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Abstract

Climate change has impacts on agricultural yields, which could alter cropland requirements
and hence deforestation rates. Thus, land-use responses to climate change might influence
terrestrial carbon stocks. Moreover, climate change could alter the carbon storage capacity of
the terrestrial biosphere and hence the land-based mitigation potential. Here, we use a global
spatially explicit economic land-use optimization model to a) estimate the mitigation
potential of a climate policy that provides economic incentives for carbon stock conservation
and enhancement, b) simulate land-use and carbon cycle responses to moderate climate
change (RCP2.6), and c) investigate the combined effects throughout the 21* century. The
climate policy immediately stops deforestation and strongly increases afforestation, resulting
in a global mitigation potential of 191 GtC in 2100. Climate change increases terrestrial
carbon stocks not only directly through enhanced carbon sequestration (62 GtC until 2100),
but also indirectly through less deforestation due to higher crop yields (16 GtC until 2100).
However, such beneficial climate impacts increase the potential of the climate policy only
marginally, as the potential is already large under static climatic conditions. In the broader
picture, this study highlights the importance of land-use dynamics for modelling carbon cycle
responses to climate change in integrated assessment modelling.
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Introduction

After fossil fuel combustion, deforestation is the second-largest source of anthropogenic
carbon dioxide (CO,) emissions, currently accounting for about 12% of total anthropogenic
CO, emissions'”. Land-based climate policies, such as the inclusion of CO, emissions from
deforestation in carbon pricing mechanisms, could reduce deforestation and associated CO,
emissions’. In addition to emission reductions, afforestation can enhance above- and
belowground carbon stocks (hereafter summarized under the term carbon stocks unless
indicated otherwise) since trees take up more CO, through photosynthesis than they respire
and thereupon store the absorbed carbon in vegetation and soil (biological carbon
sequestration and storage)*’. Therefore, afforestation can remove CO, from the atmosphere,
which is also known as negative CO, emissions’®. Recent modelling studies show that
feasibility and costs of ambitious climate targets, such as limiting the increase in global mean
temperature to 2°C compared to preindustrial levels, strongly depend on the availability of
carbon dioxide removal options, such as afforestation or bioenergy with Carbon Capture and
Storage (CCS)"*.

The Representative Concentration Pathways (RCPs) describe future pathways for
anthropogenic greenhouse gas (GHG) emissions, atmospheric concentrations of GHGs and
radiative forcing’. The RCP2.6, with a radiative forcing of 2.6 W/m® in 2100, is a scenario of
moderate climate change and is consistent with the 2°C target'®">. Even under the RCP2.6,
current climatic conditions, such as temperature and precipitation, are subject to change in the
course of the 21* century'®. Climate change is rather moderate under the RCP2.6 compared to
scenarios with higher radiative forcing, such as the RCP8.5'*. Nevertheless, moderate climate
change under the RCP2.6 has impacts on agricultural crop yields". Rising temperatures and
reduced precipitation typically have negative impacts on crop yields, while rising
atmospheric CO, concentrations stimulate photosynthesis in C3 crops (CO, fertilization) and
improve water use efficiency in all crops'*'®. The net effect on crop productivity depends on
the prevailing climatic conditions'*. Changes in temperature, precipitation, radiation and CO,
concentration (hereafter summarized under the term climate change unless indicated
otherwise), can have positive effects on crop yields at low levels of climate change,
especially in higher latitudes, while tropical regions are typically affected negatively even
under low levels of warming'>'"'"®. Increases in agricultural yields might reduce cropland
requirements, which in turn could lower deforestation or free-up land for afforestation. Thus,
direct effects of climate change on crop yields could indirectly affect carbon stocks through
altered land management.

