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Abstract 25 

Deforestation has contributed significantly to net greenhouse gas emissions, but slowing 26 

deforestation, regrowing forests and other ecosystem processes have made forests a net sink. 27 

Deforestation will still influence future carbon fluxes, but the role of forest growth through aging, 28 

management, and other silvicultural inputs on future carbon fluxes are critically important but not 29 

recognized by bookkeeping and integrated assessment models. When projecting the future, it is 30 

vital to capture how management processes affect carbon storage in ecosystems and wood 31 

products. This study assesses future forest carbon calculated by global forestry models that 32 

manage forests to provide wood products and carbon. The results indicate forests will remain a 33 

carbon sink in the future, sequestering 1.2-5.8 GtCO2e/yr under a wide range of drivers and 34 

conditions, including increased demand for wood products, agricultural land, and carbon. 35 

Improved forest management can jointly increase carbon stocks and harvests without expanding 36 

forest area. 37 

Keywords 38 

Model intercomparison; land use; carbon; bioenergy; climate change mitigation; Shared 39 

socioeconomic pathways; shared policy analysis 40 
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1. Introduction 41 

The global forest sector is widely recognized in the scientific and policy communities for its 42 

contribution to the global carbon cycle and climate change mitigation 1–7. Natural climate 43 

solutions such as avoided deforestation 8, afforestation 9,10, forest restoration 11, and improved 44 

forest management 12,13 are important components of climate change mitigation goals. Despite 45 

this noted importance, knowledge gaps regarding the combined impact of future socioeconomic, 46 

management, and policy change on forest carbon stocks and greenhouse gas (GHG) emissions 47 

remain 14,15.  48 

Global-scale terrestrial carbon storage analyses often use bookkeeping methods that assign 49 

carbon density parameters to land cover types and track land use over time 16 or project impacts 50 

from discrete land use change (LUC) decisions via integrated assessment models (IAM)4,15. Using 51 

LUC as the primary driver of forest dynamics ignores a critical component of the terrestrial 52 

carbon cycle – carbon storage in existing forests – which is affected by harvesting, management 53 

interventions, and natural disturbance 17. Further, management of existing forests and investment 54 

in new forestland is driven by socioeconomic change, market dynamics, and interactions between 55 

pulpwood, sawtimber, and bioenergy demand systems not fully represented by IAMs and ignored 56 

entirely in bookkeeping and dynamic global vegetation models. In addition, while historical 57 

assessments of forest area and carbon flux are useful for identifying where impacts occur, they 58 

often fail to recognize the socioeconomic drivers behind these impacts18. Market and management 59 

dynamics are important when modeling land use and carbon, especially for forests. 60 

This paper utilizes a first of its kind forest model inter-comparison project (ForMIP) to 61 

estimate future forest area, carbon, harvests, and market outcomes across harmonized scenarios 62 

using three detailed economic models of the global forest sector – the Global Timber Model 63 

(GTM), Global Biosphere Management Model (GLOBIOM), and Global Forest Products Model 64 

(GFPM). This study contributes to a rich literature of model inter-comparison exercises in the 65 
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climate domain, including the Energy Modeling Forum (EMF) 19,20, the Agricultural Model 66 

Comparison Project (AgMIP) 21,22, and the Land Use Model Inter-comparison Project (LUMIP) 67 

23,24. Our focus on the inter-comparison of forest sector models (FSM) is critical given the sector’s 68 

outsized influence on the global carbon cycle relative to its contribution to the global economy as 69 

well as its recognized importance as a potential source of mitigation8.  In particular, FSMs reflect 70 

heterogeneity in the forest resource base, ecological constraints, management opportunities, 71 

product markets, and land use and management responses to market and environmental change 72 

2,25–37.   73 

We model future socioeconomic and climate policy change across three FSMs and 81 74 

pathways through 2105 using the Shared Socioeconomic Pathways (SSP)38–40, Representative 75 

Concentration Pathways (RCP)15,39, and Shared Policy Assumptions (SPA)41 approach commonly 76 

applied by IAMs. We add to the literature by a) harmonizing SSP-RCP-SPA assumptions in 77 

FSMs 39,40 and b) illustrating how incorporating a more detailed representation of the forest sector 78 

can capture forest ecosystem, market, and carbon dynamics not accounted for in bookkeeping and 79 

integrated assessment models3,15,42.  80 

Results highlight the key role that existing forests play in the future global carbon balance, as 81 

well as how forest management and new tree planting are driven by both socioeconomic 82 

development and climate policy incentives. We demonstrate that economic growth and increased 83 

demand for forest biomass and land does not necessarily lead to forest carbon loss, thus global 84 

harvests and carbon storage can jointly increase with adequate incentives. We suggest that future 85 

IAM exercises should better represent forest product markets and management dynamics, and 86 

that forest climate mitigation policies should be complemented by incentives to enhance demand 87 

for forest products and biomass.  88 

 89 
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2. Materials and Methods 90 

Our analysis presents results from a harmonized scenario analysis across three detailed and 91 

widely published models of the global forest sector (Table 1): the Global Timber Model (GTM): 92 

an intertemporal optimization model of global forest sector 13,56,57; the Global Biosphere 93 

Management Model (GLOBIOM): a partial equilibrium model of the global land use sectors 94 

14,58,59; and the Global Forest Products Model (GFPM): a global forest product markets and timber 95 

supply simulation model 26,60.  96 

The scenario design conforms to SSP components and forest sector pathway narratives 97 

described in 40, offering five alternative baseline scenarios with varying degrees of 98 

macroeconomic and socioeconomic change 38,61. SSP scenarios link with representative 99 

concentration pathways (RCPs) to simulate how forest sector adjustments can help achieve global 100 

climate targets, but not the physical impacts of climate change. Key elements of these pathways 101 

include population and economic growth, demand for wood products and biomass for energy 102 

production, climate mitigation policy (via carbon prices), technological change, land use 103 

regulations, forest management intensity, and competing land rents (Table 2).  All three models 104 

use the same scenario narratives and key SSP-RCP data (e.g., population, GDP, forest bioenergy 105 

demand, and carbon price) as inputs to facilitate a consistent model inter-comparison across 81 106 

scenarios. The following sections provide additional information on our scenario design and the 107 

models used in this assessment.  108 
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Table 1. Key forest sector model elements 109 

Element GTM GFPM GLOBIOM 
Economic 
Regions 

16 180 59 

Resolution regional country 0.5°-2° grid 

Sectors 
Sawtimber, 
pulpwood, bioenergy 

forest product 
industry 

Forest industry, forestry, 
bioenergy, agriculture 

Forest types^ 302 1 6 
Climate effect 
on forests 

no no no 

Forest 
products* 

3 14 35 

Forest products 
trade 

n/a Bilateral trade, 

Bilateral trade, non-linear 
trade costs, trade-inertia 
constraints based on historical 
trade  

Base year 2015 2015 2000 

Calibration 
Model calibrated to 
2015 FAOSTAT and 
FRA  

Model calibrated to 
FAOSTAT and 
FRA data from 
2014- 2016 

Model calibrated to 
FAOSTAT and FRA data 
from 2000-2020 

Temporal scale 10-year 5-year 10-year 
Dynamics Intertemporal Recursive dynamic Recursive dynamic 

Biomass policy Fixed demand Fixed demand 
Constant elasticity demand 
functions, which are shifted 
over time  

Carbon policy 

Carbon tax/subsidy 
based on carbon price 
applied to all pools, 
including HWP 

Carbon tax/subsidy 
based on carbon 
price applied to 
forest biomass, not 
for HWP 

Carbon tax/subsidy based on 
carbon price for 
deforestation/afforestation/ 
management, not for HWP 

Endogenous 
response 

Product price, forest 
area, management 
intensity 

Product price, 
Timber harvest, 
Import, and export 

Prices, quantities, land-use 
and management endogenous, 
supply side solved spatially-
explicit, demand side and 
trade solved in regional level 

Land use 
transition 
function  

Agricultural land 
rents 

Environmental 
Kuznets Curve 

Land-use changes 
endogenous based on 
economic surplus 
maximization, non-linear 
land-use change costs, 
feasible areas and mapping of 
allowed land-use changes  

^ Forest types (e.g,. PNW Douglas fir, coniferous, deciduous, etc/)  110 
* Products (e.g., sawlogs, pulp, etc.) 111 
 112 
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2.1 Shared socioeconomic and relative concentration pathways 113 

