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Abstract Historical global land use and land cover change (LULCC) emissions of 160 PgC represent a
third of all human CO2 emissions from 1850 to 2010. Future land management decisions will have large
impacts on the global carbon cycle, with scenarios ranging from continued deforestation and wood harvest
to mitigation scenarios that reduce total emissions through afforestation and conversion to bioenergy.
Here we present a systematic assessment of Community Earth System Model (CESM1) Coupled Model
Intercomparison Project phase 5 (CMIP5) historic and projection simulations, with and without LULCC. For
the historical period, CESM produced a Net LULCC flux of 123 PgC to the atmosphere, removing �130 PgC
from ecosystems while increasing wood product pools by 7 PgC. Historical LULCC fluxes were equally
divided between conversion and wood harvest fluxes. For the Representative Concentration Pathway (RCP)
4.5 afforestation scenario CESM produced a Net LULCC flux of 53 PgC to the atmosphere, removing�58 PgC
out of the ecosystem and increasing wood product pools of 5 PgC. The afforestation offsets the Direct
LULCC flux of 153 PgC with a negative Indirect LULCC flux of �94 PgC. For the RCP 8.5 high LULCC scenario,
CESM produced a Net LULCC flux of 211 PgC, removing �227 PgC from ecosystems and increasing wood
product pools of 15 PgC. The LULCC of the future RCP scenarios was dominated by wood harvest fluxes,
which is a process that was not included in many of the CMIP5 models. The analysis framework also allowed
the attribution of Indirect and Prior LULCC fluxes that offset the Direct LULCC fluxes in many cases.

1. Introduction

Historical land use and land cover change (LULCC) from wood harvest and clearing for agriculture and
pasture have been major sources of human emissions of CO2 to the atmosphere, with cumulative global
estimates of 160 PgC representing a third of all human CO2 emissions from 1850 to 2010 (Arneth et al.,
2017; Canadell et al., 2007; Ciais et al., 2014; Houghton, 2003, 2010; D. M. Lawrence et al., 2016). Current-
day LULCC fluxes continue to be a major contribution to atmospheric CO2 with estimates of LULCC emissions
totaling ~1 PgC/yr (Arneth et al., 2017; Arora & Boer, 2010; Houghton et al., 2012; Le Quere et al., 2015; Pan
et al., 2011; van der Werf et al., 2009).

Future land management decisions will have large impacts on the global carbon cycle with scenarios of
LULCC ranging from continued high rates of deforestation and wood harvest, leading to large carbon
emissions to the atmosphere (Brovkin et al., 2013; Mahowald et al., 2016; Pongratz et al., 2014; Riahi
et al., 2011) to mitigation scenarios that rely on land management to mitigate fossil fuel emissions
through afforestation and bioenergy production (Canadell & Schulze, 2014; Smith et al., 2013; Thomson
et al., 2011).

To investigate the climate impacts and uncertainties involved with LULCC, the Coupled Model
Intercomparison Project phase 5 (CMIP5) included land cover change and wood harvest as a forcing for all
of the historical and future Representative Concentration Pathway (RCP) climate projections. The prescription
of the CMIP5 LULCC in the Community Earth System Model (CESM1) and the climate and carbon cycle
response to LULCC in concert with other transient forcings are described in P. J. Lawrence et al. (2012). In
these simulations, CESM produced a historical decrease of 61 PgC in terrestrial ecosystem carbon, as com-
pared to an increase of 67 PgC in the reforestation scenario of RCP 4.5, and a loss of 30 PgC in the deforesta-
tion and high wood harvest scenario of RCP 8.5.
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Brovkin et al. (2013), however, demonstrated that direct attribution of carbon cycle and climate changes due
to LULCC was not possible in the CMIP5 experiments due to the confounding influences of changing climate
and CO2 fertilization on the terrestrial ecosystem at the same time as the LULCC was occurring. Additional
studies by Arneth et al. (2017), Mahowald et al. (2016), and Pongratz et al. (2014) have also raised the issue
that the Direct LULCC carbon fluxes calculated by Earth system models do not account for the Indirect and
Feedback carbon fluxes associated with carbon uptake from new or restored forests, from losses of potential
carbon sinks that the cleared forests would have had from increased productivity with rising atmospheric
CO2 in the absence of the LULCC or from changes in soil and litter carbon associated with the new land use.

All of these studies argued that the full impact of LULCC on the terrestrial carbon cycle can only be assessed
by comparing full transient simulations with LULCC to the equivalent simulations run without LULCC and
then evaluating the differences in the carbon cycle between the simulations. Constant land use and land
cover simulations were performed for a subset of six of the CMIP5 climate models as a side project by
Brovkin et al. (2013), but the CESM was not included as part of that study due to resource limitations at that
time. Here we report on results from ensembles of historical and RCP 4.5 and RCP 8.5 future simulations with
full transient forcing without LULCC for comparison with the original CESM CMIP5 simulations with LULCC.

In this study we present a flux-based LULCC assessment framework that allows direct attribution of changes
in carbon fluxes and pools to the Direct, Indirect, Ecosystem, Net, Prior, and Feedback components of LULCC
fluxes (defined further on), explicitly from terms recorded on CESM output files. The purpose of the LULCC
framework is to systematically attribute how LULCC actions impact the fluxes of carbon to the atmosphere
and how LULCC actions impact the state and function of terrestrial ecosystems.

For our investigation, we evaluated RCP 4.5 and RCP 8.5 as they represent the most extreme LULCC scenarios
in the CMIP5 protocol with widespread afforestation and deforestation, respectively (van Vuuren et al., 2011).
The comparison of the same fully coupled transient simulations with and without LULCC provides insight into
the range of climate and carbon cycle responses that are possible using the alternative plausible Integrated
Assessment Model futures of CMIP5. The experimental framework allows for the quantification of the net flux
of carbon to the atmosphere as a result of LULCC and the change in ecosystem state and function in response
to the LULCC.

2. Data and Methods
2.1. Experimental Design

The CESM version 1.0 simulations performed in this study are transient fully coupled simulations with forcing
prescribed from the CMIP5 protocol following Taylor et al. (2009). As in the Brovkin et al. (2013) study, all of
the CESM simulations in this study use prescribed atmospheric concentrations of radiative gases associated
with the scenario rather than prognostically simulating concentrations through a fully coupled carbon cycle.

The CESM configuration used in this study is the same configuration as used in the CMIP5 original CESM
simulations described by Lindsay et al. (2014), with the atmospheric concentration of CO2 prescribed. This
model configuration consists of the Community Land Model with the Carbon Nitrogen option (CLM4CN)
as described by D. M. Lawrence et al. (2012), with the other coupled components of the Community
Atmosphere Model (CAM4), the Parallel Ocean Program (POP2), and the Community Ice Code (CICE4) as
described by Gent and Danabasoglu (2011). All simulations were run at the finite volume 0.9 × 1.25° resolu-
tion for the land and atmosphere and at the 1° resolution for the ocean and sea ice.

Three historical transient and no LULCC ensemble simulations were started as simulation pairs from initial
conditions taken from the CESM 1850 control simulation from the years 863, 864, and 865 as described in
Lindsay et al. (2014). The historical simulations were run from 1850 to 2005 following the CMIP5 protocol
for all other forcings. The RCP transient and no LULCC ensemble simulations were started from the beginning
of 2005 grouped by the initial conditions from the end of the three historical full transient simulations. The
RCP simulations were run from 2005 to 2100 following their respective forcing pathways.

2.2. Framework for Direct, Indirect, Ecosystem, Net, Prior, and Feedback LULCC Fluxes

The LULCC analysis framework follows the work and definitions provided by Arneth et al. (2017), Brovkin
et al. (2013), Canadell et al. (2007), Gasser and Ciais (2013), Le Quere et al. (2015), Mahowald et al. (2016),
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Pongratz et al. (2014), and Watson et al. (2000). This framework extends the fluxes and carbon pools
shown in Figure 2a of P. J. Lawrence et al. (2012) with the addition of net biosphere production (NBP)
as defined in Watson et al. (2000).

Here the definition of NBP is “the net production of organic matter in a region containing a range of ecosys-
tems (a biome) and includes, in addition to heterotrophic respiration, other processes leading to loss of living
and dead organic matter (harvest, forest clearance, and fire, etc.).” This can be written as the uptake carbon
from net ecosystem production (NEP) minus the loss of carbon fromwildfires (Fire) and the direct activities of
LULCC (LULCCDIRECT):

NBP ¼ NEP–Fire–LULCCDIRECT (1)

The NEP term is defined as the ecosystem photosynthesis uptake of carbon through net primary productivity
(NPP) minus the loss of carbon through heterotrophic respiration (HR) from the decay leaf litter, coarse
woody debris, and soil organic matter. This can be written as

NEP ¼ NPP–HR (2)

The first component of the LULCC analysis framework is the Direct LULCC flux, which applies to the loss of
carbon from the land associated with Direct actions such as land cover transformation or wood harvest.
The Direct LULCC flux is equivalent to the Instantaneous LULCC flux in equation (3) of Pongratz et al. (2014).