In addition, climate change has direct impacts on the carbon stocks of the terrestrial
biosphere (in particular of forests). Similar to agricultural crops, climate change can reduce or
increase carbon stocks, depending on the prevailing climatic conditions'*’. Biophysical
process models project that climate change increases global vegetation carbon stocks
throughout the 21* century'®?'. Above 4°C additional global warming, the increase in global
vegetation carbon stocks may stall or reverse’'. Moreover, climate change affects not only
actual carbon stocks but more general the carbon storage capacity of land, i.e. the potential of
a unit of land to sequester and store carbon in vegetation and soil**>. The carbon storage
capacity plays a central role for afforestation projects since it determines their mitigation
potential. Hence, climate change could influence the mitigation potential of afforestation
projects. Furthermore, climate impacts on carbon stocks are heterogeneous across the globe®'.
Thus, climate change could additionally alter the spatial suitability of land for afforestation.

Projecting the direct impacts of climate change on carbon stocks of the terrestrial biosphere
is typically the domain of models that simulate carbon cycle feedbacks to climate change™ .
However, such biophysical process models are not capable of simulating land-use responses



to climate change that might indirectly alter carbon stocks (e.g. less deforestation due to
climate-change-induced crop yield gains). In principle, information from biophysical process
models can be used in models with explicit land-use representation to account for both, direct
and indirect carbon cycle responses to climate change. So far, detailed information on climate
impacts from biophysical process models has been used in economic land-use models mainly
with respect to crop yields***, but associated carbon stock dynamics have not been
addressed. With regards to land-based mitigation, economic land-use models and integrated
assessment models (IAMs) with explicit land-use representation have been used to estimate
the mitigation potential of deforestation avoidance and afforestation’**>*. However, none of
these studies accounted for possible land-use responses to climate change (e.g. less
deforestation due to climate-change induced crop yield increases that reduce cropland
requirements) and their impacts on the terrestrial carbon balance. Few studies used an inverse
approach by supplying time-series of land-use patterns derived from economic land-use
models to biophysical process models for simulating the effects on carbon stocks™.

Here, we use results from an energy-economy-climate model and a biophysical process
model as input for an economic land-use optimization model. Both inputs, climate policy
from the energy-economy-climate model and climate impacts from the biophysical process
model, are consistent with the RCP2.6. Using these inputs, we simulate land-use and carbon
stock dynamics throughout the 21* century with the Model of Agricultural Production and its
Impacts on the Environment (MAgPIE)***"*. We investigate three scenarios: a) a climate
policy that provides economic incentives for deforestation avoidance and afforestation®, b)
climate impacts on crops yields and carbon densities following from the RCP2.6 and c) the
combined effects of climate policy and climate impacts. After describing the MAgPIE model,
input data and the study design, we present global projections for land-use change (cropland,
pasture, forest and other land) and carbon stock dynamics (attributed to land management and
direct climate change). Finally, we discuss the implications of our findings for future
modelling of land-based climate polices and carbon cycle responses to climate change.

Methods
Land-use model MAgPIE

MAgEPIE is an economic land-use optimization model that integrates several spatial
scales®”'™ (see Figure 1 for an overview of the model structure and the Supporting
Information (SI) for details). The objective function of MAEPIE is the fulfilment of
agricultural demand for ten world regions at minimum global costs. For meeting the demand,
the model endogenously decides, based on cost-effectiveness, about the level of
intensification (yield-increasing technological change), extensification (land-use change) and
production relocation (international trade)**””. The model is solved in a recursive dynamic
mode with a variable time step length of five or ten years on a timescale from 1995 to 2100.

For this study, MAgPIE is parameterized based on the Shared Socio-economic Pathway 2
(SSP2), a scenario for climate change research with medium challenges for adaptation and
mitigation®. In general, historic trends of recent decades with respect to demographics,
economic development, environmental protection and technological development continue in
SSP2. Food and material demand in MAgPIE is calculated using the SSP2 population and
income projections’’**. Global food and material demand increases from 30 EJ in 1995 to 65
EJ in 2100 (Figure S2 in the SI).