Global level shared socioeconomic pathways (SSPs) have been developed to specify five distinct 114 

pathways for the development of socioeconomic futures as they might unfold in absence of any 115 

explicit measures or policies to limit climate change or enhance adaptive capacity 41,43. The SSPs 116 

are primarily intended to enable climate change-focused research and policy analysis, but the 117 

broad perspective and set of indicators mean that they can also be used for non-climate related 118 

scenarios such as economic and/or sustainable development 41. Furthermore, the SSPs can be 119 

combined with Relative Concentration Pathways (RCPs) to simulate actions required to meet 120 

specific global GHG emissions trajectories. 121 

Narratives for the current set of SSPs describe various combinations of high or low 122 

challenges to adaptation and mitigation (Table 2). The pathways range from a ‘sustainable’ world 123 

that is highly adaptive and faces relatively low socio-economic challenges (SSP1) to one that is 124 

fragmented with relatively weak global institutions and faces high population growth (SSP3). 125 

SSP4 assumes that there will be increasing inequality in global development, while SSP5 features 126 

rapid development that is driven by fossil fuels and technological change. A fifth narrative 127 

(SSP2) describes moderate challenges of both adaptation and mitigation with the intent to 128 

describe a future pathway where development trends are not extreme in any dimension and hence 129 

follow a middle-of-the road pathway relative to the other SSPs. SSP2 is often referred to as the 130 

‘business as usual’ pathway because many indicators closely follow historical trends. 131 

This paper builds off of specific aspects of the five global SSP narratives published in the 132 

literature, by expanding on how the global forest sector could be affected by each pathway. The 133 

elements that are important to the sector include economic and population growth, international 134 

trade, technological change, wood product demand, land use regulations, and climate policy and 135 

are assumed to vary across each SSP-RCP combination. 136 
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Table 2. Key elements for global forest sector shared socioeconomic pathways (SSPs) 137 

Element 
SSP1  

(Sustainability) 

SSP2 
(Middle of 
the Road) 

SSP3 
(Regional 
Rivalry) 

SSP4 
(Inequality) 

SSP5 
(Fossil-fueled 
Development) 

Economic 
growth 

High Medium Low 
HIC: High 
LIC: Low 

High 

Population 
Growth 

Low Medium High 
HIC: Low 
LIC: High 

Low 

Market 
connectivity 

Global 
Regional to 
Global 

Local to 
Regional 

HIC: Global 
LIC: 
Regional 

Global 

Technological 
change 

High Medium Low 
HIC: High 
LIC: 
Medium 

High 

Land use 
regulation 

Very high Medium Low 
HIC: High 
LIC: Med-
low 

Medium 

Forest 
management 
intensity 

Medium-high Medium Low 
HIC: High 
LIC: Low 

High 

Forest product 
demand 

Medium-high Medium Low 
HIC: High 
LIC: Low 

Very high 

Woody-
biomass 
demand 

High Low High 

HIC: Med-
low 
LIC: Med-
high 

Low 

HIC: High-income countries; LIC: Low-income countries 138 

 139 

2.2 Harmonized Input Data  140 

Most of the harmonized model input data was based on the IIASA SSP database 43. Core SSP 141 

inputs included global GDP and population growth, while harmonized RCP-SSP data included 142 

carbon prices and wood-based bioenergy demand (Table S1). Carbon prices and total bioenergy 143 

demand for each SSP-RCP combination were based on the MESSAGE-GLOBIOM estimates in 144 

the SSP database (Figure S1). The amount of woody biomass that contributed to the total 145 

bioenergy demand was based on 52, using constant conversion factors of 7.2 GJ/m3 wood (Figure 146 

S2). The models were calibrated to 2015 global forest area based on 62. Other inputs such as 147 
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biomass, timber, and carbon yields were specific to each model. All models have endogenous 148 

prices and can account for land use change.  149 

2.3 Forest Sector Models 150 

2.3.1 Global Timber Model (GTM)   151 

GTM is an economic model of forests that maximizes the net present value of consumers’ and 152 

producers’ surplus in the forestry sector. The model has been used to assess global and regional 153 

forest impacts associated with timber markets 56, forest conservation 57, deforestation 8, climate 154 

policy 13, land use change 46, bioenergy 31, and climate change impacts 55. GTM’s objective 155 

function maximizes the net present value of total surplus, by optimizing the age of harvesting 156 

timber and the intensity of regenerating and managing forests. GTM relies on forward-looking 157 

behavior and solves all decadal time periods at the same time over a 200-year horizon. The model 158 

accounts for nearly 300 forest types in 16 regions across the globe. Forest resources are 159 

differentiated by ecological productivity and by management and cost characteristics. The model 160 

accounts for the varying impacts of the SSPs through the adjustment of population and GDP 161 

growth, land rental rates, management costs, technological change, and consumer preferences 162 

(Table S2).  Carbon accounting in this version of GTM tracks stocks of aboveground biomass, 163 

harvested wood products, and harvest residuals. 164 

2.3.2 Global Forest Products Model (GFPM)  165 

GFPM is a recursive dynamic FSM that tracks 14 commodity groupings across 180 individual 166 

countries. The model been the main tool in recent global forest-sector outlook studies published 167 

by the US Forest Service and FAOSTAT 63,64, and has been used to assess impacts of harvested 168 

wood products accounting 26, carbon markets 65,65, international trade policy 66,67, and land use 169 

development 27. The GFPM simulates the evolution of the global forest sector by calculating 170 

successive yearly market equilibriums by maximizing a quasi-welfare function, as given by the 171 

sum of consumer and producer surpluses net of transaction costs. The model computes market 172 
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equilibrium for each periodic timestep from 2015 to 2105, subject to a number of economic and 173 

biophysical constraints, including a market-clearing condition which states that the sum of 174 

imports, production, and manufactured supply of a given product in a given country must equal 175 

the sum of end-product consumption, exports, and demand for inputs in downstream 176 

manufacturing. GFPM equilibria were estimated based on country specific demographic and 177 

economic growth, as well as other pathway specifics for each SSP. Regional land-use change 178 

drivers were represented through an environmental-Kuznets-curve relationship with forest area. 179 

Other SSP parameters were captured within GDP and population projections and operationalized 180 

within the GFPM modeling framework through shifts in demand, supply, technological change, 181 

transportation and shipping costs. Carbon accounting in this version of the model includes 182 

aboveground biomass stocks.  183 

2.3.3 Global Biosphere Management Model (GLOBIOM).  184 

GLOBIOM is a partial equilibrium model representing land- use based activities: agriculture, 185 

forestry and bioenergy sectors 58,68. The model is part of the IIASA-IAM framework and has been 186 

used since the late 2000s for various land-use and climate change mitigation scenario 187 

assessments. The model is built following a bottom-up setting based on detailed grid cell 188 

information, providing the biophysical and technical cost information. Production adjusts to meet 189 

the demand at the level of 30 economic regions. International trade representation is based on the 190 

spatial equilibrium modelling approach, where individual regions trade with each other based 191 

purely on cost competitiveness because goods are assumed to be homogenous. Market 192 

equilibrium is determined through mathematical optimization which allocates land and other 193 

resources to maximize the sum of consumer and producer surplus. The model is run recursively 194 

dynamic with a 10-year time step from 2010 to 2100. The forestry sector is represented in 195 

GLOBIOM with categories of primary products which are consumed by industrial energy, 196 

cooking fuel demand, or processed and sold on the market as final products. These products are 197 
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supplied from managed forests and short rotation plantations. Harvesting cost and mean annual 198 

increments are informed by the G4M global forestry model 69,70 which in turn calculates them 199 

based on thinning strategies and length of the rotation period. The model optimizes over six land 200 

cover types: cropland, grassland, short rotation plantations, managed forests, unmanaged forests 201 

and other natural land. Economic activities are associated with the first four land cover types. 202 

Carbon accounting in this version of the model includes aboveground biomass stocks. 203 

2.4 Scenario Analysis.  204 

All models (n=3) were run for each feasible RCP (n=6) and SSP (n=5) combination for a total of 205 

81 scenarios (SSP3-RCP1.9, SSP3-RCP2.6, and SSP1-RCP8.5 were deemed infeasible). 206 

Estimates of forest carbon, forest area, timber harvest, and timber price were reported at the 207 

global and six region level (North America, Latin America, Europe, Former Soviet Union, Africa, 208 

Asia + Oceania). Results are largely reported as changes from 2015.  209 

3. Results 210 

In 2015, 4.0 billion ha of global forests stored 277 GtC of aboveground carbon stock and 211 

produced 2.3 billion m3 of industrial roundwood with an average output price of $80/m3 (FAO, 212 