For CESM land cover transformation there is a component of the carbon that is directly released to the atmo-
sphere through fires and rapid decay (ConversionATM), and there is a component that is harvested and trans-
ferred to wood product pools (ConversionPROD). For the process of wood harvest where timber is removed
from the ecosystem and the ecosystem remains as a forest or savanna, there is only the carbon taken out
as wood products, with the remaining disturbed carbon staying in the ecosystem as fluxes to litter and coarse
woody debris (also known as slash). In CESM the Direct LULCC (LULCCDIRECT) flux is defined as

LULCCDIRECT ¼ ConversionATM þ ConversionPROD þWood Harvest (3)

For this study the Direct LULCC is performed without LULCC flux driven atmospheric CO2 feedbacks as the
transient atmospheric CO2 concentration is prescribed from CMIP5 forcing. As detailed later the Feedbacks
component of the framework, the LULCC CO2 feedback can be evaluated by comparing the Direct LULCC
with prescribed CO2 compared to the Direct LULCC with coupled prognostic CO2.

The second component of the framework is the Indirect LULCC flux, which arises from the LULCC-driven
changes in ecosystem state and function compared with their state and function in the absence of LULCC.
The Indirect LULCC flux is equivalent to the Legacy flux L in equation (3) of Pongratz et al. (2014) with the
inclusion of wildfire, which is missing in the original framework.

In this manner the Indirect LULCC flux accounts for both the loss of additional sink capacity due to the loss of
potential carbon sinks from deforestation, as well as the increased uptake of carbon due to afforestation or
recovery from disturbance. This also captures changes in heterotrophic respiration, and fire after LULCC
removes large amounts of carbon from the ecosystem. In Earth systemmodels the transient changes in vege-
tation state and function due to LULCC can only be calculated by simulating the carbon cycle with LULCC (LU)
and then comparing to the same simulations without LULCC (NOLU). As with the Direct LULCC flux, this flux
can be calculated with or without LULCC CO2 feedbacks. The Indirect LULCC fluxes (LULCCINDIRECT) are
defined as

LULCCINDIRECT ¼ ΔHRLU�NOLU þ ΔFireLU�NOLU– ΔNPPLU�NOLU: (4)

The third component of the framework is the Ecosystem LULCC flux, which is the combined impact of the
Direct and Indirect LULCC fluxes of carbon out of terrestrial ecosystems. The Ecosystem LULCC flux is different
to the Net LULCC flux to the atmosphere in equation (2) in Pongratz et al. (2014) due to the inclusion of wild-
fire in CESM. The Ecosystem LULCC Flux (LULCCECOSYS) is defined as

LULCCECOSYS ¼ LULCCDIRECT þ LULCCINDIRECT: (5)

The forth component of the framework is the Net LULCC flux, which is different to the Net LULCC flux in
Pongratz et al. (2014) due to the inclusion of LULCC-driven changes in wildfire and the delayed release of
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wood product carbon in CESM. The Net LULCC flux is calculated as the Ecosystem LULCC flux minus the
growth rate of the wood product pools (GrowthProdC). The Net LULCC flux (LULCCNET) is defined as

LULCCNET ¼ LULCCECOSYS–GrowthProdC (6)

The growth rate of the wood product pools is the difference in the rate of transfer of carbon to the product
pools from Direct LULCC and the rate of decay of carbon out of the product pools as paper and wood pro-
ducts are discarded and break down (DecayProdC). In CESM wood products are divided into two pools,
one with a 10-year decay rate and the other with a 100-year decay rate. The rate of change of the wood pro-
duct pools in CESM is defined as

GrowthProdC ¼ ConversionPROD þWood Harvest–DecayProdC (7)

The impact of the Ecosystem and Net LULCC fluxes on carbon pools over a scenario can be calculated as the
cumulative totals of the fluxes. The cumulative Ecosystem LULCC flux out of the terrestrial ecosystem is equal
to the difference in total ecosystem carbon (TotalEcoSysC) between the LULCC and no LULCC simulations at
the end of the period. The Net LULCC flux, however, is equal to the difference in total ecosystem carbon
between the simulations minus the change in the size of the product pools over the LULCC simulation period.
The cumulative LULCC flux impacts are defined as

∫
end

startLULCCECOSYS dt ¼ ΔTotalEcoSysCNOLU�LU (8)

∫
end

startLULCCNET dt ¼ ΔTotalEcoSysCNOLU�LU � ΔProductCLU end�start (9)

The Ecosystem and Net LULCC fluxes do not include the ongoing Indirect LULCC fluxes that have resulted
from LULCC prior to the beginning of the simulations. To assess these impacts, the Prior LULCC fluxes can
be calculated as the Indirect LULCC flux of the no LULCC transient simulations compared to simulations with
no LULCC and the vegetation that would have been present without the LULCC from before the beginning of
the scenario. The Prior LULCC is defined as

LULCCPRIOR ¼ ΔNPPNOLUPRIOR�NOLU–ΔHRNOLUPRIOR�NOLU– ΔFireNOLUPRIOR�NOLU (10)

The Prior LULCC flux is a more generalized representation of the managed, natural, and potential land-type
subscripts (m, n, and p) used in Pongratz et al. (2014), which can be directly applied in CESM simulations.
This more generalized representation allows for attribution of ongoing impacts of LULCC that occurred
prior to the start of the investigated time period regardless of whether they are managed, natural, or
potential. In this manner the Prior LULCC captures ongoing changes in NBP due the loss of potential sinks
from previous deforestation or the continued uptake of carbon due to previous afforestation and recovery
from disturbance.

As previously mentioned, the LULCC analysis framework also allows for feedback analysis of the Direct,
Ecosystem, and Net LULCC fluxes with and without coupling to an active component within the Earth system
model. An example of this feedback analysis involves evaluating the differences in the Net LULCC fluxes in
fully coupled Earth system simulations with prescribed atmospheric CO2 concentrations compared to equiva-
lent simulations with emission-driven atmospheric CO2, as performed in Mahowald et al. (2016). In this case
the CO2 concentration evolves as a result of the emissions and sinks of the carbon cycle and the carbon cycle
feedbacks are then explicitly explored as differences between the two experimental configurations. The
Feedback LULCC (LUCCFEEDBACK) fluxes are defined as

LULCCFEEDBACK ¼ LULCCEFFECTIVE COUPLED–LULCCEFFECTIVE PRESCRIBED (11)

The Feedback LULCC is a generic term depending on which active component of CESM is being turned on or
off in the experimental design. The generic nature of this component allows for exploration of the range of
configurations described in Pongratz et al. (2014) including LULCC under constant CO2 and climate. As pre-
viously mentioned, we do not investigate the Feedback LULCC terms of the CESM simulations of this study as
the atmospheric CO2 concentrations are prescribed from CMIP5; however, this component is presented here
for completeness of the assessment framework.
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The final component of the LULCC framework attributes how LULCC impacts the net biosphere flux from the
land to the atmosphere and the residual sink from the atmosphere to the land. For the net biosphere flux we
apply the Definition 1 of Net LULCC flux (ELUCdef1) from Gasser and Ciais (2013), which is an extension of
equations (1) and (3) from Pongratz et al. (2014) to include wildfire and the growth rate of the wood products
pool that are both explicitly represented in CESM. In CESM the net biosphere flux from the LULCC simulation
(NetFluxLU) and the no LULCC simulation (NetFluxNOLU) are defined as

NetFluxLU ¼ LULCCDIRECT þ HRLU þ FireLU–NPPLU–GrowthProdCLU (12)

NetFluxNOLU ¼ HRNOLU þ FireNOLU–NPPNOLU (13)

and from equation (17) of Gasser and Ciais (2013) the Net LULCC flux is defined as

LULCCNET ¼ NetFluxLU–NetFluxNOLU
¼ LULCCDIRECT þ ΔHRLU�NOLU þ ΔFireLU�NOLU– ΔNPPLU�NOLU–GrowthProdCLU

¼ LULCCDIRECT þ LULCCINDIRECT–GrowthProdCLU (14)

which is consistent with equations (5) and (6).

For the residual sink we use the original definition of the term provided by Canadell et al. (2007) and Watson
et al. (2000) as the potential for ecosystems to take up carbon from the atmosphere once all direct fluxes are
accounted for. Both Gasser and Ciais (2013) and Pongratz et al. (2014) represent the residual sink of the
LULCC simulations by subtracting out the Net LULCC flux from the net biosphere flux. The result of this is
to represent the residual sink of both the LULCC and no LULCC simulation with the same value taken from
the no LULCC simulation. This has the problem of providing no information on how LULCC has changed
the potential for the land surface to take up carbon. Here we define the residual sink (ResSink) as the amount
of carbon that is taken up by the land surface once the Direct LULCC flux is accounted for. The residual sinks
of the LULCC (ResSinkLU) and the no LULCC (ResSinkLU) are defined as

ResSinkLU ¼ LULCCDIRECT–NetFluxLU ¼ GrowthProdCLU þ NPPLU–HRLU–FireLU (15)

ResSinkNOLU ¼ –NetFluxNOLU ¼ NPPNOLU–HRNOLU–FireNOLU (16)

This then provides a definition for the LULCC-driven changes in the residual sink by comparing the LULCC
and no LULCC simulations as

ΔResSinkLU�NOLU ¼ GrowthProdCþ ΔNPPLU�NOLU–ΔHRLU�NOLU– ΔFireLU�NOLU (17)

and substituting in from equation (4) this can be written as

ΔResSinkLU�NOLU ¼ GrowthProdC–LULCCINDIRECT (18)

This final component demonstrates that the LULCC impacts on the fluxes from the land to the atmosphere
can be expressed as the Direct LULCC flux plus LULCC-driven changes in the residual sink. The changes in
the residual sink can then be expressed as the growth rate of wood product pools minus the Indirect
LULCC flux, which also is consistent with the definition of the Net LULCC flux.