Land types in MAgPIE consist of cropland, pasture, forest and other land (e.g. non-forest
natural vegetation, abandoned agricultural land, deserts, urban land)”. In the initial year
1995, the global land area consists of 1438 Mha cropland, 2913 Mha pasture, 4235 Mha



forest and 4321 Mha other land (12907 Mha in total) (Figure S4 in the SI). The cropland
covers cultivation of 18 different crop types (C3 and C4), both rainfed and irrigated systems.
Biophysical yields for theses crop types are derived from the Lund-Potsdam-Jena model for
managed Land (LPJmL)**' (see the SI for model details and mapping of crops). In addition,
carbon densities for each land type are derived from LPJmL (see SI for details). Biophysical
information on crop yields, initial land-cover and carbon densities is spatially explicit (0.5
degree longitude/latitude). Due to computational constraints, spatially explicit data is
aggregated to 600 simulation units for the optimization process. For each of the ten world
regions in MAgPIE, the clustering algorithm combines grid cells to simulation units based on
the similarity of data®.

MAgEPIE calculates carbon stocks at the cell level as the product of land-type specific area
and carbon density. If, for instance, forest is converted to cropland within the same
simulation unit, the carbon stock of this unit decreases according to the difference in carbon
density of forest and cropland. In case agricultural land is abandoned (other land pool) or
intentionally used for afforestation (forest land pool), ecological succession leads to regrowth
of natural vegetation carbon stocks along sigmoid growth curves®. Growth of carbon stocks
in MAgPIE is constrained by the LPJmL carbon density.

We validate the MAgPIE results by comparing model projections to historical data for a)
cropland, pasture and forest area (Figures S12-S14), b) land-use change emissions (Figure
S15) and c) agricultural yields (Figure S9). The validation includes evaluation of model
projections with respect to trends in historical data. To some extent, model projections are
directly validated against observed data, where the temporal overlap with historical data
allows for it. In general, MAgPIE is capable of reproducing historical patterns and trends for
the aforementioned variables.
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Figure 1: Overview of methodology. Grey tones indicate the spatial resolution: dark grey (global), light grey (world regions),
white (cell level). Italic font shows the usage of data from REMIND and LPJmL in MAgPIE.

Climate policy in MAgPIE

The energy-economy-climate model REMIND** (REgional Model of Investments and
Development) projects transformation pathways for a given climate target. These
transformation pathways include regional bioenergy demand (1* and 2™ generation) and a
globally uniform carbon price, which are taken as input by MAgPIE (see Figure 1). We here
use results from REMIND that correspond to the RCP2.6 climate target (see Figures S2 and
S3 in the SI). In such ambitious climate protection scenarios, a large share of 2" generation
bioenergy is used in combination with CCS for generating negative CO, emissions in the
energy sector””*®. Here, the MAgPIE simulations cover CO, emissions due to land expansion
for bioenergy crop production, but do not account for emissions or emission savings due to
bioenergy use in other sectors. The carbon price is applied to all carbon stock changes that
originate from anthropogenic land-use change (hereafter referred to as Land Carbon Pricing



(LCP)). Technically, the product of released CO, to the atmosphere (tCO,) and the carbon
price ($/tCO,) enters the cost-minimizing objective function of the model as additional term
on top of agricultural production cost. For carbon stock gains, which reflect negative CO,
emissions, this additional term in the objective function becomes negative. Thus, LCP
provides economic incentives for carbon stock conservation and enhancement through land
management, such as deforestation avoidance and afforestation. A number of studies indicate
that in high latitude regions a decrease in surface albedo due to afforestation (darker land-
cover) could counteract the associated carbon sequestration effect’’ ™. Accordingly, we
assume that no afforestation should occur in high latitude regions above 50 degree North and
South. Expansion of agriculture into boreal forests and all other land-use changes in high
latitudes are still allowed in the model. Potential carbon emissions from peat lands are not
modelled.