2015, Table 3). Our results focus on global and regional changes between 2015 and 2105 under 213 

different socioeconomic (SSP 1-5) and climate policy (RCP 1.9-8.5) scenario combinations. The 214 

‘baseline’ scenarios for each SSP represent the case where no climate policy is necessary to 215 

achieve a given RCP target. Most of the 81 SSP-RCP-Model combinations estimate increases in 216 

forest area (85%), carbon storage (95%), wood harvests (100%), and timber prices (100%) from 217 

2015-2105.  Figure 1 shows the range in projected model outcomes, with lines representing 218 

average results across models for each SSP-RCP combination, and shaded areas representing low 219 

and high reported values across the individual models.  220 
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Table 3. Key forest sector model outputs for 2015 baseline calibration 221 

Metric GTM GFPM GLOBIOM 

Total Harvest (Mm3/yr) 1,603 2,013 1,596 

Roundwood Harvest (Mm3/yr) 1,544 1,954 1,537 

Biomass Harvest (Mm3/yr) 59 59 59 

Forest Area (Mha) 3,960 3,997 4,033 

Total Forest Non-soil C Stock (GtC) 253 287 281 

Mean Roundwood Price ($/m3) $79 $102 $55 
 222 

3.1 Forest Area  223 

Mean global forest area across all scenarios is projected to increase by 495 Mha from 2015 to 2105, 224 

with a range of -605 to +1435 Mha (Figure 1b). The SSP1 and SSP5 pathways see higher levels of 225 

forest area due to relative income and productivity growth that drives resource investments and 226 

raises the opportunity costs of forest conversion. Scenarios with lower income growth and reduced 227 

trade flows (i.e., SSP3 and SSP4) combined with low or zero value for forest-based mitigation 228 

options would lead to a reduction in global forest area.  229 

The different climate mitigation policies for the six RCPs introduce the largest variation in 230 

area. The baseline pathways result in limited expansion or loss in forest area. Our SPA climate 231 

mitigation strategies that promote biomass for energy, subsidize forest carbon sequestration and 232 

tax deforestation start with RCP 6.0 for all but the SSP1 case, and increase in stringency to RCP 233 

1.9. The RCP 1.9-SSP5 scenario produces the largest net increase in global forest area over the 234 

next century, up nearly 1,500 Mha. For context, this 37% increase on 2015 forest area is roughly 235 

equivalent to the current forest area in the Americas. Under this scenario, carbon prices are expected 236 

to reach $1,500/tCO2 by 2080 and forest-based bioenergy demand more than 4.6 billion m3 (about 237 

30% of total projected energy supply) while global GDP increases from $10,000/capita in 2015 to 238 

about $140,000/capita in 2105.   239 
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 240 
Figure 1. Global change in a) carbon stock (GtC), b) forest area (Mha), c) timber harvest (Mm3), 241 
and d) timber price ($/m3) from 2015 for all model SSP-RCP combinations.  Lines indicate 242 
means, and shading shows upper and lower bound of individual model estimates. 243 

 244 

Less stringent climate policy assumptions (i.e., higher RCP scenarios) in combination with 245 

lower income growth SSPs result in less afforestation overall. Out of the 81 runs, 12 (15%) show 246 

a possible decline in forest area. All these reductions occur under the baseline and/or the RCP 6.0 247 

pathways, hence a combination of no to low climate policy initiatives and slower economic growth 248 

that fails to stimulate timber demand. Under the baseline-SSP3 scenario – which has the greatest 249 

forest loss – global forestland declines by an average of 144 Mha by 2105, or 3.6% below current 250 

forest area. Total forest area change by region is reported in Figure 2.  251 
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 252 
Figure 2. Regional change in aboveground carbon stock (GtC), forest area (Mha), and annual 253 
timber harvest (Mm3) from 2015 for all model SSP-RCP combinations. (scales vary per region) 254 
 255 

3.2 Forest Carbon Stocks  256 

The models project an increase in global forest carbon stocks in the future under 95% of the 257 

modeled scenarios, with an average gain of 87 GtC of forest carbon (30%) between 2015 and 2105, 258 
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equivalent to 1.0 Gt/yr. Even most of the scenarios that show projected forest area loss project 259 

increased carbon stocks by 2100. The increased carbon storage is a function of afforestation, 260 

shifting harvest patterns, and management intensification. SSP4-RCP1.9 results in the largest 261 

increase in forest carbon, up 143 GtC from 2015 to 2105 (93%), or 1.6 GtC/yr. Only four model-262 

scenario combinations result in losses of carbon stock over time: GTM’s baseline-SSP3 and 263 

GFPM’s SSP5-RCP 1.9, 2.6, and 3.4 scenarios. When averaging estimates across the three models, 264 

we find that the least optimistic scenario (Baseline-SSP3) still yields an additional 28.7 GtC (0.32 265 

GtC/yr) by the end of the century, a 20% increase over current stocks.  266 

Considering all model, RCP, and SSP combinations (n = 81), projected global forest carbon 267 

stocks increase by an average of 26.9 and 86.7 GtC (0.67 and 0.96 GtC/yr), respectively, by 2055 268 

and 2105 relative to the 2015 base period (Figure 1b), an increase of 10% by 2055 and 30% by 269 

2105.  The rate of increase in carbon sequestration increases in the second half of the century from 270 

0.7 Gt CO2 yr-1 to 1.2 Gt CO2 yr-1. Regional forest C changes are relatively consistent with forest 271 

area change (Figure 2). The greatest variability in long-term carbon stock changes are in Latin 272 

America (-25 to 45 GtCO2e by 2105) and Asia (-5 to 105 GtCO2e) by 2105. We also project 273 

increased carbon accumulation in the temperate and boreal regions for most scenarios. Carbon 274 

accumulation in the temperate and boreal regions results from intensified management, planting 275 

more productive timber species, and improved silviculture on existing stands.  276 

3.3 Timber Harvests and Prices.   277 

Global timber harvests increase by 0.5 to 8.1 billion m3/yr between 2015 and 2105 (Figure 1c). SSP 278 

population and income growth trajectories shift the demand for pulpwood and sawtimber while 279 

forest bioenergy demand increases with the level of climate policy ambition. Total demand growth 280 

between 2015 and 2105 is highest under SSP5 regardless of the RCP, ranging on average from a 281 

2.1 billion m3/yr increase under the baseline to a 5.1 billion m3/yr increase for RCP 2.6 (Figure 3). 282 

Harvests consistently increase at lower rates for SSP4, with SSP3 following a similar trend for the 283 
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base, RCP 6.0 and RCP 4.5 climate targets (1.0 – 1.6 billion m3/yr increase by 2105). SSP1 sees 284 

harvests increase more in RCPs 1.9 – 3.4, up by 2.3 – 2.7 billion m3/yr compared to 2015.  285 

Total harvests are largest for RCPs with higher carbon prices and bioenergy requirements 286 

(RCPs 1.9-3.4), with industrial roundwood harvest levels being more consistent across RCPs, but 287 

not SSPs. This variability across SSPs highlights that socioeconomic conditions greatly affect 288 

industrial roundwood harvests, with biomass removals more heavily influenced by climate policy 289 

incentives and new market demand for wood-based bioenergy. Regionally, projected (median) 290 

harvests increase the most by 2105 in Latin America (440 Mm3/yr), Europe (466 Mm3/yr), and Asia 291 

(615 Mm3/yr) (Figure 2). The increase in harvests are generally correlated with regional forest area 292 

expansion, particularly in the tropical regions of the globe.  293 

Projected global timber prices, which are endogenous outcomes in each model, increase across 294 

all scenarios. Price changes are a byproduct of demand pressures, competition between timber 295 

production and preservation of existing natural forests for carbon sequestration, and long-term 296 

resource scarcity. Global timber prices are projected to increase between $17/m3 and $198/m3 over 297 

the next century (Figure 1d). Timber prices are highly correlated with harvest volume, particularly 298 

with the more stringent climate mitigation pathways that have large increases in wood biomass 299 

demand. Projected prices increase the most under SSP5, which includes high income growth which 300 

drives demand for forest products, ranging from a $63/m3 real increase over the next century for 301 

the baseline to a $198/m3 real increase for RCP 1.9. Prices increase the least for SSPs 1 and 4, 302 

increasing from $21 to $120/m3 real increase by 2105, with the highest increases associated with 303 

the high biomass demand under the more stringent RCPs (2.6 and 1.9). The lower increases in 304 

timber prices for these scenarios are attributed to a combination of relatively low demand growth 305 

for both industrial roundwood and biomass. 306 

 307 

 308 
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 309 
Figure 3. Mean change in a) global aboveground carbon stock (MtC), b) annual total wood harvest 310 
(Mm3), and c) annual industrial roundwood harvests (Mm3) from 2015 by RCP and SSP.  311 
 312 
4. Discussion  313 

