decays, slash burning, and removals). Figures 7a–7i and 7l are from
simulations that include LULUC effect. Figures 7j–7k are obtained by differencing fluxes obtained between with and without LULUC simulations.

Figure 6. Net primary productivity (NPP) of secondary forests simulated by ISAM corresponding to RCP8.5. Results are com-
pared between with and without nitrogen limitation cases. The historical estimates are based on HYDE LULUC recon-
struction. The future estimates shown are mean across the array of estimates obtained by driving ISAM with different
climate model projections (for both with and without nitrogen limitation effects).
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3.2.2. Carbon Fluxes From LULUC During the 21st Century (With Nitrogen Limitation Effect)
Both globally and regionally, the total LULUC emissions estimated across the four RCPs are smaller or com-
parable to 20th century mean estimates (Table 4). Globally, the direct LULUC emissions due to human activity
estimated across the RCPs are a smaller source to the atmosphere by 40–80% compared to 20th century esti-
mates (Table 4, Figures 4 and 5, and Figure S6). In contrast, the indirect LULUC emissions due to human envir-
onmental change are a much larger source to the atmosphere for the RCPs (55 to 77 PgC from Table 4)
compared to 20th century (�20 to 20 PgC), making the total LULUC emissions much larger than when con-
sidering direct emissions alone. In this section, we further explore direct LULUC emissions. Interactions
between nitrogen limitation and other environmental factors explain indirect LULUC emissions. We discuss
indirect emissions in the next section.

In general, across all the RCPs, the net deforestation rates are significantly lower compared to the 20th cen-
tury (Table 1 and Figure 1), resulting in smaller direct emissions (Figure 4). Further, large amount of cropland
and pastureland expansion that occurred in the 20th century are being abandoned in the future (RCP 4.5 and
RCP6.0) due to land protection policies (Figure 1 and Table 1). Specifically, forest expansion in RCP4.5 is due to
carbon taxation policies that encourage protection of forests (Text S1). The higher emissions in the 20th century
from land clearing are partly offset in the future under RCP4.5 and RCP6.0 because of carbon accumulation in
forests regrowing on abandoned land. This resulted in negative direct emissions from land use change (sinks)
for RCP4.5 globally (Figure 4c) and for both RCP4.5 and RCP6.0 in the tropics (Figures 4h and 4i).

In contrast to land use change, direct emissions from wood harvest are equal to or larger than the 20th
century estimates across all the RCPs (excluding one outlier RCP6.0 elaborated in the Discussion section),
especially in the nontropics (Figure 4). This is because the RCPs project a 380–1080% global rise in wood
harvest rates compared to 20th century due to rapid increase in demand for bioenergy and wood products
(Table 1). The higher wood harvest results in more regrowing forests that become increasingly nitrogen
limited due to the mechanisms explained in previous section (excluding CO2 downregulation that is an indir-
ect effect). Thus, emissions become much greater compared to slower and smaller sinks in regrowth plus
temporary sinks in product pools. As a result, the wood harvest contributions to direct LULUC emissions
increase in the future, especially in the already nitrogen-limited nontropics (Table 4 and Figure 4). The higher
rates of wood harvest also result in higher direct (and total) LULUC emissions in the nontropics than in the
tropics during the 21st century (Figure 5 and Table 4).

Interestingly, despite large net forest regrowth in the nontropics under RCP4.5 (Table 1), its direct LULUC
emissions (Table 4) are higher than or comparable to RCP2.6 and RCP8.5, both of which show a loss of forest
area (Table 1). This is because the direct emissions fromwood harvest are higher in RCP4.5 (Figure 4m), where
afforestation provides additional forest biomass to meet the prescribed wood harvest demands.

For both the tropics and nontropics, the uncertainties in estimating direct emissions for the 20th century
based on the three LULUC reconstructions (range from Table 4) are ~50% greater than the scenario-based
uncertainty for the 21st century (maximum difference across the four RCPs from Table 4), indicating that
historical LULUC reconstructions are more uncertain regionally than the likely future LULUC outcomes.
3.2.3. Impacts of Including Nitrogen Cycle on LULUC Fluxes
All the aforementioned estimates include the effect of nitrogen limitation. To understand the impact of
nitrogen cycle, we simulated LULUC fluxes without nitrogen limitation effect, i.e., by assuming that sufficient
nitrogen is available for plant growth and litter decomposition. We quantify the impacts of nitrogen limita-
tion by comparing the LULUC fluxes estimated between with and without nitrogen limitation cases.

There are two key results: first, inclusion of nitrogen limitation increases the total LULUC emissions by
128–187 PgC globally for the 21st century, roughly 3–5 times larger compared to the increase for 20th
century (Table 4 and Figure 5). This increase is predominantly attributable to two of the component fluxes
(Figure 4): direct emissions from wood harvest in the nontropics and indirect emissions from LULUC in both
the tropics and nontropics.