Climate impacts in MAgPIE

General Circulation Models (GCMs) compute changes in climate variables, such as
temperature and precipitation, for a given RCP. To account for uncertainty in climate
projections, we use climate projections from five different GCMs (HadGEM2-ES, IPSL-
CMS5A-LR, MIROC-ESM-CHEM, GFDL-ESM2M and NorESM1-M) that have been
bias-corrected for the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP)'.
Consistent with the choice of climate policy, we here use climate projections for the RCP2.6.
The dynamic global crop growth, vegetation and hydrology model LPJmL**" uses climate
projections as input to simulate spatio-temporal biophysical impacts on crop yields (Figures
S7 and S8 in the SI), carbon densities of natural vegetation (Figures S5 and S6 in the SI) and
surface freshwater availability. LPJmL considers the impact of temperature, precipitation,
radiation and CO, concentration. Elevated CO, concentrations enhance plant photosynthesis
in C3 plants, which is known as CO, fertilization, and simultaneously increases water use
efficiency in all plants™'®. There is indication that the current generation of biophysical
process models overestimates CO, fertilization due to missing feedback representations in
photosynthetic activity’>’. The current version of LPJmL does not explicitly represent
nutrient dynamics and might therefore overestimate CO, fertilization®'. Crop yields and
carbon densities from LPJmL are harmonized for the initial MAgPIE time step (see SI for
details). Finally, MAgPIE integrates the biophysical information derived from LPJmL into
the cost-optimization of land-use patterns (see Figure 1).

Study setup

In order to investigate if land-use and carbon cycle responses to moderate climate change
interact with a land-based climate policy throughout the 21st century, we analyse the isolated
and combined effects of a LCP climate policy and RCP2.6 climate impacts with the MAgPIE
model. For this purpose, we define reference cases for the LCP climate policy and the
RCP2.6 climate impacts. In NoLCP, carbon stock changes are not priced, i.e. there is no
incentive for deforestation avoidance and afforestation. In NoCC (No Climate Change),
biophysical crop yields and carbon densities are assumed to be static at 1995 levels
throughout the simulation period. The combinations of the two climate policy cases (LCP /
NoLCP) and the two climate impact cases (RCP2.6 / NoCC) result in four scenarios:
reference (NOLCP & NoCC), LCP only (LCP & NoCC), RCP2.6 only (NoLCP & RCP2.6)
and the combined setting (LCP & RCP2.6). To account for uncertainty in climate projections,
all scenarios with climate impacts are simulated with RCP2.6 biophysical climate impact
projections from LPJmL that are based on climate projections from five different GCMs.
Table 1 summarizes the study design.



Table 1: Summary of study design

Socio-economic setting, bioenergy demand and carbon price

The economic land-use optimization model MAgPIE is parameterized with a socio-economic
setting for the 21* century based on SSP2 (e.g. population, income, food demand). Regional
bioenergy demand (1% and 2™ generation) and a globally uniform carbon price derived from
REMIND correspond to the RCP2.6 climate target.

Land-based climate policy

In the Land Carbon Pricing (LCP) case, the carbon price in MAgPIE is applied to all carbon
stock changes that originate from anthropogenic land-use change. Hence, LCP provides
economic incentives for deforestation avoidance and afforestation. NoLCP represents a reference
case, in which carbon stock changes are not priced.

Climate impacts on the land system

In the RCP2.6 case, spatially explicit information on biophysical crop yields and carbon densities
varies over time in MAgPIE according to LPJmL simulations for the RCP2.6. NoCC represents a
reference case, in which biophysical crop yields and carbon densities are assumed to be static at
1995 levels.

Study setup

The combinations of the two climate policy cases (LCP / NoLCP) and the two climate impact
cases (RCP2.6 / NoCC) result in four scenarios: reference (NoLCP & NoCC), LCP only (LCP &
NoCC), RCP2.6 only (NoLCP & RCP2.6) and the combined setting (LCP & RCP2.6).

Results

Across all scenarios global land-use changes range from about -1500 Mha for pastureland to
+1700 Mha for forestland by 2100 (Figure 2), associated with global carbon stock changes
ranging from about -100 GtC to +200 GtC by 2100 (Figure 3). We report land-use and carbon
stock changes for scenarios with RCP2.6 climate impacts as average over the five GCM-
specific RCP2.6 climate projections, while the respective Figures 1 and 2 show the full range
of results. In the SI, we show regional results in Figure S10 and Figure S11, and provide
GCM-specific results at the global scale in Table S3 and Table S4 (land-use and carbon stock
dynamics respectively).