Our multi-FSM assessment demonstrates how widely used socioeconomic and climate policy 314 

narratives and drivers can inform global forest sector projections of industrial wood harvests, 315 

timber prices, and forest carbon stocks. The models build upon decades of analysis in the forest 316 

sector that accounts for important economic and ecological features of this sector, including 317 

ecosystem function, dynamics, trade theory, forest management, and product heterogeneity and 318 

differentiation to name a few.  With exception of a few cases, these features are not included in 319 

integrated assessment and bookkeeping models which could bias those estimates42. 320 

Overall, 95% of the scenarios indicate that forest C stocks will increase over the next 80 321 

years. The finding that forest stocks will increase in the next century is robust across several 322 

conditions and drivers, including variation in model framework, economic growth, roundwood 323 

and biomass demand, and climate and land use policy (Figure 4).  Changes in forest C stocks are 324 

positively correlated with changes in forest area and timber price, but less so with total wood and 325 
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industrial roundwood harvests.  Trends in harvesting patterns, and their effects on C stocks, show 326 

substantial variation across the model frameworks. For instance, higher total harvests result in 327 

lower carbon benefits for GFPM and the opposite for GTM.  The difference is largely due to how 328 

these models incorporate forest management and account for future expectations.  The analysis 329 

establishes the important role that harvesting and forest management play on the evolution of 330 

future forest stocks, which suggests that IAM analyses that do not account for these factors will 331 

incorrectly project future forest carbon flows.332 

 333 

Figure 4. Change in global aboveground carbon stock (MtC) from 2015 relative to change in global 334 
forest area (Mha), annual wood harvest (Mm3) annual industrial roundwood harvests (Mm3) by 335 
RCP and SSP. 336 

 337 

Our analysis builds on recent IAM assessments across SSPs and/or RCPs (e.g., 14, 39, 40) by 338 

explicitly representing forest management and harvest patterns on existing forests, timber 339 

markets, and carbon dynamics of forest harvest, growth, and management. Comparing our results 340 

to 15,43, we find similar variation across SSPs and the baseline, with expected loss in forest area 341 

under the lowest growth scenarios (e.g., SSP3). However, the FSMs show more forest expansion 342 
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under high growth or sustainability focused SSPs, and greater variability in forest area across 343 

models. This cross-model variation reflects differences in assumptions such as income 344 

elasticities, treatment of time dynamics, market coverage, and other important attributes that 345 

influence intensive and extensive margin responsiveness to policy drivers. We show similar 346 

trajectories for forest area to the IAM assessments across RCPs, confirming the role of forest 347 

planting and avoided deforestation in achieving climate stabilization targets.  The FSMs in this 348 

study place a large portion of newly planted land into managed forest uses, while the IAMs place 349 

nearly all of it into natural forests, where there no planned timber management or harvesting 4.  350 

Our projected carbon stock changes range from 0.8–9.2 GtCO2e/yr across RCPs under SSP2 351 

conditions through 2105 (Figure S4). Reported average emission reductions from land use, land 352 

use change, and forestry between 2010 and 2100 for SSP2 from 15,43 range from 5.1–9.2 353 

GtCO2e/yr. The larger range in FSMs results from their more explicit modeling of forest sector 354 

ecology and management activities, including harvest, growth, regrowth, and management 355 

interventions. Further, FSMs reflect regional heterogeneity in forest types and age class structure, 356 

and changes in these attributes over time, coupled with harvest and regrowth dynamics are 357 

important components of the global forest carbon cycle.  IAMs, as noted above, include nearly all 358 

the world's forests as unmanaged. Extensive and intensive margin interventions in the FSMs 359 

occur in response to both market and policy drivers. Forest investments under scenarios with high 360 

wood and/or carbon prices enhance forest carbon sequestration on existing forests, a result 361 

consistent with other studies 13,45–49. It is critical for IAMs to develop more realistic representation 362 

of timber demand, forest management, and carbon dynamics on existing forestland to ensure that 363 

their modeling of interventions to increase forest carbon stocks are more soundly based on the 364 

biophysical and economic characteristics of the forest sector.  365 

The broad findings of our study are generally aligned with other SSP-focused FSM 366 

assessments. With respect to changes in land area 27,50 estimated similar amounts of increases in 367 
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global planted area as our study. Many FSMs estimated similar rankings of harvest volumes by 368 

SSP to our scenarios29,35,51, including a threefold difference between the various SSPs, which is 369 

within the range of our global analysis29. Our projected increases in price changes for the RCP 370 

1.9-3.4 scenarios – a strong driver of increased forest management and area – are  similar to 371 

studies that also assume a large increase in the demand for bioenergy (33, 45). Similarly, studies 372 

indicate that timber prices could more than triple by the end of the century for SSP5 and increase 373 

slightly for SSP1 but remain relatively constant for the other pathways (37, 44).  374 

Our study results offer important insights concerning climate policy design. Specifically, our 375 

projections can help policymakers prioritize regional forest planting, preservation, and 376 

management programs in climate mitigation strategies. Our use of economic models provides a 377 

more realistic assessment of forest sector mitigation potential that recognizes market opportunity 378 

costs of mitigation investments, which supports tradeoff analysis of different policy designs under 379 

alternative future socioeconomic conditions (see 12 for additional discussion).  380 

We demonstrate key connections between forest product markets and long-term carbon 381 

storage, including the importance of complementary policies that could drive forest resource 382 

investment. Carbon accumulation and in most scenarios forest area are increased by higher timber 383 

prices (Figure 1d) due to timber demand (industrial wood and bioenergy), and carbon policy 384 

incentives. While simulated forest carbon stocks consistently increase over time, so do harvests, 385 

which increase an average of 1.1 bil m3 by 2055 and 2.4 bil m3 by 2105 (Figure 1c). This result 386 

suggests that it is possible to both increase forest harvest levels and forest carbon sequestration, 387 

and thus policies that incentivize forest carbon sequestration and those that stimulate demand for 388 

woody biomass for energy can be complementary 53,54.   389 

5. Conclusion 390 

We model a total of 81 future socioeconomic and climate policy scenarios across three FSMs 391 

to assess future forest climate mitigation investments and policy design. Our results demonstrate 392 
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the importance of including detailed representation of the global forestry and forest market 393 

systems in mitigation analyses such as in integrated assessments of climate stabilization pathways 394 

to more accurately reflect forest market dynamics, forest management contributions to the 395 

terrestrial carbon cycle, and regional heterogeneity in forest types and policy responsiveness. 396 

Overall, we find a consistent positive trend in forest carbon stocks and timber supply through 397 

2100, even in some scenarios with projected forest area loss, thereby highlighting the importance 398 

of carbon dynamics on existing forests and the potential gains that can be captured through forest 399 

management. In response, we suggest that future IAM-based climate policy assessments should 400 

better represent forest product markets and management dynamics, and that forest climate 401 

mitigation policies should be complemented by incentives to enhance demand for forest products 402 

and biomass. 403 

There are several limitations of this analysis that will be addressed in subsequent research 404 

efforts. First, we do not directly address forest productivity changes under radiative forcing 405 

scenarios (e.g., 44, 46). Second, more coordinated analysis with the IAM community is needed to 406 

directly compare the forest-specific outcomes of mitigation policies and to offer explicit 407 

recommendations on how assessments of climate stabilization and deep decarbonization can 408 

better reflect the critical role of forests, including forest management in existing systems. Third, 409 

we do not explicitly account for the recent trends in wildfire and pest outbreaks, which could 410 

diminish forest health and carbon stocks. Finally, there are several national- and subnational-scale 411 

modeling tools with spatially detailed representations of forestry systems that we do not represent 412 

in this assessment. Subsequent analyses will focus on regional comparison efforts and improving 413 

methods for downscaling global narratives and forest sector projections to local scales.  414 
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Supplementary Material for:  578 

 579 
How the future of the global forest sink depends on timber demand, forest 580 
management, and carbon policies 581 
 582 
1. Forest sector shared socioeconomic pathways 583 