2.3. Specified Annual LULCC and Wood Harvest

The LULCC for each simulation was prescribed according to the CMIP5 historical and RCP trajectories as
described in Hurtt et al. (2011) and P. J. Lawrence et al. (2012). For the no LULCC simulations vegetation
and land use distributions were taken from 1850 for the historical simulations and from 2005 for the RCP
future simulations. For both the historical and RCP time periods wood harvest in the no LULCC simulations
was maintained at zero for the entire period. To address residual product pool carbon in the initial conditions
of the RCP simulations, these pools are set to zero in the RCP no LULCC simulations.

To calculate the Historical Prior LULCC fluxes, a Potential Vegetation no LULCC time series was prescribed
with vegetation distributions that represented 100% Primary Vegetation of Hurtt et al. (2011) making them
very close to the initial vegetation distributions of the CESM1 last millennium simulations (Landrum et al.,
2013). For the RCP Prior LULCC calculation an 1850 no LULCC time series was prescribed with 1850 vegetation
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until 2100. The initial conditions of the Historical Prior no LULCC simulations were generated from extended
spun-up versions of the 1850 initial conditions. The initial conditions of the RCP 1850 no LULCC simulations
were taken from the end of the Historical no LULCC simulations.

3. Results
3.1. Land Use and Land Cover Change Time Series and Carbon Cycle Analysis in CESM

Global and regional time series of the historical, RCP 4.5, and RCP 8.5 vegetation distributions and wood har-
vest as compared to the values from Hurtt et al. (2011) are shown in Figures 1 and 2 and Table 1. Following
the LULCC assessment framework defined in section 2.2, the CESM LULCC carbon fluxes and the changes to
other terrestrial carbon cycle fluxes are shown in Figures 3–5 and Tables 2 and 3. Global maps of Direct,

Figure 1. Global LULCC and no LULCC time series for (a) trees, (b) crops, (c) grasses, (d) shrubs, and (e) tree wood har-
vest rate.
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Indirect, Net, and Prior LULCC fluxes are shown in Figures 6 and 7. Additional difference maps for conversion,
wood harvest, NPP, HR, fire, NEP, residual sink, and NBP fluxes are shown in supporting information
Figures S1–S4.

Further assessment of the LULCC impacts on the global carbon cycle is shown through changes in the CESM
ecosystem and product carbon pools. Global time series of ecosystem and product pool components are
shown in Figure 8. The global and regional differences and changes over time of the ecosystem and product
carbon pools are compiled for the LULCC and no LULCC simulations in Tables 4 and 5. Global maps of differ-
ences in total ecosystem carbon between the experiments are shown at the end of simulations and for the
total change over the no LULCC simulations in Figure 9. Additional differences in wood, soil, coarse woody
debris, product, leaf, and fine root carbon pools are shown in supporting information Figures S5–S7.

3.2. Historical Land Use Land Cover Change in CESM

The historical LULCC time series is characterized by a global increase in crop area of over 9 million km2 over
the period representing a 184% increase from the 1850 crop area. The increase in crop area corresponds with
a 5 million km2 reduction in tree area, with smaller decreases of 3 million km2 in grass area and 0.8 million
km2 in shrub area (Figures 1 and 2). These decreases in noncrop PFTs represented reductions of around
10% of their respective 1850 areas (Table 1).

Changes between noncrop vegetation were also seen in response to increases in pasture and changes from
primary to secondary land as described in P. J. Lawrence et al. (2012). Global wood harvest rates increased

Figure 2. Cumulative land cover change for trees and crops for historical (1850 to 2005), RCP 4.5 (2006 to 2100), and RCP
8.5 (2006 to 2100) time periods as percentage of land area.
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dramatically over the period, starting at 0.02 million km2/yr in 1850 and rising by a factor of 17 to end at 0.37
million km2/yr in 2005. The cumulative wood harvest area was 17 million km2, which is over 3 times the area
of tree vegetation transformed to another vegetation type.

The LULCC analysis framework shows the Historic impact of LULCC in CESM was to reduce NBP by �0.84
PgC/yr from the positive 0.43 PgC/yr NBP of the no LULCC simulations to a negative �0.41 PgC/yr in the
LULCC simulations (Figure 3 and Tables 2 and 3). The reduction in NBP was the result of a Net LULCC of
0.79 PgC/yr, with a cumulative Net LULCC flux to the atmosphere of 123 PgC over the historical period.

The Net LULCC flux was dominated by a large Direct LULCC carbon flux from ecosystems of 0.81 PgC/yr
resulting in a cumulative loss of ecosystem carbon of �127 PgC over the period. In addition, there was an
Indirect LULCC flux of 0.02 PgC/yr, resulting in a further cumulative carbon loss of �4 PgC. The combined
Direct and Indirect LULCC carbon flux was 0.84 PgC/yr resulting in a cumulative loss of ecosystem carbon
of �130 PgC over the historical period. This compares to the CESM historical LULCC flux from ecosystems
of 127.7 PgC reported in P. J. Lawrence et al. (2012). The Net LULCC flux also included the 0.05 PgC/yr increase
in Product Pool Carbon, resulting in a cumulative reduction in the Net LULCC flux by 7 PgC over the period.

The time series analysis (Figure 5) shows that the Direct LULCC started low at 0.15 PgC/yr and increased over
the period to end at 1.4 PgC/yr. The Direct LULCC flux out of terrestrial ecosystems was composed equally of
conversion fluxes of 0.41 PgC/yr and wood harvest fluxes of 0.41 PgC/yr. There are two distinct spikes in the
Direct LULCC over the period corresponding with elevated conversion fluxes from clearing trees for crops in
Russia and India over the 1950s and in China over the 1980s.

The historical wood harvest flux simulated in CESM of 0.41 PgC/yr was only 62% of the 0.65 PgC/yr biomass
harvest flux prescribed in the CMIP5 LULCC (Hurtt et al., 2011). The CMIP5 wood harvest rates generated by
the Global Land Model (GLM) that underpins the LULCC data, however, included a 30% slash component
(Hurtt et al., 2011), which is not included in the CESM wood harvest product pool flux. If the slash term is
removed from the CMIP5 values, then the equivalent wood harvest flux, which can be compared to CESM1

Table 1
CMIP5 Global and Regional Changes in Area of Land Use and Land Cover Over the Historical and RCP Time Series in CLM4 PFTs
(106 km2) and Tree Harvest Area (106 km2/yr)

Time series Region Trees Crop Grasses Shrub Harvest

Historical Global �5.10 9.13 �3.21 �0.76 0.11
North America �0.84 2.05 �1.13 �0.07 0.02
South America �0.89 1.10 �0.12 �0.08 0.00
Africa �0.54 1.68 �1.00 �0.11 0.03
Europe �0.41 0.80 �0.25 �0.14 0.04
Russia �0.52 0.91 �0.38 �0.01 0.01
Asia �1.77 2.12 �0.12 �0.21 0.01
Australia �0.11 0.47 �0.21 �0.15 0.00

RCP 4.5 Global 2.75 �3.84 0.95 0.15 0.67
North America 0.56 �0.71 0.15 0.00 0.04
South America 0.45 �0.45 0.00 0.01 0.02
Africa 0.31 �0.68 0.34 0.02 0.24
Europe 0.38 �0.56 0.14 0.04 0.18
Russia 0.54 �0.79 0.24 0.00 0.03
Asia 0.46 �0.45 �0.01 0.02 0.16
Australia 0.05 �0.20 0.10 0.05 0.00

RCP 8.5 Global �3.45 2.67 0.81 �0.02 1.16
North America �0.40 0.23 0.18 �0.02 0.11
South America �1.08 0.74 0.36 �0.01 0.19
Africa �1.43 1.58 �0.12 0.00 0.41
Europe 0.02 �0.14 0.11 0.01 0.15
Russia �0.09 �0.02 0.11 0.00 0.04
Asia �0.21 0.22 �0.02 0.01 0.22
Australia �0.25 0.07 0.18 �0.01 0.04

Note. Differences are for the historical (1850 to 2005) and RCP (2006 to 2100) time periods.
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results, is 0.50 PgC/yr. This leaves an underestimation of wood harvest in CESM of 0.09 PgC/yr, which
corresponds to a cumulative flux difference of 14 PgC compared to the GLM model.

In absolute terms the total ecosystem carbon of the LULCC simulations decreased over the historical period
by �61 PgC, with the rate of decrease leveling out to near zero over the last 10 years of the period (Figure 8
and Table 4). The total ecosystem carbon in the no LULCC simulations by contrast increased by 68 PgC, with
the rate of increase accelerating from 1970 onward in response to increased NPP from elevated CO2 and

Figure 3. Cumulative NBP and LULCC flux contributions to differences in ecosystem carbon between LULCC and no
LULCC simulations for historical and RCP 4.5 periods. Historical no LULCC is taken from 1850 vegetation, and RCP 4.5 no
LULCC is taken from 2005 and 1850 vegetation. Historical Prior LULCC flux not included to make the plots consistent with
Figure 4 of Mahowald et al. (2016).
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changes in climate. This resulted in a difference in total ecosystem carbon (without product pools) between
the LULCC and no LULCC simulations of �130 PgC, which was equal to the historical cumulative Direct plus
Indirect LULCC flux out of the ecosystem as specified by equation (8) in the analysis framework.