Reference scenario

In the reference scenario (NoLCP & NoCC), global cropland increases by 698 Mha between
1995 and 2100 (Figure 2, left, dashed lines), which reflects a strong rise in 2" generation
bioenergy demand between 2030 and 2060 (Figure S2). The increase in cropland mainly
comes at the cost of forest area, which decreases by 511 Mha in the same period. The
remaining cropland increase of 187 Mha originates from the conversion of pastureland. In
addition, 1025 Mha of pastureland are abandoned until 2100 (other land) due to efficiency
improvements in the livestock sector and stagnating demand for livestock products in the 2™
half of the 21% century (Figure S2). In order to fulfil the agricultural demand, land-use
intensification and changes in spatial production patterns complement agricultural expansion.
In the reference scenario, global average agricultural yields increase from 3.1 tDM ha in
2005 to 5.0 tDM ha™' in 2100, which reflects average yield increases of about 0.5% per year



until 2100. Simulated agricultural yields in 2005 as well as the historical trend of yield-
growth compare well to observed data on agricultural yields at the global scale (Figure S9).

The net effect of these land-use changes in the reference scenario is a loss of global
terrestrial carbon of 90 GtC until 2100 (Figure 3, left, dashed lines; Table 2). Loss of
terrestrial carbon largely coincides with deforestation, in particular between 2030 and 2060.
In the reference scenario, carbon stocks are assumed to be unaffected by climate change
(NoCC).

NoLCP LCP
2000 A
= 15001 Climate impacts
é — RCP2.6
= 1000 A
° == NoCC
2 500
S 0 Land type
; I Cropland
- -500 ~ Pasture
g —1000 Ml Forest
- Other
-1500 A -

T T T T T T T T T T

o To] o Yo o o Te] o Lo o

o QA Yo} N~ o o Al 7o} N~ o

o o o o - o o o o —

(QV Al Al Al Al Al Al Al Al Al

Year

Figure 2: Time-series of global land-use change (Mha) for four major land types between 1995 and 2100. The
combinations of climate policy (NoLCP, LCP; left vs. right column) and climate impacts (RCP2.6, NoCC; solid
vs. dashed lines) result in four scenarios. Solid lines represent the average over individual model results for five
GCM-specific RCP2.6 climate projections, while shaded areas indicate the full range of results.
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Figure 3: Time-series of global terrestrial carbon stock change (GtC) between 1995 and 2100. The combinations
of climate policy (NoLCP, LCP; left vs. right column) and climate impacts (RCP2.6, NoCC; solid vs. dashed
lines) result in four scenarios. Colours indicate the attribution of changes in carbon stocks. Land management
reflects carbon stock changes associated with the land-use dynamics shown in Figure 2 and includes indirect
effects of climate change on carbon stocks through altered land management. Direct climate change reflects
carbon stock changes due to direct impacts of climate change on carbon sequestration in the terrestrial
biosphere. The net effect on carbon stocks is represented by the sum of land management and direct climate
change. Solid lines represent the average over individual model results for five GCM-specific RCP2.6 climate
projections, while shaded areas indicate the full range of results.

Land-based climate policy

In the LCP only scenario (LCP & NoCC), the carbon price creates a strong incentive to
conserve and enhance carbon stocks (Figure 2, right, dashed lines). The introduction of the
global carbon price in 2015 at 24 $/tCO,immediately stops deforestation and strongly
increases afforestation. In total, global forest area increases by 1489 Mha throughout the 21*
century, which results in 2000 Mha more forest in 2100 compared to the reference scenario.
About half of the increase in forest area is realized by cropland contraction. Global cropland
area decreases in total by 319 Mha throughout the 21* century, which results in 1018 Mha
less cropland in 2100 compared to the reference scenario. To facilitate such strong cropland
contraction, agricultural yields have to rise much stronger throughout the 21* century than in
the reference scenario. In LCP only, global average agricultural yields increase from 3.1 tDM
ha” in 2005 to 11.2 tDM ha" in 2100, which reflects average annual yield increases until
2100 of about 1.36%, compared to 0.5% in the reference scenario (Figure S9). The remaining
increase in forest area originates from abandoned pasture area. Pasture area decreases by
1390 Mha throughout the 21* century, which is similar to pasture contraction in the reference
scenario (1212 Mha until 2100). But in contrast to the reference scenario, converted
pastureland is primarily used for afforestation in LCP only, while just 220 Mha of converted
pastureland are abandoned (other land). On-going afforestation throughout the 21* century in
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LCP only increases global carbon stocks by 101 GtC until 2100 (Figure 3, right, dashed lines;
Table 2). In addition, deforestation and other conversions of carbon-rich ecosystems that
occur in the reference scenario are stopped. Therefore, the global mitigation potential
attributable to a land-based climate policy that provides economic incentives for carbon stock
conservation and enhancement is 191 GtC between 1995 and 2100. As in the reference
scenario, carbon stocks are assumed to be not affected by climate change (NoCC) in LCP
only.