 584 
Global level SSPs specify five distinct pathways for the development of 585 

socioeconomic futures as they might unfold in absence of any explicit measures or 586 
policies to limit climate change or enhance adaptive capacity (Riahi et al., 2017; O’Neill 587 
et al., 2017). While the specific pathways are relatively new, the concept of developing a 588 
set of alternative futures has informed global environmental assessments for decades (see 589 
Meadows et al., 1972, Gallopin et al., 1997; Nakicenovich et al., 2000). Furthermore, 590 
although the SSPs are primarily intended to enable climate change-focused research and 591 
policy analysis, the broad perspective and set of indicators mean that they can also be 592 
used for non-climate related scenarios such as economic and/or sustainable development 593 
(O’Neill et al 2014).  594 

The pathways range from a ‘sustainable’ world that is highly adaptive and faces 595 
relatively low socio-economic challenges (SSP1) to one that is fragmented with relatively 596 
weak global institutions and faces high population growth (SSP3). SSP4 assumes that 597 
there will be increasing inequality in global development, while SSP5 features rapid 598 
development that is driven by fossil fuels and technological change. A fifth narrative 599 
(SSP2) describes moderate challenges of both adaptation and mitigation with the intent to 600 
describe a future pathway where development trends are not extreme in any dimension 601 
and hence follow a middle-of-the road pathway relative to the other SSPs and it is often 602 
referred to as the ‘business as usual’ pathway because many indicators closely follow 603 
historical trends. 604 

This paper builds off of specific aspects of the five global SSP narratives 605 
published in the literature (e.g., O’Neill et al 2014, Ebi et al 2014, O’Neill et al 2017), by 606 
expanding on how the global forest sector could be affected by each pathway (Daigneault 607 
et al., 2019). The elements that are important to the sector include economic and 608 
population growth, international trade, technological change, product demand, land use 609 
regulations, and forest management intensity and are assumed to vary across each SSP 610 
(Table S1). To isolate the socio-economic impacts from climate policy, this study uses 611 
only the baseline cases for all the SSPs; that is, SSPs scenarios without a climate 612 
mitigation policy implemented. 613 

Several components of the SSP-RCP scenarios are implemented in each forest 614 
sector model as exogenous parameters (Table S2).  Most of the SSP-RCP scenario 615 
parameters are taken from SSP-database, which is publicly available through IIASA 616 
(Riahi et al., 2017).  The core SSP scenario parameters included in each model are global 617 
population and GDP (Figure S1). The core RCP parameters include total bioenergy 618 
demand and carbon prices (Figure S2).  619 

Total bioenergy is derived from a mix of woody biomass, other biomass and 620 
energy crops. Other biomass consists of agricultural residues and waste. affects forest 621 
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sector by increasing woody biomass use for energy. As such, global woody biomass 622 
demand was derived from total bioenergy demand following methods in Lauri et al. 623 
(2019), using the MESSAGE-GLOBIOM model. Energy crops are woody or non-woody 624 
biomass that is grown in dedicated energy crops plantations. 1 Total bioenergy demand is 625 
measured in terms of primary energy. Volumes of biomass are converted to energy units 626 
using factor 1 GJ=7.2 m3 based on average density of 0.45 m3/t and heating value 16 GJ/t 627 
(Lauri et al. 2014). Modern bioenergy consists of forest industry by-products (bark, 628 
sawdust, woodchips, black liquor, recycled wood) 2, logging residues and roundwood. All 629 
models in this analysis were calibrated to follow the respective woody biomass demand 630 
schedules for each SSP-RCP combination.  631 
 632 
2. ForMIP Model Descriptions 633 
 634 
2.1 Global Timber Model 635 

This analysis uses a variant of the Global Timber Model (GTM), a dynamic 636 
optimization forest management model originally developed by Sedjo and Lyon (1990) 637 
and subsequently was updated by Sohngen et al., (1999), Daigneault et al (2012), Favero 638 
et al., (2017), and Tian et al (2018).  The model relies on forward-looking behavior and 639 
solves all time periods at the same time. This “dynamic optimization” approach means 640 
that when landowners make decisions today about forest management, they do so by 641 
considering the implications of their actions today on forests in the future. For example, 642 
when forests are regenerated, the amount of money spent regenerating forests is 643 
determined consistent with future expectations about timber prices. In addition, when 644 
forests are harvested, forestland owners consider the marginal benefits and costs of 645 
waiting additional periods to harvest their trees.  646 

 In this model, sawtimber and pulpwood are drawn from the same forest resource 647 
base, which is allocated to either product after harvest. Forest resources are differentiated 648 
in several different ways, either by ecological productivity or by management and cost 649 
characteristics. To account for differences in ecological productivity, different land 650 
classes in different regions of the world will have different yield functions for timber. 651 
Data inputs used to differentiate forests by productivity are discussed below. 652 

Furthermore, forests are broken into different types of management classes. One 653 
type is moderately valued forests (denoted by the subscript “i” below). These forests are 654 
managed in rotations and located primarily in temperate regions. A second type of 655 
management is inaccessible forest, located in regions that are costly to access. These 656 
types are denoted by the subscript “j” below. A third type is low-value forests that are 657 
lightly managed, if they are managed at all. These types are denoted by the subscript “k” 658 
in the temperate and boreal zones. These low-value lands in temperate and boreal zones 659 
are linked to inaccessible types directly, such that when inaccessible forests are harvested 660 
in boreal and temperate zones they are converted to semi-accessible forests, that is, when 661 

                                                           
1 First generation biofuels (food crops) are considered as agricultural residues and included in other 
biomass instead of energy crops.   
2 Recycled wood is not forest industry by-product. It is included to by-products for simplicity. 
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harvested, types in “j” convert to “k.” Inaccessible forests are harvested only when the 662 
value of accessing the land exceeds the marginal access costs. 663 

A fourth type of forests includes low-value timberland in inaccessible (“l”) and 664 
semi-accessible (“m”) regions of the tropical zones. Inaccessible forests in this class are 665 
harvested only when the value of accessing the land exceeds the marginal access costs. 666 
They may be converted to agriculture or returned to forestry after harvesting, depending 667 
on the opportunity costs of land and the value of future timber harvests. If the lands 668 
return to forestry, they do so in a type in m that corresponds to a similar ecological 669 
productivity level in l. The key difference between the conversions of land from 670 
inaccessible to accessible but low-value land in the temperate/boreal zones and the 671 
tropics is that lands in the temperate/boreal regions are assumed to have no opportunity 672 
costs so they remain in forestry. In contrast, opportunity costs may be greater than 0 in 673 
the tropics and inaccessible or low-value accessible lands may convert to agriculture now 674 
or in the future. 675 

A final type is the high-valued timber plantation (“n”) type that is managed 676 
intensively. These high-value forest types can be located anywhere in the world, but at 677 
present they are principally found in subtropical regions of the United States (e.g., 678 
loblolly pine plantations), South America, southern Africa, the Iberian Peninsula, 679 
Indonesia, and Oceania including Australia and New Zealand. There are numerous types 680 
of fast-growing plantations globally with various rotation ages. Southern pines in the 681 
United States have rotation ages of approximately 30 years, while pines in other parts of 682 
the world (South America, Central America, Australia, South Africa) have rotation ages 683 
of 20 years. Eucalypts have rotation ages of around 10 years. Douglas fir has a longer 684 
rotation age, of 40 years, and teak plantations have rotations of 50 or so years. The new 685 
dedicated bioenergy plantation types in the United States are placed in this category 686 
because they are assumed to be managed similarly in 10-year rotation ages. 687 

The model maximizes total welfare in timber markets over time across 688 
approximately 350 world timber supply regions by managing forest stand ages, 689 
compositions, management intensity, and acreage given production and land rental costs 690 
over 200 years. The supply side of the model consists of forestland with various 691 
biological yield rates that can be modified by changes in investment and management 692 
levels as well as land use changes. Superimposed on this system is a demand side that 693 
anticipates changes in demand levels for industrial sawtimber, pulpwood, and biomass 694 
though time, primarily through exogenous changes in population, per capita income, 695 
consumer preferences for wood products, and technology. The timber supply model 696 
involves the incorporation of a forward-looking forest management projections approach 697 
that is used increasingly in forestry (e.g., Sohngen et al., 1999; Adams et al., 1996). The 698 
model uses a discrete time, nonlinear, optimization approach to maximize the net present 699 
value of net surplus in timber markets. 700 