The largest component in the decrease in ecosystem carbon in the historical LULCC simulations was the
decrease in wood carbon of �116 PgC, relative to the no LULCC simulations. This alone accounted for
89% of the total ecosystem carbon loss difference between the experiments. The decrease in wood

Figure 4. Cumulative NBP and LULCC flux contributions to differences in ecosystem carbon between LULCC and no
LULCC simulations for historical and RCP 8.5 periods. Historical no LULCC is taken from 1850 vegetation, and RCP 8.5 no
LULCC is taken from 2005 and 1850 vegetation. Historical Prior LULCC flux not included to make the plots consistent with
Figure 4 of Mahowald et al. (2016).
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carbon over the historical period in the LULCC simulations was �72 PgC. The increase in wood carbon
over the no LULCC experiment by contrast was 44 PgC, accounting for only 64% of the gain in total
ecosystem carbon over the period.

The second largest component in the decrease in ecosystem carbon due to LULCC was the reduction in
coarse woody debris of �13 PgC, accounting for 10% of total carbon losses. The coarse woody debris of
the LULCC simulations decreased by �10 PgC, whereas it increased by 3 PgC in the no LULCC simulations.

Figure 5. Ensemble mean global time series of fluxes for (a) Net LULCC, (b) Direct LULCC, (c) Indirect LULCC, (d) change in
product pools, (e) conversion fluxes from ecosystem, (f) wood harvest, (g) net primary productivity, (h) heterotrophic
respiration, (i) fire, (j) residual sink, (k) net biosphere production, and (l) prior LULCC (before 1850 and 1850–2005).
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Table 2
Ensemble Mean Annual Carbon Fluxes From the LULCC Simulations in PgC/yr

Time series Region LULCC direct LULCC indirect LULCC Net LULCC Prior Convert Total Wood harvest Product change Product decay

Hist Global 0.81 0.02 0.79 0.11 0.41 0.41 0.05 0.50
North America 0.14 �0.01 0.11 0.01 0.07 0.07 0.01 0.08
South America 0.11 �0.01 0.10 0.01 0.06 0.04 0.00 0.06
Africa 0.13 0.00 0.12 0.01 0.05 0.09 0.01 0.09
Europe 0.04 0.00 0.04 0.01 0.02 0.02 0.00 0.02
Russia 0.05 0.01 0.05 0.01 0.02 0.02 0.00 0.03
Asia 0.33 0.04 0.36 0.06 0.17 0.16 0.02 0.20
Australia 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.01

RCP 4.5 Global 1.61 �0.99 0.57 �0.27 0.10 1.51 0.05 1.48
North America 0.17 �0.13 0.03 �0.05 0.01 0.17 0.01 0.16
South America 0.24 �0.18 0.05 �0.02 0.01 0.23 0.00 0.23
Africa 0.45 �0.28 0.17 �0.10 0.01 0.44 0.00 0.44
Europe 0.05 �0.01 0.03 �0.02 0.00 0.04 0.00 0.04
Russia 0.08 �0.05 0.02 �0.01 0.01 0.07 0.01 0.07
Asia 0.59 �0.31 0.26 �0.06 0.06 0.53 0.03 0.52
Australia 0.02 �0.02 0.01 �0.01 0.00 0.02 0.00 0.02

RCP 8.5 Global 2.86 �0.47 2.23 �0.22 0.35 2.51 0.16 2.47
North America 0.27 �0.06 0.19 �0.05 0.03 0.24 0.02 0.23
South America 0.59 �0.07 0.49 �0.02 0.09 0.50 0.03 0.50
Africa 0.82 �0.04 0.75 �0.10 0.15 0.67 0.03 0.70
Europe 0.05 0.00 0.05 �0.02 0.00 0.04 0.00 0.04
Russia 0.11 �0.03 0.07 0.00 0.01 0.10 0.01 0.10
Asia 0.91 �0.26 0.61 �0.02 0.06 0.85 0.05 0.82
Australia 0.10 �0.01 0.08 �0.01 0.01 0.10 0.02 0.08

Note. Fluxes are LULCC Direct from Ecosystem, LULCC Indirect, LULCC Net to Atmosphere, LULCC Prior Indirect (before 1850 for historical and from 1850 to
2005 for RCP simulations), conversion flux to atmosphere and product pools, wood harvest to product pools, and product pool change and product pool decay
to atmosphere.

Table 3
Ensemble Mean Differences in Annual Carbon Fluxes Between the LULCC and No LULCC Simulations in PgC/yr

Time series Region Δ NPP (dt no LUC) Δ HR (dt no LUC) Δ fire (dt no LUC) Δ NEP (dt no LUC) Δ res sink (dt no LUC) Δ NBP (dt no LUC)

Historical Global �0.46 (5.15) �0.28 (3.60) �0.16 (0.34) �0.18 (1.55) 0.02 (1.21) �0.84 (1.21)
North America �0.11 (0.64) �0.08 (0.48) �0.04 (0.07) �0.02 (0.16) 0.02 (0.10) �0.12 (0.10)
South America �0.04 (0.82) �0.02 (0.52) �0.03 (0.14) �0.03 (0.29) 0.01 (0.15) �0.10 (0.15)
Africa �0.05 (0.95) �0.03 (0.72) �0.02 (0.04) �0.02 (0.23) 0.01 (0.19) �0.13 (0.19)
Europe �0.03 (0.38) �0.01 (0.28) �0.01 (0.02) �0.01 (0.10) 0.00 (0.08) �0.04 (0.08)
Russia �0.05 (0.62) �0.04 (0.47) �0.01 (0.02) �0.01 (0.15) 0.00 (0.13) �0.05 (0.13)
Asia �0.17 (1.60) �0.09 (1.05) �0.04 (0.05) �0.09 (0.56) �0.02 (0.50) �0.38 (0.50)
Australia �0.01 (0.14) �0.00 (0.08) �0.01 (0.00) �0.00 (0.06) 0.01 (0.06) �0.01 (0.06)

RCP 4.5 Global 0.58 (2.93) �0.37 (3.78) �0.04 (0.46) 0.95 (�0.85) 1.04 (�1.31) �0.53 (�1.31)
North America 0.10 (0.42) �0.04 (0.54) �0.00 (0.04) 0.13 (�0.12) 0.14 (�0.16) �0.03 (�0.16)
South America 0.11 (0.56) �0.08 (0.61) 0.01 (0.12) 0.20 (�0.05) 0.19 (�0.16) �0.04 (�0.16)
Africa 0.17 (0.56) �0.10 (0.79) �0.02 (0.12) 0.27 (�0.23) 0.28 (�0.35) �0.15 (�0.35)
Europe �0.03 (0.09) �0.04 (0.13) �0.00 (0.02) 0.01 (�0.04) 0.02 (�0.06) �0.03 (�0.06)
Russia 0.05 (0.30) �0.01 (0.38) �0.00 (0.02) 0.05 (�0.08) 0.06 (�0.10) �0.02 (�0.10)
Asia 0.16 (0.91) �0.11 (1.27) �0.04 (0.09) 0.27 (�0.36) 0.33 (�0.44) �0.25 (�0.44)
Australia 0.01 (0.08) �0.01 (0.05) �0.00 (0.05) 0.02 (0.03) 0.02 (�0.03) �0.01 (�0.03)

RCP 8.5 Global �0.28 (9.43) �0.37 (8.80) �0.37 (0.72) 0.09 (0.63) 0.62 (�0.09) �2.31 (�0.09)
North America �0.01 (1.12) �0.02 (1.06) �0.05 (0.11) 0.01 (0.06) 0.08 (�0.05) �0.20 (�0.05)
South America �0.11 (2.06) �0.08 (1.65) �0.10 (0.27) �0.03 (0.42) 0.10 (0.15) �0.51 (0.15)
Africa �0.19 (2.05) �0.10 (1.96) �0.14 (0.17) �0.09 (0.09) 0.07 (�0.08) �0.76 (�0.08)
Europe �0.02 (0.28) �0.02 (0.31) �0.01 (0.03) �0.01 (�0.03) 0.00 (�0.06) �0.05 (�0.06)
Russia 0.02 (1.00) �0.00 (0.95) �0.01 (0.04) 0.02 (0.05) 0.04 (0.01) �0.08 (0.01)
Asia 0.05 (2.51) �0.14 (2.56) �0.06 (0.03) 0.19 (�0.05) 0.31 (�0.08) �0.63 (�0.08)
Australia �0.01 (0.41) �0.00 (0.31) �0.02 (0.07) �0.01 (0.10) 0.03 (0.02) �0.09 (0.02)

Note. Fluxes are net primary production, heterotrophic respiration, fire, net ecosystem production, residual sink, and net biosphere production. Changes in the
fluxes over the no LULCC simulation time periods are shown in parentheses.
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Soil carbon changes were small, with a loss of 3 PgC due to LULCC. Leaf carbon also was lower in the LULCC
simulations by �0.6 PgC; however, fine root carbon was increased by 0.2 PgC and litter carbon by 0.2 PgC.
The product pool carbon also increased by 7 PgC over the period, being left to be released after the end
of the LULCC simulation.