RCP2 .6 climate impacts

In general, land-use dynamics under static climatic conditions (NoCC) and moderate climate
change (RCP2.6) are similar throughout the 21* century (Figure 2, left, solid vs. dashed
lines). However, in the RCP2.6 only scenario (NoLCP & RCP2.6) global agricultural area
(cropland and pasture) is 330 Mha smaller in 2100 compared to the reference scenario with
static climatic conditions. The reduced land requirement for agriculture translates until 2100
into 62 Mha more forest (less deforestation) and 268 Mha more other land with potentially
re-growing natural vegetation. This land-saving effect originates from the land-use response
to higher agricultural yields under RCP2.6 climate projections: global average agricultural
yields are 0.3 tDM ha' higher in 2100 compared to the reference scenario (Figure S9).

Altered land management in RCP2.6 only results in 16 GtC higher global carbon stocks in
2100 compared to the reference scenario (Figure 3, left, solid vs. dashed lines). In addition to
this indirect effect via land management, climate change has direct impacts on the carbon
stocks of the terrestrial biosphere through altered plant photosynthesis and respiration. Due to
direct impacts of climate change, global carbon stocks in RCP2.6 only are 62 GtC higher in
2100 compared to the reference scenario. The overall global carbon stock dynamics in
RCP2.6 only follow the trajectory of the atmospheric CO, concentration for RCP2.6 climate
projections: increase until mid-21% century followed by a smaller decrease until 2100". In
total, global carbon stocks in RCP2.6 only are 78 GtC higher in 2100 compared to the
reference scenario, which shows carbon losses of 90 GtC until 2100. Therefore, in absolute
terms global carbon stocks still decrease by 12 GtC until 2100 in RCP2.6 only.

Overall, the uncertainties in land-use dynamics (Figure 2), carbon stock dynamics (Figure
3) and agricultural yields (Figure S9), which are introduced by the five GCM-specific
RCP2.6 climate projections, do not change our results qualitatively.

Combined effects

In the combined setting of a LCP climate policy and RCP2.6 climate impacts (LCP &
RCP2.6), overall land-use dynamics are similar to LCP only (Figure 2, right, solid vs. dashed
lines). In the combined setting, however, agricultural land requirements are 267 Mha lower in
2100, which is similar to the identified land-saving effect for RCP2.6 only (330 Mha in
2100). Contrary to RCP2.6 only, most of the agricultural land released by the land-saving
effect is immediately used for afforestation in the combined setting (235 Mha until 2100).
Regrowth of natural vegetation with associated carbon stock gains takes place regardless of
the allocation to forest or other land sine afforestation is a managed re-growth of natural
vegetation in the MAgPIE model*®. Accordingly, the climate-change-induced gain in global
carbon stocks due to land management is similar to RCP2.6 only (Figure 3, left vs. right,
solid vs. dashed lines). Also the increase in global carbon stocks due to direct impacts of
climate change is similar to RCP2.6 only. Thus, RCP2.6 climate impacts seem to increase
global carbon stocks independent from a LCP climate policy.