The model’s optimization problem is formally written as:  701 
 702 

𝒎𝒂𝒙 ∑ 𝝆𝒕
∫ 𝑫 𝑸𝒕,𝑺𝑺𝑷

𝒊𝒏𝒅 , 𝒁𝒕,𝑺𝑺𝑷 + 𝑫 𝑸𝒕,𝑺𝑺𝑷
𝒘𝒃𝒊𝒐 − 𝑪𝑯,𝑺𝑺𝑷

𝒊 𝑸𝒕,𝑺𝑺𝑷
𝒕𝒐𝒕 𝒅𝑸𝒕,𝑺𝑺𝑷

𝒕𝒐𝒕𝑸𝒕,𝑺𝑺𝑷
𝒕𝒐𝒕

𝟎
−

∑ 𝑪𝑮,𝑺𝑺𝑷
𝒊 𝒎𝒕

𝒊 , 𝑮𝒕
𝒊 − ∑ 𝑪𝑵,𝑺𝑺𝑷

𝒊 𝒎𝒕,𝑺𝑺𝑷
𝒊 , 𝑵𝒕

𝒊
𝒊𝒊 − ∑ 𝑹𝒕,𝑺𝑺𝑷

𝒊 ∑ 𝑿𝒂,𝒕
𝒊,𝒋,𝒌

𝒂𝒊

                      𝟎 (S1) 703 

𝑸𝒕,𝑺𝑺𝑷
𝒕𝒐𝒕 = 𝑸𝒕,𝑺𝑺𝑷

𝒊𝒏𝒅 + 𝑸𝒕,𝑺𝑺𝑷
𝒘𝒃𝒊𝒐                                                                          (S2) 704 
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𝑸𝒕,𝑺𝑺𝑷
𝒊𝒏𝒅 = 𝝅𝑺𝑺𝑷

𝒑𝒖𝒍𝒑
𝑸𝒕,𝑺𝑺𝑷

𝒊𝒏𝒅 + 𝝅𝑺𝑺𝑷
𝒔𝒂𝒘𝑸𝒕,𝑺𝑺𝑷                                                                                          

𝒊𝒏𝒅 (S3) 705 
𝑸𝒕,𝑺𝑺𝑷

𝒘𝒃𝒊𝒐 = 𝝅𝑺𝑺𝑷
𝒘𝒃𝒊𝒐𝑸𝒕,𝑺𝑺𝑷                                                                                                           

𝒃𝒊𝒐 (S4) 706 
 707 
where 𝜌  is a discount factor, 𝐷 𝑄 , , 𝑍 ,  is a global demand function for industrial 708 
wood products given the quantity of wood 𝑄 ,  and average global consumption per 709 
capita 𝑍 ,  for each SSP, 𝑄 ,  is the woody biomass demand for bioenergy 710 
production, 𝐶  is the cost of harvesting and transporting timber to the mill.  711 

Total supply is affected by several management and land costs: where 𝐶  is the 712 
cost of managing Gt hectares of forest type i (e.g., plantation, regenerating, natural), at 713 
varying intensities m, 𝐶  is the cost of new forestland N at time t, and 𝑅 ∑ 𝑋 ,  is the 714 
opportunity cost of land area X in age class a at time t. The objective function in Eq. 1 is 715 
nonlinear, and the model assumes that management intensity is determined at the moment 716 
of planting, and planting costs vary depending upon management intensity. 717 

Timber demand follows the functional form 𝑄 , , = 𝐴 𝑍 , 𝑃 , , 718 
where 𝐴  is a constant, θ is income elasticity, 𝑃 ,  is the timber price, ω is price 719 
elasticity, and wood represents the type of roundwood demanded (sawtimber or 720 
pulpwood). The global demand function is for industrial roundwood, which is itself an 721 
input into products like lumber, paper, plywood, and other manufactured wood products. 722 
Total industrial demand incorporates separate demand functions for sawtimber and 723 
pulpwood. Each log harvested in the model is used proportionally in the supply of wood 724 
to sawtimber or pulpwood markets, though the proportions change endogenously over 725 
time. Demand for woody bioenergy production 𝑄 ,  is estimated by adjusting the total 726 
bioenergy consumption in the IIASA SSP database (Riahi et al., 2017) with the 727 
proportion of global biomass energy produced from wood by following similar 728 
assumptions in Lauri et al., (2017). Moreover, we assume different preferences for 729 
different wood products (𝜋) according to the SSP. For example, the sustainable SSP1 730 
scenario is likely to favor more durable timber products (sawtimber) and more 731 
sustainable bioenergy feedstocks (woody biomass) than the other SSPs. Table 2 describes 732 
the values assumed for each parameter and each SSP in the study. 733 

GTM assumes there is an international market for timber that leads to a global 734 
market clearing price. As the price of wood for bioenergy rises to compete with industrial 735 
timber, both timber and bioenergy are traded internationally (Favero and Massetti 2014). 736 
Competition for supply equilibrates their prices.  737 

The assumptions of each SSP impacts both the demand and supply of forest 738 
products. In particular, input costs and the rates of technological change for forest 739 
management, harvesting, and timber processing change to be in line with the future 740 
socio-economic scenarios. To account for these effects, we vary the model parameters for 741 
management intensity, forest management costs, agricultural land rental functions, and 742 
rates of technological change for harvesting and processing timber products: 743 

 744 
𝑸𝒕,𝑺𝑺𝑷

𝒕𝒐𝒕 = ∑ ∑ 𝑯𝒂,𝒕
𝒊 𝑽𝒂,𝒕

𝒊 𝝋𝒕
𝒊 , 𝒎𝒕𝟎,𝑺𝑺𝑷

𝒊
𝒂𝒊                                                       (S5) 745 
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where the total quantity of wood depends upon the area of each age class a harvested 747 
𝐻 ,  in a given period and the yield function 𝑉 ,  , which is itself a function of ecological 748 
forest productivity 𝜑 and management intensity 𝑚 , . Moreover, the intensity of 749 
management is chosen at the time stands are established (t0) and continues with the stand 750 
throughout its life. The management intensity for each SSP incorporates different 751 
assumptions.  752 
 The cost functions for harvesting and transporting roundwood and forest residues, 753 
𝐶 , , are structured such that marginal costs generally increase with volume supplied to 754 
the mill or plant. Costs of managing forests, 𝐶 , , also follow a similar functional form. 755 
Both of these respective costs are assumed to vary by SSP (𝛾 , , 𝛽 , ) to reflect 756 
differences in technology and efficiency over the different pathways.  757 
 Competition of land for crop and livestock is represented in the model using a 758 
land rental approach (Kim et al., 2018). The rental supply function is restricted to 759 
agricultural land that is naturally suitable for forests. It presumes that crop and pasture 760 
land with the lowest marginal value (or economic rents) and the ability to grow forests 761 
will be converted first and that rental rates increase as more land is converted and thus 762 
becomes scarcer. We adjust the scale of the regional rental supply functions (𝛼 , ) for 763 
each SSP to reflect the relative change in demand for agricultural land under the different 764 
SSPs. For example, SSP1 (sustainability) is assumed to have strict environmental and 765 
land use policies and thus would place a relatively high value on maintaining or even 766 
increasing both managed and naturally regenerating forest area. The same pathway is also 767 
expected to have high technological change across all sectors of the economy, including 768 
food production. These two factors will result in a relatively low opportunity cost for 769 
agriculture across the globe. On the contrary, SSP3 (divided) will have the opposite effect 770 
due to high population growth, low technological change, and limited land use policies.  771 
 The key components and parameters specific to GTM that are modified to 772 
represent the five SSPs are summarized in Table S3, with other assumptions listed in 773 
Table S2. The primarily demand-side components include GDP per capita, wood product 774 
preferences, and share of total bioenergy from wood. Major supply-side influences 775 
include forest management, harvest, processing costs, and shifts in annual agricultural 776 
land rents. We also adjust the forest management intensity response parameter (i.e., 777 
biomass yield increases from investment), which is used to represent technological 778 
change.  779 
 780 
2.2 Global Forest Products Model (GFPM) 781 
 782 
The GFPM is a recursive dynamic forest sector model that tracks 14 wood product 783 
groups across 180 individual countries. The model is calibrated to the most recent data 784 
reported by FAOSTAT by estimating input-output coefficients, and costs associated with 785 
manufacturing transportation - the GFPM solution for 2015 closely replicated the 786 
observations for the same year on production, consumption, prices, and net trade 787 
according to FAOSTAT. The GFPM is solved by calculating successive yearly market 788 
equilibriums by maximizing a quasi-welfare function, as given by the sum of consumer 789 
and producer surpluses net of 790 
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transaction costs: 791 
 792 