Regionally, the largest Historical Direct plus Indirect LULCC fluxes and corresponding losses of ecosystem car-
bon were in Asia (�59 PgC), Africa (�20 PgC), North America (�19 PgC), and South America (�16 PgC;
Figures 6, 7, and 9 and Tables 2 and 4). In terms of percentages of total ecosystem carbon at the end of
the Historical no LULCC simulation, this was ordered as Asia (�18%), North America (�13%), Africa (�8%),
and South America (�5%). In Asia and North America the conversion and wood harvest fluxes were equal
in size. In Africa wood harvest was almost twice the conversion flux, while in South America the conversion
flux was 50% greater than the wood harvest flux.

The Indirect LULCC varied across the regions with Asia showing a positive flux from a decrease in NPP that
was larger than the decrease in HR and fire. North and South America, however, exhibited negative
Indirect LULCC flux where the fire and HR decreases were larger than the NPP decrease. In all regions the
decrease in ecosystem carbon was dominated by the loss of wood carbon. Changes in leaf carbon varied
from region to region with South America and Australia both gaining leaf carbon relative to the no
LULCC simulations.

Comparison with the Historical Potential Vegetation no LULCC simulations shows that LULCC that occurred
before 1850 continued to have an impact in the Historical no LULCC simulations (Figures 5 and 7). The

Figure 6. Ensemble average Direct and Net LULCC fluxes from terrestrial ecosystems for historical, RCP 4.5, and RCP 8.5
time periods.
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impact of this previous LULCC was to reduce potential sinks resulting in a Historical Prior LULCC flux of
0.11 PgC/yr with a cumulative additional loss of 18 PgC from ecosystem carbon compared to the Historical
Potential Vegetation no LULCC simulations.

The Historical LULCC simulations also started the simulations with total ecosystem carbon 51 PgC lower than
the Historical Potential Vegetation simulations. The Historical Prior LULCC fluxes are not included in the
reported Historical LULCC for this study, but this analysis shows that the LULCC prior to 1850 resulted in a
further reduction in ecosystem carbon in CESM by 69 PgC at the end of 2005.

3.3. RCP 4.5 Land Use and Land Cover Change in CESM

The CMIP5 RCP 4.5 scenario is characterized as an afforestation scenario (Thomson et al., 2011; van Vuuren
et al., 2011). In the CESM time series data this resulted in a large global increase in trees over the period,
with a corresponding large decrease in crops and a small increase in grasses (Figures 1 and 2). The
increase in trees of 2.75 million km2 is just over half of the loss of trees of the historical period. The
decrease in crops of 3.8 million km2, however, is just over a third of the increase of crops over the histor-
ical period (Table 1).

While this is an afforestation scenario based on the value of carbon stored in forests, global wood harvest area
rates are projected in this scenario to continue to increase throughout the 21st century, more than doubling
to 0.86million km2/yr by 2100. This results in a cumulative wood harvest area of 63million km2, which is more
than 3 times the cumulative wood harvest area from the historical period. One element of the scenario not

Figure 7. Ensemble average (a–c) Indirect LULCC fluxes and (d–f) Prior LULCC for the historical, RCP 4.5, and RCP 8.5
periods. Prior LULCC is before 1850 for the historical and from 1850 to 2005 for the RCP periods.
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represented in the CESM simulations is bioenergy with carbon capture and storage, which is applied to an
increasing fraction of the wood harvested in the second half of the 21st century in the scenario (Thomson
et al., 2011).

When the LULCC analysis framework is applied, LULCC in RCP 4.5 is shown to reduce NBP by �0.53 PgC/yr
from 1.24 PgC/yr in the no LULCC simulations to 0.72 PgC/yr in the LULCC simulations (Figure 3 and
Tables 2 and 3). The reduction in NBP was the result of a Net LULCC of 0.57 PgC/yr, with a cumulative Net
LULCC flux to the atmosphere of 53 PgC over the period.

The Net LULCC flux was the result of a large Direct LULCC flux of 1.61 PgC/yr, with a cumulative loss of
�153 PgC out of ecosystems (Figure 3 and Table 2). The afforestation combined with higher wood harvest
rates produced a large negative Indirect LULCC flux of �0.99 PgC/yr resulting in a cumulative offset of
94 PgC back into terrestrial ecosystems. The combined Direct plus Indirect LULCC flux from ecosystems
was 0.62 PgC/yr, representing a cumulative loss of ecosystem carbon of �58 PgC. The Net LULCC flux also
included the increase in Product Pool carbon of 0.05 PgC/yr, resulting in a cumulative reduction in the Net
LULCC flux by 5 PgC over the period.

The time series analysis (Figure 5) shows that the RCP 4.5 Direct LULCC rates increased gradually through the
period starting at 1.3 PgC/yr and ending at 1.8 PgC/yr. The Direct LULCC flux was predominately driven by
wood harvest at 1.51 PgC/yr with a much smaller conversion flux of 0.10 PgC/yr. The negative Indirect
LULCC flux was the product of higher NPP of 0.58 PgC/yr from afforestation, which combined with lower
HR of�0.37 PgC/yr and fire of�0.04 PgC/yr due to higher wood harvest rates that reduced the available eco-
system carbon in the LULCC simulations.

Figure 8. Ensemble mean global time series of carbon pools for (a) total ecosystem carbon, (b) wood carbon, (c) leaf pool
carbon, (d) fine root carbon, (e) soil carbon, (f) litter carbon, (g) coarse woody debris, and (h) product pool carbon.
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Table 4
Ensemble Mean Changes in Carbon Pools Between LULCC and No LULCC Simulations in PgC for the Last Year of Each Simulation

Time series Region Δ Tot eco C (dt no LUC) Δ wood C (dt no LUC) Δ soil C (dt no LUC) Δ CWD C (dt no LUC)

Historical Global �129.7 (68.4) �115.7 (43.5) �2.5 (14.3) �12.7 (3.3)
North America �19.2 (9.5) �16.1 (4.8) �0.7 (2.5) �2.3 (0.5)
South America �15.8 (11.0) �14.4 (7.9) 0.1 (1.7) �1.7 (0.8)
Africa �20.3 (11.7) �19.2 (9.0) 0.2 (1.3) �1.5 (0.1)
Europe �6.2 (5.6) �4.9 (2.1) �0.4 (2.4) �0.8 (0.4)
Russia �8.0 (7.9) �6.0 (4.6) �0.6 (1.5) �1.1 (0.4)
Asia �58.6 (22.3) �53.3 (14.7) �1.1 (4.5) �5.0 (1.1)
Australia �1.6 (0.4) �1.7 (0.4) 0.0 (0.2) �0.2 (0.0)

RCP 4.5 Global �57.9 (118.3) �45.6 (89.6) �6.0 (15.9) �2.5 (6.1)
North America �3.7 (14.6) �2.6 (10.6) �0.9 (2.0) 0.0 (0.9)
South America �4.9 (15.4) �4.2 (12.3) �0.8 (1.5) 0.5 (0.5)
Africa �15.0 (27.6) �13.2 (23.4) �1.3 (1.8) �0.9 (1.4)
Europe �3.0 (6.1) �1.9 (3.1) �0.7 (2.3) �0.2 (0.4)
Russia �2.4 (10.2) �2.0 (7.8) �0.3 (0.6) �0.2 (0.9)
Asia �26.1 (42.1) �22.2 (30.3) �1.9 (7.8) �1.8 (1.7)
Australia �0.8 (2.3) �0.5 (2.1) �0.1 (�0.2) 0.0 (0.2)

RCP 8.5 Global �227.0 (177.7) �204.1 (140.1) �5.9 (16.0) �14.8 (4.2)
North America �19.1 (19.0) �16.9 (14.2) �0.6 (1.7) �1.8 (0.6)
South America �49.7 (28.5) �45.9 (24.6) �0.8 (1.2) �3.2 (�0.1)
Africa �71.5 (42.0) �66.5 (35.6) �1.2 (1.8) �4.4 (1.1)
Europe �4.6 (8.1) �3.3 (3.6) �0.5 (3.1) �0.4 (0.5)
Russia �7.4 (16.0) �6.1 (12.5) �0.3 (0.6) �0.9 (0.7)
Asia �61.8 (58.9) �56.9 (45.3) �2.4 (7.7) �3.5 (1.2)
Australia �9.0 (5.1) �8.5 (4.3) �0.2 (�0.1) �0.6 (0.3)

Note. Pools are total ecosystem carbon, wood carbon, soil carbon, and coarse woody debris carbon. Differences are between simulations at the end of each time
period. Changes in the pools from the start to the end of the simulation time periods are shown in parentheses for the no LULCC simulations.