As described before, when we consider nitrogen dynamics, most of the regrowing forests become increas-
ingly nitrogen limited. This restricts the rate of regrowth after harvest resulting in larger total emissions from
wood harvest under nitrogen-limited conditions, particularly in the nontropics. When nitrogen dynamics
were not considered, direct emissions from wood harvest were smaller, and total LULCC emissions were a
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sink under two mitigation scenarios
(RCP4.5 and RCP6.0; see Text S6 for
elaboration) globally and for all sce-
narios in the nontropics (Table 4).

Most of the differences in indirect
emissions between with and without
nitrogen cases can be explained by
the interactions between the nitro-
gen cycle and carbon cycle impacts
on areas undergoing land use change
(Figures 4b–4e). Without nitrogen
limitation, the higher emissions from
deforestation in a CO2-fertilized world
(due to higher carbon stocks) are
partly compensated by stronger
regrowth sinks (from CO2 fertilization)
on forests regrowing on abandoned
land. However, whenwe include nitro-
gen limitation, the sinks on forests
regrowing on abandoned land are

weakened due to CO2 downregulation effect, especially in the nitrogen-limited nontropics where the net indir-
ect flux shifts from a sink to a source (Figures 4l–4o). This effect is also reflected in Figure 5, where the difference
in indirect emissions betweenwith andwithout nitrogen limitation cases increases with time for the nontropics.
Under increasing CO2, plants needmore nitrogen to support production. The insufficient availability of nitrogen
limits the CO2 fertilization effect on plant growth in our model (Figure 6) [see alsoNorby et al., 2010;Wieder et al.,
2015a]. In the tropics, inclusion of nitrogen shifts the indirect flux due to land use change from a source to a
slightly bigger source for RCP2.6, RCP4.5, and RCP6.0 (Figures 4g–4i).

While the above mechanisms apply for land experiencing wood harvest, the indirect wood harvest emissions
are small whether nitrogen limitation is considered or not, because weaker sinks from CO2 fertilization also
result in lower emissions in the subsequent harvest cycle (except when wood harvest expands to new areas).
This is despite our modeling assumption that wood is preferentially harvested from primary forests or mature
secondary forests across most regions (consistent with the assumption made in producing the wood harvest
data [Hurtt et al., 2011]). In our model, regrowing secondary forests requires roughly 30 (tropics) to 40
(nontropics) years to attain 80%maturity and about 90 (tropics) to 150 (nontropics) years to attain full matur-
ity (Figure 8 and Text S7). The high wood harvest rates projected for the future (Figure 1 and Table 1) result in
harvesting young regrowing secondary forests (as primary or mature secondary forests reduce following
LULUC) that have not accumulated sufficient biomass (especially in grid cells with high wood harvest rates;
see Figure S7).

Another key result of our simulations is that the total LULUC emissions from the nontropics are greater than
the tropics for 1900–2100 when nitrogen limitation is considered (Figures 4 and 5 and Table 4). In the simula-
tions without nitrogen limitation, the LULUC emissions for the tropics were greater than the nontropics, after
1940s (Figure 5). This result is consistent with majority of modeling studies that only include the interactive
effects of CO2 and climate in their calculations of total LULUC emissions [Jain et al., 2013].

It is worth noting that there are other important interactions that determine indirect emissions in our
modeled results (Figure 4). For example, converting forests to agriculture increases indirect emissions in
the methodological setup of the model experiments, i.e., comparing a hypothetical no-LULUC case with a
representative with-LULUC case. This is because the hypothetical forest that exists in the no-LULCC case
has greater sinks from CO2 fertilization than the sinks in nonforests in the with-LULCC case. This capacity
for an additional sink is lost due to deforestation; its magnitude depends on both deforested area and the
strength of CO2 fertilization [Pongratz et al., 2009; Strassmann et al., 2008]. Indirect emissions are increasingly
affected by climate change in the future; for example, a warmer climate projected for the future (Figures S1
and S2) increases indirect emissions due to enhanced soil decomposition (Rh) and forest decline in some

0 20 40 60 80 100 120 140 160 180 200

V
eg

et
at

io
n 

C
ar

bo
n 

Stand age

Steady State
(90 yrs)

Steady State
(150 yrs)Tropical Evergreen

Temperature Deciduous

80% maturity
(40 yrs)

80% maturity
(30 yrs)

Figure 8. Two site-specific simulations (tropical and nontropical forest sites)
showing our modeled response to the rate of vegetation carbon accumula-
tion followed wood harvest. The “steady state” indicates the time taken to
attain full maturity under ideal conditions (environmental factors unchanged
from current site-specific conditions and no LULUC disturbance following
wood harvest). An explanation of this figure is provided in Text S7.
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regions. Concurrently, higher decomposition also releases plant-usable mineral nitrogen from soils that
enhances carbon uptake in regrowing forests during initial stages [McGuire et al., 2007].
3.2.4. Climate-Induced Uncertainties in Simulating Carbon Fluxes From LULUC (With Nitrogen
Limitation Effects)
A key source of uncertainty in projecting future LULUC emissions is that due to the indirect human-induced
effects via climate change. Here we evaluate the combined uncertainty from two climate variables: tempera-
ture and precipitation.