 793 
(S6) 794 
 795 
where i and j refer to countries, with k wood product markets of price P as determined 796 
through end product demand D and wood supply S. The manufactured quantity of wood 797 
is denoted by Y at marginal cost m, and the quantity traded T at transaction cost 798 
(including tariffs) c. In other words, the first portion of equation (S6) is the area under the 799 
demand curve for consuming end products, while the second and third components 800 
measure the cost of production and manufacturing respectively. Finally, the last portion 801 
of equation (S6) measures the total cost of shipments. The model computes the market 802 
equilibrium subject to a number of economic and biophysical constraints, including a 803 
market clearing condition which states the sum of imports, production, and manufactured 804 
supply of a given product in a given country must equal the sum of end product 805 
consumption, exports and demand for inputs in downstream manufacturing: 806 
 807 

(S7) 808 
 809 
where aikn is the input of upstream product k required in the manufacture of a given unit 810 
of downstream product n. Changes in resource efficiency are operationalized through 811 
changes in the input-output coefficients, and evolve exogenous over time according to: 812 
 813 

 (S8) 814 
 815 
where Δ𝑎ikn,t is the periodic rate of change in input-output coefficient. 816 
The demand in country i for final product k is assumed to follow a constant elasticity of 817 
substitution: 818 
 819 

 (S9) 820 
 821 
 822 
where 𝑃ik,t-1:; is last periods price, 𝛿"ik is the price elasticity of demand for product k in 823 
region i, and current consumption at last periods price is given by: 824 
 825 

 (S10) 826 
 827 
which is a function of last periods demand, the growth rate of GDP at time t, 𝑔"I,9, the 828 
elasticity of demand with respect to GDP, 𝛼iy, and a period trend, 𝛼i0. 829 

The cost of shipping product k from region i to region j in any given year is 830 
assumed to be a constant elasticity of substitution form: 831 
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(S11) 832 
 833 

where 𝑇ik,t-1 is last periods quantity traded, and 𝜏ik is the elasticity of transport costs with 834 
respect to quantity traded. The base period transaction cost 𝑐ijk,t is calibrated to estimated 835 
freight costs, observed export taxes and import ad-valorem tariffs, and endogenously 836 
determined product prices. 837 

Supply is also described through a constant elasticity of substitution supply curve: 838 

(S12) 839 
 840 
where 𝜆ik is the price elasticity of supply for product k in region i, and current production 841 
at last periods price is given by: 842 

(S13) 843 
 844 
where 𝑔I,it  is the periodic rate of change of forest stock in region i at time t, 𝑔a,it is the 845 
periodic rate of change of forest area, and β’s indicated respective elasticities. 846 

Land use change enters the model through changes to forest area; assumed to be a 847 
function of evolving demographics and economic growth. An environmental Kuznets 848 
curve (EKC) relationship associates changes in income per capita (Y/N) to the forest area 849 
annual growth rate, 𝑔a,it : 850 

 851 

(S14) 852 
 853 
With parameter estimates of α1, and α2 estimated from historical data, and αi0 calibrated 854 
such that in the base year (2015) equation (S9) predicted the observed forest area growth 855 
rate, 𝑔a,it, given the observed level of income per capita, (Y/N)it. Equation (S9) predicts 856 
negative growth rates of forest area for low income countries, which increase and become 857 
positive at higher income, and decrease progressively to zero at the highest income 858 
levels. The annual rate of change of biomass stock due to tree growth and mortality is 859 
inversely related to the forest density (residual stock level, Sit, per unit area, Ait). 860 

SSP-RCP specific scenarios were modeled using a range of parameter 861 
assumptions, including changes in global GDP and population growth, international trade 862 
participation, resource efficiency, and wood-based bioenergy demand (Table S2). 863 
Region-specific land-use change for the different SSPs were modeled as a function of 864 
evolving demographics and economic growth represented through the EKC. 865 

More detailed information on the model structure is provided in Buongiorno et al., 866 
(2003), including the formulations of constraints related to trade inertia, prices, 867 
manufacturing costs, transport costs, market dynamics, linear approximations of certain 868 
constraints, and annual allowable cut constraints. 869 
 870 
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2.3 Global Biosphere Model (GLOBIOM) 871 
 872 

Global Biosphere Management Model (GLOBIOM) is a global spatially-explicit 873 
agricultural and forest sector model (Havlik et al. 2011, 2014). The forest sector 874 
representation includes forestry, forest industry and bioenergy modules (Lauri et al. 2014, 875 
2017, 2019). The supply side of the model is solved in 0.5°-2° grid resolution while the 876 
demand and trade modelling is based on economic regions.  877 

The model is solved recursively using biophysical data from Global Forest Model 878 
(G4M) (Kindermann et al. 2006, 2008, Gusti and Kindermann 2011) and Environmental 879 
Policy Integrated Climate Model (EPIC) (Williams 1995). Biophysical data from G4M 880 
includes biomass stocks and harvest potentials for each land use unit. Harvest potential is 881 
divided  to different feedstocks (sawlogs, pulpwood, harvest loss, logging residues). G4M 882 
solves harvest potentials for GLOBIOM by assuming that all forest are normal forests. 883 
Normal forests have a uniform distribution of age-classes and in each period the oldest 884 
age-class is removed by harvesting or mortality. This is convenient from GLOBIOM 885 
recursive optimization perspective, because in normal forests harvest potentials are 886 
independent of harvest volumes and stay constant over time. Alternatively, G4M could 887 
solve harvest potential for GLOBIOM by actual age-class distribution of forests.  888 

The model includes three forest types (primary forests, secondary forests, 889 
managed forests) and four forest management types (low intensity C/NC, high intensity 890 
C/NC). In addition to this, it is possible to exclude protected areas from production use 891 
and allocated them to primary or secondary forests. Primary forests are forestland that has 892 
not been used historically for production. Managed forests are forest land that is actively 893 
used for production while secondary forests are abandoned managed forests. Harvest 894 
volumes can be increased by increasing managed forest area (converting secondary and 895 
primary forests to managed forests) and by intensifying forest management (converting 896 
low intensity management to high intensity management).  897 

The initial areas for different forest types are calibrated to match FRA (2020) 898 
country level data so that primary forests=FRA primary forests, managed forests =FRA 899 
production forests and secondary forests=FRA total forests-primary forests-production 900 
forests. Initial managed forest areas are allocated to low and high intensity management 901 
by using FRA planted forest data (FRA 2020) and FAOSTAT roundwood harvests data 902 
(FAO 2020). FRA planted forests are used as lower bound for high intensity 903 
management. The transition between different forest and management types is controlled 904 
by non-linear transition costs and transition constraints. Total forest area development 905 
over time is based on the SSP scenario data (IIASA 2020).  Afforested areas are included 906 
into secondary forests and are not harvested under the policy assumption that these lands 907 
are planted for carbon stock preservation.  908 

The spatial allocation of different forest and management types is based on the 909 
economic optimization, i.e., the model chooses optimal allocation of forest and 910 
management types by maximizing economic surplus given the spatially-explicit 911 
biophysical data from G4M, the country level area data from FRA and the country level 912 
biomass production data from FAOSTAT. The economic optimization typically allocates 913 
high intensity management to the most productive and easily accessible forest areas while 914 
low intensity management, primary forests and secondary forests are allocated to less 915 
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productive and remote forest areas. On average, this leads a close match with the actual 916 
locations of different forest and management types. The outcome of the economic 917 
optimization can be visually assessed by using additional data on forest area use such as 918 
Nature Map Explorer  (IIASA 2020b) and Word Database on Protected Areas (WDPA 919 
2020).    920 

The biomass demand for modern bioenergy is based on the SSP-RCP scenario 921 
data (IIASA 2020). The biomass demand for traditional bioenergy and material products 922 
are based on FAOSTAT data (FAO 2020) and shifted over time by SSP-specific GDP 923 
and population growth (IIASA 2020). Income and price elasticities for traditional 924 
bioenergy and material products are based on historical estimates, similar to Buongiorno 925 
et al. (2003) and Morland et al. (2018). Forest products bilateral trade volumes are 926 
calibrated to the BACI (Base pour I’analyse du commerce international) bilateral trade 927 
data (Gaulier and Zignago 2010) and FAOSTAT data (FAO 2020). Bilateral trade costs 928 
are based on constant elasticity functions, which are parametrized by reference volumes 929 
and costs. The trade of feedstocks and by-products is assumed to be less elastic than the 930 
trade of final products.  931 