Table 5
Ensemble Mean Changes in Carbon Pools Between LULCC and No LULCC Simulations in PgC for the Last Year of Each Simulation

Time series Region Δ leaf C (dt no LUC) Δ fine root C (dt no LUC) Δ litter C (dt no LUC) Δ product C

Historical Global �0.56 (1.48) 0.20 (1.65) 0.18 (0.47) 7.4
North America �0.14 (0.37) �0.04 (0.43) �0.12 (0.20) 1.3
South America 0.03 (0.07) 0.17 (0.04) 0.03 (0.01) 0.8
Africa �0.06 (0.23) 0.02 (0.29) 0.19 (0.13) 1.4
Europe �0.05 (0.13) 0.02 (0.15) 0.03 (0.10) 0.4
Russia �0.15 (0.36) �0.13 (0.38) �0.01 (0.10) 0.5
Asia �0.20 (0.34) 0.13 (0.41) 0.16 (�0.04) 2.9
Australia 0.02 (�0.02) 0.03 (�0.04) �0.09 (�0.02) 0.1

RCP 4.5 Global 0.22 (1.13) �0.09 (1.45) �0.74 (0.36) 4.8
North America �0.01 (0.28) �0.08 (0.33) �0.24 (0.30) 0.8
South America �0.03 (0.16) �0.12 (0.21) �0.02 (0.06) 0.3
Africa 0.10 (0.12) 0.08 (0.14) �0.07 (0.08) 0.2
Europe 0.01 (0.06) 0.00 (0.08) �0.03 (�0.05) 0.2
Russia 0.08 (0.24) 0.06 (0.28) 0.01 (�0.09) 0.6
Asia 0.07 (0.25) 0.02 (0.38) �0.33 (0.15) 2.5
Australia �0.02 (0.02) �0.04 (0.03) �0.06 (�0.09) 0.2

RCP 8.5 Global �0.39 (3.40) 0.25 (4.53) �0.07 (0.11) 15.1
North America �0.05 (0.66) 0.03 (0.85) 0.15 (�0.16) 2.0
South America �0.13 (0.60) �0.01 (0.76) �0.10 (0.06) 3.1
Africa �0.12 (0.56) 0.17 (0.81) 0.30 (0.16) 2.5
Europe �0.07 (0.15) �0.09 (0.20) �0.02 (0.07) 0.3
Russia �0.03 (0.57) �0.03 (0.65) �0.08 (�0.08) 1.0
Asia 0.03 (0.77) 0.18 (1.13) �0.22 (0.14) 4.6
Australia �0.03 (0.09) 0.00 (0.13) �0.10 (�0.08) 1.6

Note. Pools are leaf carbon, fine root carbon, litter carbon, and change in product pool carbon. Differences are between simulations at the end of each time period.
Changes in the pools from the start to the end of the simulation time periods are shown in parentheses for the no LULCC simulations.
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The Indirect LULCC rates become increasingly negative through the period starting at 0.3 PgC/yr and
ending at �2.0 PgC/yr. The increase in the size of the negative Indirect LULCC was the result of uptake
of carbon from afforestation in the LULCC simulations and the relative reduction in the loss of carbon in
the LULCC forests, which were continuously harvested resulting in less ecosystem carbon to be lost
through HR and fire.

The Historical LULCC continued to have an influence on the RCP 4.5 no LULCC simulations with a nega-
tive Prior LULCC flux of �0.27 PgC/yr, resulting in a cumulative offset of 26 PgC to ecosystems relative to
the RCP 4.5 1850 no LULCC simulations. The Prior LULCC flux started very negative at �1.5 PgC/yr and
reduces in size to end at 0.1 PgC/yr in 2100. The RCP 4.5 Prior LULCC flux was a combination of Historical
reforestation in Eastern North America and Europe and recovering disturbed forests in Africa and South
East Asia (Figure 7e).

Including the Prior LULCC flux reduced the Net LULCC further giving an RCP 4.5 Net plus Prior LULCC flux to
the atmosphere of 0.30 PgC/yr with a cumulative flux of 27 PgC to the atmosphere relative to the RCP 4.5
1850 no LULCC simulations. The inclusion of the Prior LULCC makes this analysis consistent with the experi-
mental design of Mahowald et al. (2016), which had 1850 vegetation for all no LULCC simulations.

At the end of the RCP 4.5 CESM simulations, the difference in total ecosystem carbon between the LULCC and
no LULCC experiments was�58 PgC (Figure 8 and Table 4). The ecosystem carbon in the LULCC simulations

Figure 9. (a–c) Ensemble average difference in Total ecosystem carbon between LULCC and no LULCC simulations at the
end of the simulations and (d–f) change over total ecosystem carbon over the no LULCC simulations: historical decades
(1850–1859) and (1996–2005) and RCP 4.5 and RCP 8.5 decades (2006–2015) and (2091–2100).

10.1029/2017JG004348Journal of Geophysical Research: Biogeosciences

LAWRENCE ET AL. 1748



increased by 60 PgC compared to the no LULCC increase of 118 PgC. The loss of ecosystem carbon relative to
the no LULCC simulations demonstrates how the higher wood harvest rates were only partially offset by the
afforestation in the scenario.

Like the historical simulations, the majority of the difference in ecosystem carbon in RCP 4.5 was in the reduc-
tion of wood carbon by 46 PgC in the LULCC simulations. The high wood harvest rates also resulted in reduc-
tions in soil carbon of �6 PgC, coarse woody debris of �2 PgC, and litter carbon of �0.7 PgC. The
afforestation in the LULCC simulations also resulted in increased leaf carbon of 0.2 PgC but reduced fine root
carbon of �0.1 PgC. The product pool carbon increased by 5 PgC over the period to leave 12 PgC in the
product pools to be release after the end of the LULCC simulation.

Regionally, the largest RCP 4.5 Direct plus Indirect LULCC fluxes and losses in ecosystem carbon were in Asia
(�26 PgC), Africa (�15 PgC), and South America (�5 PgC) with other regions all substantially lower (Figures 6,
7, and 9 and Tables 2 and 4). In terms of percentages of total ecosystem carbon at the end of the RCP 4.5 no
LULCC simulation, the order of ecosystem carbon loss was Asia (�8.3%), Europe (�7.6%), and Africa (�5.7%).
In all regions wood harvest was the main contribution to Direct LULCC fluxes.

Asia and Africa also had the largest total negative Indirect LULCC fluxes, which were more than 50% of the
Direct LULCC fluxes. In North and South America the negative Indirect LULCC fluxes, while smaller, offset over
75% of the Direct LULCC fluxes resulting in Net LULCC fluxes that were less than 25% of the Direct LULCC flux.
The majority of the ecosystem carbon losses across all regions were in wood carbon, followed by soil carbon
and coarse woody debris.

3.4. RCP 8.5 Land Use Land Cover Change in CESM

The CMIP5 RCP 8.5 scenario is characterized by large increases in cropland and pasture driven by increasing
global population (van Vuuren et al., 2011). In the CESM time series data this resulted in a large global
increase in crop PFT area, a smaller increase in grass PFT area, and a correspondingly large decrease in tree
PFTs (Figure 1 and Table 1). The increase in crop PFT area of 2.7 million km2 was less than a third of the
historical increase in crop PFT and smaller than the decrease in crop PFT of RCP 4.5.

The decrease in tree PFT area of 3.5 million km2 was more than two thirds of the historical decrease in tree
PFTs and larger than the increase in trees PFTs in the RCP 4.5 scenario. Global wood harvest rates increased
dramatically over the period to reach 2.3 million km2/yr by 2100. This was almost 7 times the 2005 value and
over twice the RCP 4.5 rate in 2100. This increase resulted in a cumulative wood harvest area of 111 million
km2, which was over 6 times the historical wood harvest area.

Applying the LULCC assessment framework to the high LULCC of RCP 8.5 found that LULCC in RCP 8.5
reduced NBP by �2.31 PgC/yr from 1.84 PgC/yr in the no LULCC simulations to �0.47 PgC/yr in the
LULCC simulations (Figure 4 and Tables 2 and 3). The reduction in NBP was the result of a Net LULCC
of 2.23 PgC/yr, with a cumulative Net LULCC flux to the atmosphere of 211 PgC over the period.

The Net flux was the product of a large Direct LULCC flux out of the ecosystem of 2.86 PgC/yr, resulting in a
cumulative loss of ecosystem carbon of �272 PgC over the period (Figure 4 and Table 2). The loss of ecosys-
tem carbon through wood harvest and conversion fluxes also resulted in a negative Indirect LULCC flux of
�0.47 PgC/yr with a cumulative offset of 45 PgC back to ecosystem carbon. The combination of the Direct
and Indirect LULCC fluxes was a flux out of the ecosystem of 2.39 PgC/yr with a final cumulative loss of eco-
system carbon of �227 PgC. The Net flux also included the increase in Product Pool carbon of 0.16 PgC/yr,
resulting in a cumulative reduction in the Net LULCC flux of 15 PgC over the period.

The time series analysis (Figure 5) showed that RCP 8.5 Direct LULCC increased rapidly over the period from
1.51 PgC/yr in 2006 to 4.28 PgC/yr in 2100. The Direct LULCC flux was dominated by a large wood harvest flux
of 2.51 PgC/yr, with a secondary component the conversion flux of 0.35 PgC/yr. The negative Indirect LULCC
flux was predominantly due to a decrease in global fire of �0.37 PgC/yr from reduced fuel loads under the
high wood harvest rates, with a smaller increase in NEP of 0.09 PgC/yr. The increase in NEP was driven by
a large decrease in HR of �0.37 PgC/yr that was larger than the decrease in NPP of �0.28 PgC/yr in the
LULCC simulations.