In the combined setting, the net effect of land management and climate change is an
increase of global carbon stocks by 185 GtC until 2100 (Figure 3, right, solid lines; Table 2).
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Since global carbon stocks decrease by 90 GtC until 2100 in the reference scenario, the full
cumulative carbon mitigation effect in 2100 attributable to the combined setting is 275 GtC.
This full effect is 191 GtC for LCP only and 78 GtC for RCP2.6 only. The sum of these
isolated effects is 269 GtC in 2100. Thus, the additional carbon stock gain that emerges from
the combined setting is 6 GtC throughout the 21* century (Table 2). If this gain is completely
accounted to the mitigation potential of the LCP only scenario (191 GtC in 2100), the
mitigation potential increases by just 3%. Therefore, land-use and carbon cycle responses to
RCP2.6 climate impacts only marginally affect the mitigation potential that can be attributed
to a land-based climate policy in the 21% century.

Table 2: Summary of scenario results. Carbon stock changes and full carbon mitigation effect in GtC. Carbon
stock changes show the net effect of land management and direct climate change between 1995 and 2100 at the
global scale (Figure 3). The full carbon mitigation effect reflects the difference in these carbon stock changes
between the respective scenario and the reference scenario. To identify the interaction between a LCP climate
policy and RCP2.6 climate impacts, we compare the sum of the full mitigation effects of the LCP only (191
GtC) and the RCP2.6 only scenario (78 GtC) to the full mitigation effect of the combined setting (275 GtC). The
small difference of 6 GtC suggests that the interaction between a LCP climate policy and RCP2.6 climate
impacts is low. This table shows average values over five GCM-specific RCP2.6 climate projections.

NoLCP LCP
O Reference LCP only
% A Carbon stock Full effect A Carbon stock Full effect
= -90 GtC 0 GtC 101 GtC 191 GtC
© RCP2.6 only Combined setting
% A Carbon stock Full effect A Carbon stock Full effect
~ -12 GtC 78 GtC 185 GtC 275 GtC
191 GtC + 78 GtC = 269 GtC ~ 275 GtC
Discussion

Land-based climate policy

We find that the introduction of a carbon price in the land-use sector immediately stops
deforestation and strongly increases afforestation throughout the 21* century. According to
our results, current global forest area increases by about one third until 2100, associated with
carbon stock gains of 101 GtC globally until 2100. A reference scenario without carbon
pricing shows carbon losses of 90 GtC until 2100, mainly due to deforestation. Therefore, the
cumulative mitigation potential attributed to the land-based climate policy analysed in this
study is 191 GtC throughout the 21* century.

The reward for carbon sequestration entails strong intensification of the agricultural system
to free up land for afforestation (see also Humpenoder et al’®). Typically, rates of
technological change leading to yield increases are exogenous to economic land-use
models”. MAgPIE, however, derives technological change rates endogenously as part of the
cost-optimization™, i.e. the model dynamically adjusts investments in yield-increasing
technological change depending on the scenario. Using different rates of technological
change would affect the land-use and carbon stock dynamics shown here as land-use
intensification and land expansion are strongly interrelated.
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In this study, we do not consider market feedback effects of afforestation with respect to
bioenergy demand and carbon price, i.e. bioenergy demand and carbon price are exogenous
to the model. Due to competition for land, afforestation might increase bioenergy prices,
which in turn might lower bioenergy demand from the energy system. Moreover, carbon
sequestration following from afforestation could lower carbon prices in the overall economy,
potentially leading to less afforestation. Accounting for such market feedback effects is
beyond the scope of this study but critical for the evaluation of afforestation as mitigation
Strategy.

According to previous modelling studies, competition for land between agricultural
production and afforestation might more than double food prices throughout the 21*
century”’**. This gives reason to consider food security implications of land-based climate
policies, such as the United Nations’ REDD+ (reducing emissions from deforestation and
forest degradation) mechanism, which aims to provide economic incentives for deforestation
avoidance and afforestation” . Keeping food consumption levels unaffected from such land-
based climate policies, as we did for these model runs, would require substantial
redistribution policies to assure food security for low-income households (see also Edmonds
et al. ™). Analysis of the economic aspects of food security is critical for the implementation
of land-based climate policies, but beyond the scope of this study.