The range of uncertainties in the 21st century cumulative total LULUC emissions, across all the four RCPs
driven by different CMIP5 climate model projections, are 91–227 PgC (globally), 21–96 PgC (tropics), and
51–126 PgC (nontropics) (Table 5). Globally, for all RCPs the estimated ranges of total LULUC emissions due
to climate uncertainty are roughly 50% of the mean value (Figure 5 and Table 5) and are larger than the
scenario-based difference of 54 PgC (estimated from Table 4 as the maximum difference in the mean esti-
mates of total LULUC emissions across the RCPs). In some cases, the climate-induced uncertainties in indirect
LULUC emissions (max-min range; Table 5) are larger than its mean estimates (Table 4), making even the sign
of indirect emissions uncertain (Figures 5h and 5i). The uncertainty tends to increase with time in the higher
emission scenarios (Figure 5), reflecting the progressively increasing model spread in CMIP5-projected cli-
mate [Knutti and Sedláček, 2012]. RCP6.0 has the smallest uncertainty range across all RCPs, partly because
only 24 climate model projections were available for RCP6.0 when we carried out the simulations (Table S1).

Most of the uncertainty results from including wood harvest, because its spatial extent is much larger com-
pared to land use change (Figure 1 and Table 1). The uncertainties in simulated indirect (and total) LULUC
emissions are greater over the nontropics than the tropics (Table 5) mainly because of large uncertainties
in projected temperature over the temperate zones of the northern hemisphere (Figures S1 and S2) where
most of the nontropical wood harvest occurs (Figure 9 and Figure S7).

4. Discussion
4.1. Comparison With Previous Studies

Previous studies that have examined the future LULUC fluxes using CMIP5 data differ from the LULUC flux
estimates presented here on multiple aspects: LULUC activities included (e.g., wood harvest) and their imple-
mentation in the model, model processes considered (e.g., nitrogen and secondary forest dynamics), and the
type of model itself. A direct one-to-one comparison is confounded by these multiple source of differences.
Therefore, our approach is to compile the available estimates and identify the causes of difference from
our study.
4.1.1. Wood Harvest
Hurtt et al. [2011] provide wood harvest, as biomass extracted from each grid cell. They also provide “wood
harvest area” in each grid cell, estimated as the sum of primary, mature secondary, and young secondary
forest areas required to meet the biomass demand from wood harvest. Therefore, the biomass extracted
and the wood harvest area weremeant to be consistent with each other. In this study, we implementedwood
harvest area data in ISAM (section 2.3.3) to calculate biomass extracted (Table 6) and LULUC emissions. The
20th century biomass harvested from forest simulated by the ISAM compares well with Hurtt data, because

Table 5. Climate Projection-Induced Uncertainties in Simulating Total (Direct + Indirect) LULUC Emissions for the
21st Centurya

Region

Range of Cumulative Total LULUC Emissions (Max�Min) Value

RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5 RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5

Global 116–180 107–165 91–150 139–227 64 60 59 88
Tropics 33–72 21–50 32–59 48–96 39 29 27 48
Nontropics 67–119 74–126 51–99 77–146 52 52 48 69

aThe numbers shown for total LULUC emissions are the maximum range of estimates obtained by forcing the
Integrated Science Assessment Model (ISAM) with multiple climate model outputs (Table S1). The “(Max�Min) value”
is calculated as the difference between the maximum and minimum values from the estimated range. The mean esti-
mates are provided in Table 4. Positive values for emissions indicate a land to atmosphere flux. The estimates provided
here include the effect of nitrogen limitation. Units are in PgC/century.
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the available forest area (and average
forest biomass per grid area) was ade-
quate to meet the historical demands.
However, for all four RCPs, our model-
estimated forest biomass from wood
harvest is much lower compared to
Hurtt data, due to two reasons.

First, the forest harvest rates for the
RCPs (especially RCP6.0 with highest
wood harvest area; Table 1) were
higher than the contemporary (circa
2005) forest area (and biomass as
evaluated in Figure 2) in ISAM
(Figure 9). Specifically, RCP 6.0 shows
high wood harvest rates for the
Himalayas and China (Figure S7) that
seem inconsistent with the contem-

porary forest area estimated from satellites (Figure 9; see Figure S8 for MODIS-derived land cover map).
Therefore, the modeled forest area could not fully meet the prescribed wood harvest demands. The forest
definition in ISAM is consistent with the IGBP land classification scheme, and its contemporary forest esti-
mates have been calibrated using the most recent version of MODIS land cover data [Meiyappan and Jain,
2012]. In the year 2005, the MODIS-estimated global forest area (~30 × 106 km2) was 25% less than the
~40× 106 km2 estimated by Hurtt et al. [2011].

Second, following wood harvest, regrowing forests require about 90 (nontropics) to 150 (tropics) years to
attain full maturity (Figure 8 and Text S7). Therefore, lower contemporary forest areas in ISAM compared to
Hurtt data imply that we had to use more secondary regrowing forests with lower biomass to meet the future
harvest area demands, when enough primary forests or mature secondary forests were not available in the
grid cell. Hypothetically, even if our harvest area had equaled Hurtt data, a higher fraction of the total
harvested area in our model would be from secondary regrowing forests with lower biomass compared to
Hurtt estimates. Most of the discrepancy in forest area stems from the nontropics (Table 3 of Meiyappan
and Jain [2012]), where additionally, the biomass harvested from forests are also higher in Hurtt data than
in our model (Table 6).