Like in RCP 4.5, the Historical LULCC continued to have an influence on the RCP 8.5 no LULCC simulations with
a negative Prior LULCC flux of �0.22 PgC/yr, resulting in a cumulative offset of 20.5 PgC to ecosystems
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relative to the RCP 8.5 1850 no LULCC simulations. The RCP 8.5 Prior LULCC flux had the same time evolution
as RCP 4.5 starting negative at �1.5 PgC/yr but becoming more positive at the end of the time period at
0.25 PgC/yr in 2100. The spatial pattern for the RCP 8.5 Prior LULCC flux was the same as RCP 4.5 reflecting
the same Historical reforestation in Eastern North America and Europe and recovering disturbed forests in
Africa and South East Asia (Figure 7f).

When combined with the Net LULCC, this resulted in an RCP 8.5 Net plus Prior LULCC flux of 2.01 PgC/yr and a
cumulative flux to the atmosphere of 191 PgC, which was considerably lower than the cumulative Net plus
Prior LULCC flux of 250 PgC in Figure 4 of Mahowald et al. (2016). The reason for this difference was that in
Mahowald et al. (2016) wood harvest rates were kept at the much higher original CMIP5 RCP 8.5 rate where
carbon density discrepancies between the MESSAGE Integrated Assessment Model simulating the scenario
and the Global Land Model harmonizing of the land use time series resulted in very large numbers of trees
being harvested, as reported in P. J. Lawrence et al. (2012).

At the end of the RCP 8.5 simulations the difference in total ecosystem carbon between the LULCC and no
LULCC experiments was �227 PgC (Figure 8 and Table 4). The total ecosystem carbon of the LULCC simula-
tions decreased by �43 PgC, whereas the no LULCC simulations increased by 184 PgC. The majority of the
difference in total ecosystem carbon was realized through lower wood carbon in the LULCC simulations
of �204 PgC.

The LULCC simulations also had lower coarse woody debris by�15 PgC and lower soil carbon by�6 PgC. The
other important carbon pool changes were the decrease in leaf carbon of �0.4 PgC, an increase in fine root
carbon of 0.25 PgC, and a decrease in litter carbon of �0.07 PgC. There also was a large increase in product
pool carbon of 15 PgC over the period leaving 23 PgC in the product pools to be released after the end of the
LULCC simulation.

Regionally, the largest RCP 8.5 Direct plus Indirect LULCC fluxes and losses in ecosystem carbon were in Africa
(�72 PgC), Asia (�62 PgC), and South America (�50 PgC), again with all other regions substantially lower
(Figures 6, 7, and 9 and Tables 2 and4). In terms of percentages of total ecosystem carbon at the end of
the RCP 8.5 no LULCC simulations, the order of carbon loss was Africa (�25.7%), Australia (�24.1%), Asia
(�18.7%), and South America (�14.8%). In all regions wood harvest was the main contribution to
Direct LULCC fluxes.

Again, the largest regional ecosystem carbon changes were in wood carbon with coarse woody debris and
soil carbon making the next contributions. While Africa had the largest ecosystem carbon loss, Asia had
the largest wood harvest amount and Direct LULCC flux out of ecosystems. The difference between the
two regions was in the Indirect LULCC flux, which was substantially larger in magnitude in Asia at
�0.26 PgC/yr than in any other region. The large negative Indirect flux in Asia was driven by an increase in
NPP and large decreases in HR and fire in the LULCC simulations compared to the no LULCC simulations.

4. Discussion
4.1. Historical Land Use and Land Cover Change

The CESM historical LULCC and no LULCC simulations showed that the model produced a cumulative Net
LULCC flux of 123 PgC to the atmosphere from a Direct LULCC flux of 127 PgC, an Indirect LULCC flux of
4 PgC, and an increase in Product Pools of 7 PgC. The Direct and Indirect LULCC fluxes combined to remove
130 PgC out of the ecosystems over the period. This compares to other global cumulative estimates of
around 160 PgC for the period 1850 to 2010, (Arneth et al., 2017; Canadell et al., 2007; Ciais et al., 2014;
Houghton, 2003, 2010; D. M. Lawrence et al., 2016).

The analysis showed that CESM underrepresented historical wood harvest by�14 PgC. If the wood harvest in
CESM had matched the GLM value, then the additional LULCC flux would have made the cumulative Direct
plus Indirect LULCC flux 144 PgC out of ecosystems, and the Net LULCC flux 137 PgC into the atmosphere,
bringing these closer with other estimates. Comparison with Historical Potential Vegetation no LULCC simu-
lations also showed that LULCC prior to 1850 had a continued impact on the Historical simulations resulting
in a cumulative Prior LULCC flux of 18 PgC, which combined with initial ecosystem carbon that was lower in
1850 by �51 PgC, to have ecosystem carbon that was lower by �69 PgC in 2005.
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Despite the low historical wood harvest and Direct LULCC fluxes from the ecosystem, the NBP of the LULCC
simulation was negative out of terrestrial ecosystems for all but the last 5 years of the historical simulation.
This is in contrast to the positive terrestrial NBP uptake from the 1960s onward reported by a range of inde-
pendent studies generated with Earth system models, satellite vegetation change inventories, and book
keepingmethods that account for the land, atmosphere, and ocean sinks in response to LULCC and fossil fuel
emissions (Anav et al., 2013; Arneth et al., 2017; Canadell et al., 2007; Ciais et al., 2014; Friedlingstein et al.,
2014; Houghton, 2010; Houghton et al., 2012; Le Quere et al., 2009; Le Quere et al., 2015; Pan et al., 2011;
Schimel et al., 2015).

The mean of these estimates has a positive NBP of around 1.0 PgC/yr for the 1960 to 2005 period. The main
driver of the NBP is a residual sink of around 2.5 PgC/yr. This is offset by a Direct LULCC flux of around 1.5 PgC.
While there is a range of uncertainty around these values, the results of these studies are qualitatively similar,
with all studies showing increasing NBP arising from an increasingly large residual sink and constant to falling
LULCC carbon fluxes over the period.

For the same period CESM had a negative NBP of�0.25 PgC/yr, which starts negative at�0.89 PgC/yr in 1960,
reducing in magnitude to zero by 2000, and ending positive at 0.35 PgC/yr in 2005. The overall negative NBP
is the result of a much weaker residual sink in CESM of 1.11 PgC/yr over the period. The residual sink starts at
0.33 PgC/yr in 1960 and rises to 1.71 PgC/yr by 2005. Interestingly, the residual sink of the no LULCC simula-
tions over this period also is weak at 1.01 PgC/yr.

While the low LULCC fluxes can be traced to low wood harvest rates, the weak residual sink in CLM4 CN is
more complex and is dependent on the terrestrial carbon cycle representation within the model. Anav
et al. (2013) and Koven et al. (2013) found that while the CESM BGC model has realistic total vegetation
carbon, it had very low soil carbon relative to observational estimates and other Earth system models.
They proposed that the low soil carbon and negative NBP of CESM over the end of the historical period were
related to the overestimated soil carbon decomposition rates of the model.

The low soil carbon and fast soil carbon turnover rates limit the ability of CLM4 CN to capture changes in soil
carbon associated with LULCC and CO2 fertilization. This is further dampened by the representation of soil
biogeochemistry in the model as a single shared soil column for all PFTs in a grid cell. In CLM4 CN all slash
fluxes (residues) are transferred to litter and coarse woody debris pools, which in turn decompose and enter
the soil through a soil carbon cascade. In line with this, Keppel-Aleks et al. (2013) found that CLM4 had a low
residual sink at the end of the historical period, which contributed to the high atmospheric CO2 concentra-
tions of the fully coupled CESM BGC model.

Further supporting the CLM4 CN carbon cycle investigations, the modeling studies of Friedlingstein et al.
(2014) and Arora et al. (2013) show that there is an extremely wide range of responses across CMIP5 Earth
system models to elevated CO2 and climate, even in the absence of LULCC. The idealized 1% CO2 ramping
experiments of Arora et al. (2013) showed that CESM had the weakest carbon uptake of all the CMIP5 models
evaluated. The weak carbon uptake that was less than a quarter of other Earth system models was found to
be due to the strong nitrogen limitations on productivity increases under the elevated CO2 (Bonan &
Levis, 2010).

4.2. RCP 4.5 Land Use Land Cover Change

For the RCP 4.5 afforestation scenario, CESM produced a cumulative Net LULCC of 53 PgC to the atmosphere
from a Direct LULCC flux of 153 PgC, which was offset by a negative Indirect LULCC flux of �94 PgC and an
increase in Product Pools of 5 PgC over the period. The combination of the Direct and Indirect LULCC fluxes
was a decrease of �58 PgC out of the ecosystem over the period.

The size of the negative Indirect LULCC flux in CESM, however, was affected both by the weak residual sink of
CLM4CN and by muted afforestation as represented through the increase in CLM4CN tree PFTs. Di Vittorio
et al. (2014) found that the low afforestation area in CESM was due to loss of forest area information in the
translation of LULCC from GCAM to the GLM land use model and then to the CLM4CN PFT time series. The
lack of forest information was a product of the four GLM land units of the CMIP5 land use time series, with
much of the RCP 4.5 afforestation being represented as secondary land in areas that did not currently support
forests. The result was that CESM represented only 22% of the increase in forest area that was intended by the
GCAM model in the production of the RCP4.5 scenario.
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Their study found that in GCAM the forest area of RCP 4.5 increased by 11.0 million km2, whereas in GLM the
increase was reduced to 6.2 million km2, which was further reduced in CLM to 2.8 million km2. By passing for-
est area information, in addition to the four GLM land units used in the CMIP5 LULCC process, the afforesta-
tion signal was restored in the CESM simulations of their study. Their analysis showed that this “loss” of
afforestation in RCP 4.5 was common across the CMIP5 Earth system models. Di Vittorio et al. (2018) also
showed that this level of uncertainty in LULCC mapping can contribute up to 0.5 PgC/yr of uncertainty to
LULCC emissions in other time series as well.