Land-use and carbon cycle responses to RCP2.6 climate impacts

We find that accounting for RCP2.6 climate impacts in an economic land-use model
increases global carbon stocks by 78 GtC until 2100, compared to a reference scenario with
static climatic conditions. Enhanced carbon sequestration of the terrestrial biosphere under
RCP2.6 causes the major part of this difference (62 GtC in 2100). However, 21% of the total
climate-change-induced carbon stock gains originate from a land-saving effect due to higher
agricultural yields under RCP2.6 (16 GtC in 2100). This finding highlights the importance of
land-use dynamics for modelling carbon cycle responses to climate change

As already noted in the methods part, LPJmL estimates of CO, fertilization on crop yields
are more positive than in many other global crop models". Therefore, the projected gains in
carbon stocks due to RCP2.6 climate impacts might be overestimated. On the other hand,
atmospheric CO, concentrations in the RCP2.6 return to current levels in 2100 (383-385
ppm) after a peak caused by exceeding the climate target around mid-century
(“overshooting”)'*"". Thus, the choice of the RCP2.6 should limit the overall magnitude of
CO, fertilization and associated nutrient demand. Higher levels of global warming, such as
the RCP8.5, are projected to have strong negative effects on agricultural yields at low
latitudes". In this case land-use and carbon stock dynamics could reverse: lower agricultural
yields might increase cropland requirements, causing more deforestation or hampering
ecological succession. On the other hand, many regions at low latitudes are currently far
away from closing the “yield gap””’”®. The potential for yield increases in Africa, Asia, and
Latin America, e.g. through better crop and soil management, irrigation or access to fertilizer,
is considerable. Thus, improved agricultural productivity can potentially alleviate negative
effects of climate change at low latitudes.

Why RCP2.6 climate impacts hardly affect a land-based climate policy

In this study, we project a) that the global mitigation potential of a land-based climate policy
is 191 GtC in 2100, and b) that carbon stock gains due to RCP2.6 climate impacts cumulate
to 78 GtC until 2100. The sum of these isolated effects (269 GtC) is just slightly lower than
the actual result for the combined setting in 2100 (275 GtC), which suggests that moderate
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climate change in the 21* century only marginally affects the mitigation potential that can be
attributed to the land-based climate policy.

There are two reasons for this loose link between RCP2.6 climate impacts and a land-based
climate policy. First, the carbon price creates a strong incentive for deforestation avoidance
and afforestation already under static climatic conditions. Hence, beneficial impacts of
climate change on crop yields and carbon storage capacity, as we project in this study for the
RCP2.6, do not substantially increase the mitigation potential attributable to a land-based
climate policy. Second, afforestation projects typically last for 20-60 years™. Over such long
periods, climate change might alter the carbon sequestration in forests'. Thus, owing to its
long-term character, the mitigation potential of afforestation projects could increase or
decrease due to climate change. In particular, negative impacts on the outcome of
afforestation projects are critical. If negative climate impacts would offset re-growth of
carbon stocks in future time steps, stopping an afforestation project and using the land for
other purposes is only a limited option since a clear-cutting of the already existing forest
comes with costs for the associated CO, emissions. Therefore, afforestation projects
introduce a path dependency for land-use, which prevents abrupt changes in land-use due to
climate change.

Implications for future modelling

In general, our results stress that land-use responses to climate change should be considered
in simulations of carbon cycle feedbacks to climate change. This could be of particular
importance for IAMs, which are typically used for estimating mitigation efforts and costs
across economic sectors for a specific climate target''. Currently, several IAMs use the
Model for the Assessment of Greenhouse-gas Induced Climate Change (MAGICC) to
account for the feedbacks between the carbon cycle and the climate system'. MAGICC
simulates simplified CO, fertilization and temperature feedbacks on the terrestrial biosphere
without consideration of land-use dynamics''*’. Accordingly, carbon stock changes that result
from land-use responses to climate change are disregarded. For instance, our results suggest
global carbon stocks gains of 16 GtC until 2100 due to land-saving effects under RCP2.6.
Depending on potential carbon prices of several hundred dollars by 2100, as projected by
several IAMs”'""", the net present value of these 16 GtC could be huge. A more sophisticated
representation of the interactions between climate, terrestrial biosphere and anthropogenic
land-use dynamics with respect to carbon stocks could therefore play a vital role for
improving estimates of mitigation efforts and costs in IAMs.
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