A part of the discrepancy in forest area between our study and Hurtt et al. is attributable to difference in the
definition of forest. Hurtt et al. count savannas as forest (using a different tree density threshold to identify
forests), but in ISAM, savannas are classified as herbaceous [Meiyappan and Jain, 2012]. This difference in
definition implies that we did not use savannas for wood harvest and our estimate of deforestation

Table 6. Comparison of Biomass Harvested From Forests Between Hurtt et al. [2011] and This Studya

Hurtt et al. [2011] This Study

Region 20th Century 21st Century 20th Century 21st Century

Historical RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5 Historical RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5

Global 70 144 165 150 182 69–76 88–93 113–116 69–77 143–146
(3) (22) (17) (35) (68)

Tropics 18 38 54 53 61 11–13 28–33 33–37 37–41 57–62
(2) (18) (14) (22) (30)

Nontropics 52 106 111 97 121 56–65 56–65 77–83 29–41 82–90
(1) (4) (3) (13) (38)

aThe numbers provided within brackets are estimates of biomass harvested from nonforested tree types which we do not account for. The range of estimates
provided for the historical period (corresponding to this study) is obtained using the three different LULUC reconstructions. The range of estimates provided for
the RCPs are based on estimates with and without the effects of nitrogen limitation. Lower end values are generally the estimates that include the effect of nitro-
gen limitation. Both the estimates with and without the effects of nitrogen limitation for the RCPs are mean estimates obtained by driving the Integrated Science
Assessment Model (ISAM) using multiple climate model projections (Table S1). Units are in PgC/century.

Figure 9. Zonal breakdown of prescribed forest harvest area for the four RCPs
cumulated over the 21st century (data based on Hurtt et al. [2011]). For
comparison, the contemporary (2005 A.D.) forest areas (and savannas) based
on MODIS satellite data [Friedl et al., 2010] are shown. Units are in million km2.
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(Table 1 and Figure 1) does not include savannas converted to cropland and pastureland. Multiple definitions
for savannas exist [Scholes and Archer, 1997]. In our model, even counting savannas (as per MODIS-IGBP land
cover) within forests will not make much of a difference outside the tropics (Figure 9). Clearly, a lack of con-
sensus on how different land cover types are defined is a source of uncertainty in LULUC emission estimates.
4.1.2. Historical LULUC Emissions
The historical “total” LULUC emissions simulated by ISAM have been compared previously [see Jain et al.,
2013; Ciais et al., 2013]. For the historical period, we limit discussion to LULUC fluxes that require elaboration.

The direct LULUC emissions estimated without nitrogen limitation are most comparable to estimates from
Houghton’s bookkeeping model [Houghton, 2003, 2008], in terms of definition. Strikingly, our estimated non-
tropical emissions for 20th century (63 PgC from Table 4 based on average of three reconstructions) are 57%
higher than Houghton’s estimate of 40 PgC (data from Figure 1b of Richter and Houghton [2011]). Most of the
difference is explained by the underlying LULUC data sets. Two of our three LULUC reconstructions (based on
Ramankutty [2012] and HYDE agricultural data sets [seeMeiyappan and Jain, 2012]) showmore net forest loss
in the nontropics compared to the third data set (based on Forest Resources Assessment (FRA) forest data
[FAO, 2006]) also used in Houghton’s model. Our estimates using FRA data for the nontropics (41 PgC from
Table 4 range) compare with Houghton’s bookkeeping estimate.
4.1.3. Future LULUC Emissions
A comparison of our future LULUC emissions with other published estimates is shown in Table 7. Some cli-
mate models participating in CMIP5 did not simulate LULUC emissions for the future but instead were driven
using CO2 emissions from LULUC estimated by the IAMs which produced the RCPs. These estimates include
both wood harvest and land use change. The definition and methodology of calculating LULUC emissions
differed among the IAMs [van Vuuren et al., 2011; Pongratz et al., 2014]. Our total (and direct) LULUC emissions
estimated without nitrogen limitation (including wood harvest) are either much smaller emissions or even
sinks compared with the IAM estimates. Our total (and direct) LULUC emissions estimated with nitrogen
limitation are larger than IAM estimates.