The loss of afforestation had large impacts for the RCP 4.5 scenario as the uptake of carbon associated
with land management was a large component of the GCAM climate stabilization scenario. Di Vittorio
et al. (2014) found that when the afforestation in CESM was forced to reproduce the GCAM values,
the uptake of ecosystem carbon was increased by 88 PgC by 2100. This would translate into a decrease
in the Net LULCC flux of �1.10 PgC/yr resulting in a cumulative negative Net LULCC flux of �49 PgC/yr
in CESM.

Comparison of the CESM RCP 4.5 1850 no LULCC and 2005 no LULCC simulations showed that the Historical
LULCC continued to have an impact on the RCP 4.5 no LULCC simulations resulting in a cumulative Prior
LULCC flux of �26 PgC. This resulted in a cumulative Net plus Prior LULCC flux of 27 PgC, which was a com-
ponent not considered in Thomson et al. (2011) or other studies.

4.3. RCP 8.5 Land Use Land Cover Change

For the RCP 8.5 high LULCC scenario, CESM produced a cumulative Net LULCC flux of 211 PgC from a Direct
LULCC flux of 272 PgC, which was partially offset by a negative Indirect LULCC flux of �45 PgC and an
increase in Product Pools of 15 PgC. The Direct and Indirect LULCC fluxes combined to reduce ecosystem car-
bon by �227 PgC over the period. The CESM Net LULCC flux of 211 PgC was slightly higher than the cumu-
lative Net LULCC range 25 to 205 PgC calculated in other CMIP5 models (Brovkin et al., 2013; Pongratz
et al., 2014).

The very large spread in values across CMIP5 models in the Brovkin et al. (2013) study was traced to whether
the individual models included wood harvest in their LULCC processes. The only model in their study that did
include wood harvest (JSBACH in MPI-ESM-LR) had the highest ecosystem carbon loss at 205 PgC. These dif-
ferences reflect the importance of including wood harvest, as it is a primary driver of LULCC fluxes in the RCP
8.5 scenario, which was not captured in the other Earth system models.

While the Net LULCC flux in the MESSAGE model is not reported in Riahi et al. (2011), the scenario is charac-
terized by a large increase in bioenergy predominantly through wood harvest, with some application of bioe-
nergy and carbon capture and storage at the end of the scenario. The large increase in wood harvest was
consistent with the CESM RCP 8.5 analysis that found that the wood harvest flux accounted for ~90% of
the direct LULCC flux out of terrestrial ecosystems.

As was found in the RCP 4.5 simulations, the Historical LULCC continued to have an impact on the RCP 8.5 no
LULCC simulations resulting in a cumulative Prior LULCC flux of �20 PgC. This generated a cumulative Net
plus Prior LULCC flux of 191 PgC, which was considerably lower than the cumulative Net plus prior LULCC flux
of 250 PgC in Figure 4of Mahowald et al. (2016).

Our results also differ fromMahowald et al. (2016) in that the RCP 8.5 Indirect and Prior LULCC fluxes are both
negative offsetting the Direct LULCC fluxes, as opposed to being estimated fractions of the Net plus Prior
LULCC fluxes. This underlines the importance of directly attributing the carbon impacts of LULCC from the
CESM output files rather than through a process of estimation.

4.4. Other Considerations of Land Use and Land Cover Change in CESM

It has been well established that representing wood harvest is critical for including LULCC in Earth system
models, but other land use processes currently absent in CESM and other models also are important
(Arneth et al., 2017). One CLM example by Levis et al. (2014) showed that explicit modeling of agricultural
practices can affect carbon fluxes, with enhanced carbon emissions through crop harvesting and residue
management. Other agricultural activities such as tillage can add additional sources of soil carbon loss when
tillage practices are represented.
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Agricultural production also results in other greenhouse gas emissions such as CH4 and N2O that need to be
explicitly accounted for in Earth systemmodels to make them consistent with Integrated Assessment Models.
Additionally, including the impacts of shifting cultivation through prescribing the gross LULCC transitions of
vegetation can increase cumulative direct LULCC fluxes by 25 to 84 PgC over the historical period, compared
to simulations where only net LULCC is prescribed (Arneth et al., 2017; Stocker et al., 2013; Wilkenskjeld
et al., 2014).

For CMIP6, some of these issues are being highlighted and evaluated more thoroughly through the Land Use
Model Intercomparison Project (D. M. Lawrence et al., 2016). For CESM2, which will be used in CMIP6, we are
addressing a number of these missing processes in the new CLM5 model through introduction of (1) wood
harvest that is prescribed by carbon amount, rather than area; (2) updated LULCC time series generation
methods that utilize the new Land UseModel Intercomparison Project forest area, cropping and grazing data;
and (3) transient cropping that is explicitly represented through the CLM crop model with transient nitrogen
fertilizer and irrigation (Levis et al., 2012; Sacks et al., 2009). The issues of tillage and shifting cultivation, how-
ever, will not be addressed in the release version of CLM5.

Additionally, for CESM simulations in CMIP6, the carbon-nitrogen cycle representation in CLM5 has been
updated to better represent state-of-the-science understanding. The new model includes among other revi-
sions (1) vertically resolved soil carbon and nitrogen (Koven et al., 2013), (2) revised photosynthesis and leaf
scaling (Bonan et al., 2011), and (3) revised nitrogen cycling dynamics through the Fixation and Uptake
of Nitrogen model (Shi et al., 2016), flexible carbon to nitrogen ratios for leaf photosynthetic function
(Ghimire et al., 2016), with the benefits of the revised nitrogen representation on the carbon cycle discussed
in Wieder et al. (2015).

5. Conclusions

Using an integrated flux and carbon pool assessment framework, we have been able to systematically attri-
bute the carbon cycle impacts of CMIP5 LULCC in CESM to the contributions from individual Direct LULCC
actions such as wood harvest and clearing for agriculture and pasture expansion and to a range of Indirect
and Prior LULCC actions such as afforestation and the legacy impacts from altered terrestrial sinks from
actions that occurred during and before the period of analysis.

Over the historical period CESM produced a cumulative Net LULCC flux of 123 PgC to the atmosphere
from a Direct LULCC flux of 127 PgC, an Indirect LULCC flux of 4 PgC, and an increase in Product Pools
of 7 PgC. The Direct and Indirect LULCC fluxes combined to remove �130 PgC out of ecosystems. The
analysis found that CESM underrepresented the Net LULCC flux compared to other estimates of around
160 PgC (Arneth et al., 2017; Canadell et al., 2007; Ciais et al., 2014; Houghton et al., 2012; D. M. Lawrence
et al., 2016).

The analysis found that the low historical LULCC was partially the result of underrepresenting the historical
wood harvest by 14 PgC. As has been reported in other studies, CLM4CN has the weakest residual sink of
all the CMIP5 models. If the higher Net LULCC flux had been simulated in CESM with this weak residual sink,
then the historical NBP would have been further degraded compared with other global estimates.

For the RCP 4.5 scenario, CESM was able to represent some of the mitigation effects of afforestation pre-
scribed by the GCAM model that generated the scenario, with a cumulative Net LULCC flux of 53 PgC to
the atmosphere from a Direct LULCC flux of 153 PgC, which was offset by a negative Indirect LULCC flux of
�94 PgC, and an increase in Product Pools of 5 PgC. The combination of the Direct and Indirect LULCC fluxes
was a decrease of �58 PgC out of the ecosystem.

The LULCC framework showed that the afforestation signal in CESM was substantially lower than prescribed
by the GCAM model. Di Vittorio et al. (2014) found that when the afforestation in CESM was forced to repro-
duce the GCAM values, the uptake of ecosystem carbon was increased by 88 PgC by 2100.

For the RCP 8.5 high LULCC scenario, CESM produced a cumulative Net LULCC flux of 211 PgC to the atmo-
sphere from a Direct LULCC flux of 272 PgC, which was partially offset by a negative Indirect LULCC flux of
�45 PgC and an increase in Product Pools of 15 PgC. The Direct and Indirect LULCC fluxes combined to
reduce ecosystem carbon by �227 PgC. The large Direct and Net LULCC fluxes in CESM were consistent
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with the large increase in bioenergy from wood harvest prescribed by the MESSAGE model for the scenario
(Riahi et al., 2011).

Comparison of the CESM results to the RCP 8.5 LULCC fluxes simulated in other CMIP5models showed that all
Earth system models that did not include wood harvest grossly underrepresented the LULCC of this scenario
(Brovkin et al., 2013). The LULCC analysis framework also showed that CESM RCP 8.5 Indirect and Prior LULCC
fluxes are negative and offset Direct LULCC fluxes, as opposed to being fractions of the Net plus Prior LULCC
fluxes as estimated in Mahowald et al. (2016).
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