The Land Use Change, Impacts and Dynamics (LUCID)-CMIP5 project, using five Earth System Models,
estimated the range of total LULUC emissions for two RCPs. None of the models account for nitrogen
limitation, they vary significantly in their carbon cycle representations, and only one model (low resolution

Table 7. Global Comparison of Our Model-Estimated Cumulative (2001–2100) LULUC Fluxes for the Four RCPs With Previous Studiesa

Reference RCP2.6 RCP4.5 RCP6.0 RCP8.5 Notes Nitrogen Cycle Wood Harvest

This study
Data from Table 4 14 �39 �31 31 Direct emissions ✗ ✓

9 �64 �25 18 Total emissions
Data from Figure 4 25 �46 4 31 Total emissions ✗ ✗

Data from Table 4 81 68 35 96 Direct emissions ✓ ✓

137 123 112 167 Total emissions
Other studies
IAMs that produced the RCPs 68 30 6 60 Data from http://cmip-pcmdi.llnl.gov/

cmip5/forcing.html
✗ ✓

Brovkin et al. [2013]:
LUCID-CMIP5

24 to 180 - - 30 to 210 Range from five Earth System Models
(one model included wood harvest)

✗ See notes

24 to 70 - - 30 to 67 Range excluding MPI-ESM-LR ✗ ✗

Boysen et al. [2014]: LUCID-CMIP5
(extension to Brovkin et al.)

- - - 34 to 218 Range from four Earth System Models
(one model included wood harvest)

✗ See notes

34 to 57 Range excluding MPI-ESM-LR ✗ ✗

Kato et al. [2013] 118 �36 16 82 Data from their Figure 7 ✗ ✗

Lawrence et al. [2012] 185 158 191 266 Data from their Figure 8a ✓ ✓

Stocker et al. [2014] 91 30 91 127 Direct emissions ✓ ✓

111 33 103 157 Total emissions
Wang et al. [2015] - �16 - 61 They provide estimates for 2006–2100

to which we added estimates for
2001–2005 based on the same model

provided in Zhang et al. [2013]

✓ ✓

Range 24 to 185 �36 to 158 6 to 191 30 to 266 Range across “Other studies” - -

aUnits are in PgC/century.
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version of Max-Planck-Institute Earth System Model (MPI-ESM-LR)) included wood harvest. The authors
acknowledge that their LULUC emissions from MPI-ESM-LR are overestimated due to high initial carbon
stocks. Excluding MPI-ESM-LR, the range is 24–70 PgC (RCP2.6) and 30–67 PgC (RCP8.5). For comparison,
our estimated global total LULUC emissions excluding wood harvest and nitrogen limitation but including
climate uncertainties are (cumulated over the 21st century) 14–43 PgC (RCP2.6) and 5–44 PgC (RCP8.5)
(Figures 4c and 4e).

Kato et al. [2013] using a terrestrial carbon cycle model estimated total LULUC emissions for the 21st century.
Their estimates do not account for nitrogen limitation, wood harvest, and changes in future climate (static
climate corresponding to current conditions are used). Kato et al. estimates are larger compared to our esti-
mates without wood harvest and nitrogen limitation (Table 7).

Using a coupled climate model, Lawrence et al. [2012] reported LULUC emissions from one single with-LULUC
simulation, without a reference no-LULUC simulation. Therefore, their LULUC emission estimates include only
instantaneous and legacy fluxes from LULUC. Fluxes from regrowth sinks and decomposition of on-site
resides are not counted toward LULUC flux [Pongratz et al., 2014]. Their model includes nitrogen cycle, the
effect of wood harvested from both forest and nonforest trees, in addition to cropland and pastureland
transitions. Their estimates are the larger compared to all published studies and our estimates that include
nitrogen limitation and wood harvest across all the scenarios. A large part of their LULUC emissions results
from including wood harvest (their Figures 8a and 8c).

Stocker et al. [2014] using a dynamic global vegetation model reported both total and direct LULUC emissions
that include nitrogen cycle, wood harvest, and cropland and pastureland transitions. They accounted for car-
bon and nitrogen pools between primary and secondary lands separately. However, they do not explicitly
model secondary forest regrowth dynamics; i.e., the process formulations andmodel parameters are identical
between primary and secondary lands. Notably, Stocker et al. used one climate model output (corresponding
to model 32 in Table S1) to estimate indirect LULUC emissions (total minus direct emissions) which are smal-
ler compared to our mean estimates (Table 4). However, our multimodel climate sensitivity analysis indicates
that the choice of climate data used to force a model can result in substantially different indirect emissions
(difference of up to 88 PgC globally; Table 5).

Wang et al. [2015] using an Earth System Model reported total LULUC emissions for RCP4.5 and RCP8.5. In
addition to a nitrogen cycle, they also included phosphorous limitation and wood harvested from both
forests and nonforests. Their estimates are lower compared to both our total (and direct) emissions and other
studies that include nitrogen limitation and wood harvest.

To summarize, we find that global estimates of LULUC emissions cumulated for 21st century are highly uncer-
tain varying by ~300 PgC (range: �36 to 266 PgC) across published studies (estimates including nitrogen
cycle when available). RCP4.5 has the widest range of results varying by ~200 PgC, varying from sink to a
source (Table 7). Three studies (ours, Stocker, and Wang) that included nitrogen limitation, wood harvest,
and regrowth sinks also show widest range of estimates for RCP4.5. There are multiple reasons that could
explain these differences, with one possible reason being difference in implementing afforestation data
across models [Di Vittorio et al., 2014].

4.2. Model Uncertainties

The multimodel comparison presented above characterizes uncertainties across different models. However,
an important source of uncertainty is model parameterization; i.e., a single model can produce different
LULUC emission estimates by varying model parameters within their uncertainty range [Exbrayat et al.,
2013]. During model development [e.g., Yang et al., 2009], we have evaluated and calibrated key model
parameters based on available observations. However, limited observations also make some of the model
parameters highly uncertain. By perturbing two key model parameters as an example, we highlight the
impacts of parameter uncertainties on our emission estimates.

First, we test the sensitivity of our assumption that 25% of organic carbon stored in the topmeter of the soil is
released to the atmosphere when native soils are cleared for cultivation (section 2.2). While numerable
metaanalysis [Don et al., 2011; Guo and Gifford, 2002; Murty et al., 2002; Post and Kwon, 2000] broadly report
25–30% loss on an average across all ecosystems, soil types, management practices, and decomposition pro-
cesses, the variability about the average is large (range: 15–50% from Table 3 of Houghton and Goodale
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[2004]). We estimated total LULUC emissions (with nitrogen limitation) assuming 22.5% and 32.5% loss roughly
corresponding to the 25th and 75th percentiles across the observational range. Results show that our global
mean estimates (Table 4) could vary by a maximum of�6% (25th percentile) to +18% (75th percentile) across
the RCPs (Table S2).

Second, we model biological nitrogen fixation as a function (linear regression) of evapotranspiration, specific
to biome type (based on Schimel et al. [1996]). Nitrogen fixation is the largest source of nitrogen input to ter-
restrial ecosystems; however, its magnitude is also highly uncertain (overall range of 40–290 TgN yr�1 with
estimates being revised downward [see Cleveland et al., 1999; Wang and Houlton, 2009; Vitousek et al.,
2013; Sullivan et al., 2014]). By perturbing the regression parameters across all biomes by ±50% (our maxi-
mum assumed standard error), the mean estimates for global total LULUC emissions across RCPs (Table 4)
vary by �6.4% (+50% perturbation) to +7.3% (�50% perturbation) (Table S3).

The high uncertainty in nitrogen fixation not only reflects limited measurements but also gaps in mechanistic
understanding of nitrogen fixation [Thomas et al., 2015]. Consequently, parameters are just one source of
uncertainty in our model. Incomplete understanding on various processes including nitrogen fixation causes
structural uncertainties in model. For example, the relationship between nitrogen fixation and evapotran-
spiration is not from mechanistic understanding but broadly captures the spatial observation that higher
rates of nitrogen fixation are from humid settings with relatively high evapotranspiration [Cleveland et al.,
1999]. Further, nitrogen fixation can occur via free-living bacteria or symbiotic relationships [Batterman
et al., 2013; Houlton et al., 2008; Vitousek et al., 2013]. Therefore, harvesting of nitrogen-fixing trees may have
different consequences for regrowth patterns than evapotranspiration would imply. Nonetheless, most land
models to date estimate nitrogen fixation solely as a function of evapotranspiration or NPP [e.g., Hayes et al.,
2011; Oleson et al., 2013;Wania et al., 2012; Zaehle and Friend, 2010]; while both NPP and evapotranspiration
based approach have shortcomings, the NPP-based approach contradicts empirical knowledge [Wieder et al.,
2015b]. Few land models have moved toward a more mechanistic representation of nitrogen fixation that
echoes empirical understanding [Gerber et al., 2010; Wang et al., 2010]. Implementing new approaches in
models requires substantial efforts on observational data synthesis to parameterize and evaluate model
improvements [Wieder et al., 2015b].

In summary, both parameter and structural uncertaintyacross all land models including ours extend beyond
those discussed above [e.g., Jones et al., 2013; Todd-Brown et al., 2014]. Consequently, these modeling uncer-
tainties impose limits on the accuracy of simulated terrestrial processes.

4.3. Caveats

In this study, secondary forests result only from agricultural abandonment and wood harvest. This is because
we infer secondary forests from changes in cropland, pastureland, and wood harvest areas [Hurtt et al.,
2011; Meiyappan and Jain, 2012]. Several countries across the world create more forests through massive
reforestation and afforestation efforts that add to the land carbon sink [Fang et al., 2014; FAO, 2010].
We account for carbon sinks from conversion of crops and pastures to secondary forests on lands that
were historically forested (reforestation) and nonforested (afforestation). However, we do not account
for afforestation on land that is not cropland or pastureland as secondary-to-secondary land conversion
information is unavailable [Hurtt et al., 2011]. During 2000–2005, Houghton [2013b] estimated that affores-
tation in the tropics had contributed to ~1% of the region’s total gross sinks. Globally, the share might
increase in the future, as countries increase their land carbon storage through management practices as mod-
eled in IAM scenarios and even pledged under the United Nations Framework Convention on Climate Change
[UNEP, 2013].

This study does not include wood harvested from nonforest tree types and savannas, which Hurtt et al. [2011]
count as forest. This is because ISAM classifies these types as herbaceous [Yang et al., 2010]. Herbaceous land
cover types have lesser capacity to store carbon than forests. Our analysis of Hurtt et al. [2011] data indicates
that accounting for nonforest wood harvest would have increased our gross carbon source from wood har-
vest by 10–37% during the 21st century (Table 6). A part of this biomass harvested would be compensated
through regrowth sinks, thus making a minor difference to our estimated total LULUC emissions.

We infer land use changes in the model using net changes in cropland and pastureland areas between con-
secutive years within each grid cell [Hurtt et al., 2011;Meiyappan and Jain, 2012]. This is because existing land
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use reconstructions (including HYDE used in Hurtt data) draw upon (sub) national land use statistics at annual
time steps that are the net changes. In reality, it is the gross changes (all area gains and losses) that determine
the LULUC fluxes. For example, land use statistics collected at administrative level (e.g., state or country level
data typically used in historical reconstructions) can indicate zero change in cropland area between 2 years,
but it does not imply that cropland area has remained unchanged in every grid within the administrative
region. Similarly, within a grid cell, different subgrid areas can undergo land cover change (gross changes)
in rotation (e.g., crop to forest, forest to grass, and grass to crop), but at the grid cell level the net change
in land cover areas could fully or partly cancel out [Fuchs et al., 2014]. However, these subgrid changes would
still affect the carbon fluxes and land carbon storage over time. In such cases, we might be underestimating
the total LULUC emissions. Currently, there is no consensus on how a given LULUC data be implemented
within a model [Brovkin et al., 2013; Pitman et al., 2009; Wilkenskjeld et al., 2014]. Our interpretation of net
changes in land use area within grid cells is consistent with the economic rationale in spatial land use alloca-
tion modules of IAMs that humans tend to lower the cost associated with relocating land areas [Meiyappan
et al., 2014; Verburg and Overmars, 2009].

Several other LULUC activities such as shifting cultivation, agricultural management, fire management, land
degradation, peatlands, erosion, and woody encroachment have not been included in this study. These
factors together could be significant in the global carbon budget, but estimates for some of these factors
are highly uncertain even for recent past [Houghton et al., 2012]. From 2000 to 2005, Houghton [2013b]
estimated that direct emissions from shifting cultivation (0.082 PgC/yr) accounted for ~7% of total direct
emissions in the tropics. Gross sources from shifting cultivation are much larger (~27% of the total gross
sources), but regrowth sinks on fallows balance most of the gross sources.

We represent cropland as a “generic” category in our model. Therefore, we do not explicitly simulate the
management effects of bioenergy crops/plantations on LULUC emissions. The treatment of bioenergy across
the four independent IAM groups that produced the four RCPs is different (Text S1). For example, bioenergy is
included in wood harvest in RCP8.5, whereas bioenergy is included in cropland in RCP2.6. The land use
change effects of implementing bioenergy within croplands (as opposed to its land use/management
effects) are however captured by Hurtt et al. [2011] data that drive our land surface model and hence by
our LULUC emission estimates. For example, Hurtt estimates for RCP2.6 show the largest increase in cropland
area due to bioenergy (Figure 1), mostly at the expense of forests (Table 1).

The study does not account for two key model processes. First is the colimitation of phosphorus with nitro-
gen, especially in the moist tropics [Vitousek et al., 2010]. Only recently have models started to include
phosphorus dynamics [Goll et al., 2012; Wang et al., 2010; Yang et al., 2013; Zhang et al., 2013], and only
Zhang et al. [2013] represent LULUC. Second are the impacts of LULUC on climate realized through biogeo-
physical pathways [Mahmood et al., 2013]. Brovkin et al. [2013], Kumar et al. [2013], and Lawrence et al.
[2012] have examined the biogeophysical impacts of LULUC for the RCPs.

4.4. Summary and Implications of Results for Climate Modeling and Climate Policy

Our analysis offers insight into complex interactions among CO2 emissions from LULUC, environmental
changes, and nitrogen limitation effect on the regrowth sinks. Table 8 summarizes our model-estimated
uncertainty across different drivers. There are four key conclusions from our modeling study.

First, nitrogen limitation of CO2 uptake is substantial and sensitive to nitrogen inputs. In our model, excluding
nitrogen limitation underestimated global total LULUC emissions by 34–52 PgC (~21–29%) during the 20th
century and by 128–187 PgC (90–150%) during the 21st century (Table 8). The difference increases with time
because nitrogen limitation will progressively downregulate the magnitude of CO2 fertilization effect on
regrowing forests, due to decreasing supply of plant-usable mineral nitrogen. Further, regrowing forests
become increasingly nitrogen limited due to LULUC-related nitrogen losses from the system. Without large
amounts of nitrogen input to the system, the regrowing forests are likely to be nitrogen limited. To meet
the same mitigation target despite larger total LULUC emissions would require an equivalent greater reduc-
tion of fossil fuel emissions.

Second, including nitrogen limitation changes the region with the highest total LULUC emissions from the
tropics to the nontropics. The tropics had higher emissions in our simulations without nitrogen limitation
and also earlier studies that considered only the interactive effects of CO2 and climate. Total LULUC emissions
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from the nontropics are greater when the nitrogen cycle is included mainly because the carbon uptake capa-
city of secondary forests following LULUC is limited by nitrogen deficiency.

Third, historically, the indirect effects of anthropogenic activity through environmental changes in land
experiencing LULUC (indirect emissions) are small compared to direct effects of anthropogenic LULUC
activity (direct emissions). As a result, including or excluding indirect emissions had a minor influence on
the estimated total LULUC emissions historically. In contrast, the indirect LULUC emissions for the 21st
century are a much larger source to the atmosphere, in simulations with nitrogen limitation (Table 4).
This is because of the gradual weakening of the photosynthetic response to elevated CO2 caused by
nitrogen limitation.

In this study, we separately accounted for the effects of nitrogen limitation in both direct and indirect LULUC
emissions. In principle, the nitrogen limitation effects are also an indirect effect of anthropogenic activity due
to environmental change impacts on natural plant processes, hence can be fully counted within indirect
emissions (i.e., exclude the effect of nitrogen limitation from direct emissions and add it to indirect emis-
sions). Following such an accounting procedure will further increase the indirect LULUC emissions for the
21st century (123–162 PgC; calculated from Table 4 as the difference between total LULUC emissions esti-
mated with nitrogen limitation and direct LULUC emissions estimated without nitrogen limitation) and will
dominate over direct emissions (�39–31 PgC; Table 4 without nitrogen limitation case). By either method,
our results indicate that treatment of environmental factors can substantially influence the estimated total
LULUC emissions for the future (see Houghton [2013a] for an associated discussion).

Fourth, the choice of climate model projection used to force a land model can substantially impact the
estimated indirect (and total) LULUC emissions (Table 8). The climate induced uncertainty ranges are larger
than the mean estimates of global indirect LULUC emissions cumulated over the 21st century for three
RCP scenarios. Further, the indirect LULUC emission estimated for the nontropics are affected more by
climate uncertainties than for the tropics, because larger areas under LULUC (especially wood harvest) in
the nontropics coincide spatially with regions where climate uncertainties are high.

While interpreting our results, the limitations highlighted earlier should be kept in mind. Notably, using one
land surface model is potentially a limiting factor because it does not represent a broad range of model
physics response, especially given that there are significant uncertainties in modeling both nitrogen and car-
bon cycles [Houghton et al., 2012; Friedlingstein and Prentice, 2010], LULUC activities considered [Houghton
et al., 2012], and even the method of implementing a given LULUC data set across biosphere models
[Brovkin et al., 2013; Pitman et al., 2009]. Conversely, using a single land surface model is more appropriate
for our analysis because we can consistently isolate the effects on LULUC emissions due to different
LULUC activities, LULUC flux definitions, historical LULUC forcings, and future climate forcings. The above
effects cannot be consistently isolated using multimodel comparisons because model-based differences
(e.g., different land cover representations) make attribution difficult.

Table 8. Summary of Relative Uncertainties in Estimated Total LULUC EmissionsDue to (1) Uncertainty in Climate Projections
Underlying Future Scenarios (“Climate”), (2) Including Nitrogen Cycle (“Nitrogen Cycle”), and (3) Including Wood Harvest
(“LULUC Activities”) Under Both With and Without Nitrogen Limitation Cases (“N lim” and “No N lim,” Respectively)a

Region Climate Nitrogen Cycle LULUC Activities (N lim) LULUC Activities (No N lim)

20th Century
Global - 34 to 52 55 to 64 �20 to 40
Tropics - 0 to 16 8 to 11 8 to 10
Nontropics - 34 to 53 47 to 56 �28 to 30
21st century
Global 59 to 88 128 to 187 38 to 125 �29 to 11
Tropics 27 to 48 21 to 46 13 to 41 �8 to 11
Nontropics 48 to 69 100 to 141 17 to 84 �28 to 0

aThe ranges shown are minimum and maximum values of uncertainty estimated across the three historical recon-
structions (for the 20th century) and across the four RCP scenarios (for the 21st century). We estimate the uncertainty
for each LULUC history and RCP as follows. For Climate, the uncertainty values correspond to (Max�Min) value column
in Table 5. For Nitrogen cycle, we calculated the difference in LULUC emission estimates between with and without
nitrogen limitation cases (from Table 4). For LULUC activities, we extracted the values corresponding to wood harvest
from Figure 4 (brown bars). Units are in PgC/century.
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In summary, Hurtt et al. [2011] show that excluding wood harvest alone can underestimate secondary land by
57% on an average for RCPs and so the associated carbon source. Even if land management is represented,
excluding nitrogen limitation will overestimate the carbon sinks on land recovering from LULUC, thereby
underestimating total LULUC emissions. It is the total LULUC emissions that the atmosphere sees which
can be mitigated by reversing or avoiding any LULUC activity. Notwithstanding the aforementioned caveats,
our study implies that the effectiveness of land-based mitigation strategies would critically depend on the
interactions between nutrient limitations and secondary forests resulting from LULUC. Therefore, it is impor-
tant for terrestrial biosphere models to consider nitrogen limitation in estimates of the strength of the future
land carbon sink, especially on regrowing forests.
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