The forestry module includes 9 harvested products (C/NC pulpwood, C/NC 932 
sawlogs, C/NC other industrial roundwood, C/NC fuelwood, logging residues). The 933 
forest industry module includes 4 paper grades (newsprint, printing and writing papers, 934 
packaging materials, other papers), 6 pulp grades (C/NC chemical pulp, C/NC 935 
mechanical  pulp, recycled pulp, other fiber pulp), 6 mechanical forest industry products 936 
(C/NC sawnwood, C/NC plywood, C/NC fiberboard), 6 forest industry by-products 937 
(C/NC woodchips, C/NC sawdust, bark, black liquor) and 2 recycled products (recycled 938 
paper, recycled wood).  The bioenergy module includes 2 final products (traditional 939 
bioenergy, modern bioenergy) and one intermediate product (wood pellets).  940 

 941 
The model’s optimization problem for forest sector is formally written as:  942 

  943 
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 959 
𝐿 ≤ 𝐿                                                                 ∀ 𝑖, 𝑚, 𝑜         (S22a)  960 
 961 
𝐿 ≥ 𝐿                                                                 ∀ 𝑖, 𝑚, 𝑜         (S22b)  962 
 963 

fixy
k

ikifkif ,               (S23) 964 

              965 
 966 
where  967 
 968 
i, j =economic regions 969 
k= product 970 
f=forest industry production activity  971 
h=harvest activity  972 
r=roundwood harvest activity (r ⊂ h)  973 
l=logging residues harvest activity (l ⊂ h)  974 
m,n= land-use/management types 975 
o=land-use unit 976 
t=time (not used if same for all variables of the equation) 977 
W=welfare 978 
x=consumption quantity 979 
y=production quantity 980 
e=trade quantity  981 
z=area of land-use change  982 
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K=capacity 983 
I=investments 984 
L=land area 985 
ctran = transport costs 986 
cproc = process costs 987 
charv = harvest costs  988 
cinv = investment costs  989 
δ=depreciation rate 990 
a=input-output coefficient  991 
b=increment per area  992 
d=biomass expansion factor 993 
ϕ=recovery ratio   994 
D(x) = inverse demand function  995 
Ctrade(e) = trade cost function 996 
Cluc(z)=land-use change cost function  997 
 998 
 999 

Equation (S15) is the sum of consumers’ and producers’ surpluses. The first term 1000 
of equation (S15) is the area underneath the demand curve, which represents the value of 1001 
final products consumption to the consumers. The remaining terms of equation (S15) are 1002 
the areas underneath the marginal cost curves, which represent the compensations paid to 1003 
the producers. The second term is the transport costs of woody biomass from forest to the 1004 
mill gate within each region. The third term is the harvest costs of woody biomass. The 1005 
fourth term is the process costs of woody biomass. The fifth term is the investment costs. 1006 
The sixth term is the trade costs between the regions.  The last term is the land-use 1007 
change costs. Transport, harvest and land-use change costs are spatially-explicit, i.e., they 1008 
are indexed with regions i and land-use units o. Process, investment and trade costs are 1009 
not spatially-explicit, i.e., they are indexed with regions i (in case of trade costs or with 1010 
import region i and export region j).         1011 

Equation (S16) is the material balance. It guarantees that products are not 1012 
consumed or used as inputs in the production activities more than they are produced and 1013 
traded. A production activity f uses product k as input if aifk<0 and produces product k as 1014 
output if aifk>0. A harvest activity h produces just outputs, i.e., aihk>0.  1015 

Equations (S17) and (S18) determine the relationship between primary woody 1016 
biomass supply and forest resources. Equation (S17) is the roundwood harvest constraint. 1017 
This equation ensures that roundwood harvests volumes do not exceed their harvest 1018 
potential for each land-use unit. The harvest potential is based on the increment and 1019 
forest area data from G4M. Different forest managements are implemented in the model 1020 
by assuming that harvest activities, i.e., managements, have different increments and 1021 
feasible forest areas. Primary and secondary forests are not harvested, which is 1022 
implemented in the model by assuming that these forest types have zero increments.    1023 

 Equation (S18) is the logging residues harvest constraint. This equation connects 1024 
logging residues harvest volumes to roundwood harvest volumes and limits logging 1025 
residues extraction to some share of their total volume in each land-use unit. The total 1026 
volume of logging residues is based on the biomass expansion factors while the share of 1027 
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logging residues that is allowed to be extracted on recovery ratio (Lauri et al. 2014). In 1028 
the current version of the model the recovery ratio of logging residues is assumed to be 1029 
0.5 for all managements with positive increments. However, the recovery ratio of logging 1030 
residues could be adapted according to management intensity and land-use units side 1031 
conditions.    1032 

Equations (S19) and (S20) determine the relationship between production 1033 
technologies and capital stock. Equation (S19) is the capacity constraint. Equation (S20) 1034 
is capital accumulation constraint. Investments are undertaken as long as income of 1035 
increasing capital stock is higher than the investment costs within each period. In the 1036 
current version of the model the depreciation rate is assumed to be 0.3 in 10-year period 1037 
and is same for all final products.   1038 

Equation (S21) is the land-use balance. Forestland decreases due to deforestation, 1039 
i.e., changing forestland to cropland or grassland, and increases due to afforestation, i.e., 1040 
changing cropland, grassland or other natural vegetation land to forestland. For 1041 
sustainability reasons forestland is not allowed to be changed energy crops plantations. 1042 
Within the forestland there are three forest types: primary forests, secondary forests and 1043 
managed forests. For managed forests, the model chooses low intensity or high intensity 1044 
management. If forest land is never used for biomass production, then it is allocated to 1045 
primary forests. If the forestland is used for biomass production, then it is allocated to 1046 
managed forest. If forest land is not actively use for production but has been  disturbed by 1047 
human activities, then it is allocated to secondary forests.       1048 

Equations (S22a) and (S22b) are additional spatially-explicit data, which is 1049 
included to model to improve the outcome of economic optimization. The economic 1050 
optimization typically allocates high intensity management to the most productive and 1051 
easily accessible forest areas while low intensity management, primary forests and 1052 
secondary forests are allocated to less productive and remote forest areas. On average, 1053 
this leads a reasonably good match with the actual locations of different forest and 1054 
management types, but in single cases it might fail due to additional institutional reasons 1055 
to choose alternative locations.   1056 

Equation (S23) limits recycled paper supply to a certain fraction of paper and 1057 
board consumption and recycled wood supply to a certain fraction of sawnwood, 1058 
plywood and fiberboard consumption. 1059 

The one period social welfare maximization problem (S15)-(S23) is first 1060 
calibrated and solved for the base years 2000-2020. Then it is solved repeatedly for the 1061 
desired number of periods by assuming some exogenous or model history dependent 1062 
changes in the state variables. The model period is 10 years. Because most of input data 1063 
is annual data, the state variables of the model are adapted to correspond to one-year 1064 
periods. Because the model is solved as a social welfare maximization problem, the 1065 
objective function does not include any market prices or market clearing mechanism. 1066 
Market prices for products k are obtained from the shadow prices of the material balance. 1067 
From programming perspective, the model is solved using the GAMS programming 1068 
language and linear programming. Non-linear functions are linearized by using the 1069 
piecewise-linear approximation.   1070 

The key components of GLOBIOM that are modified to represent the five SSPs 1071 
are summarized in Table S2. Contrary to GTM, the effect of SSP scenarios is restricted to 1072 
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factors that are quantitatively documented in the SSP database (economic growth, 1073 
population growth, bioenergy demand, and carbon prices). 1074 

 1075 
3. Additional Results 1076 
 1077 
3.1 Model Specific Estimates & Comparison 1078 
 1079 

Each forestry model used for this analysis has some specific parameters and 1080 
assumptions (Tables S2-S4, Figure S5) likely to affect the results (Figure 4, Figures S3). 1081 
Even with consistency in the response to socio-economic and policy scenarios, the 1082 
magnitude of the responses and their timing can differ given the model structure and 1083 
underlining parameters on technological change, land rents, and elasticity of the demand 1084 
(Figure S5). For example, GTM is much more responsive to future expected demand and 1085 
climate policy conditions than GLOBIOM and GFPM because of its forward-looking 1086 
nature and ability to endogenously manage existing forests for improved productivity. 1087 
Thus, forest area and land use responses are variable in GTM simulations (Figure S3), 1088 
and the model’s management response to market changes results in greater carbon gains 1089 
than the other models included in this assessment. In contrast, GLOBIOM is a recursive 1090 
dynamic framework, so simulation outputs are less responsive decade-by-decade, as there 1091 
is no anticipation of future market conditions or policy incentives. Management decisions 1092 
thus reflect changes in contemporary market conditions and are not driven by 1093 
expectations of future demand growth and returns to forestry. As a result, intensive 1094 
margin investments and associated carbon gains are smaller for GLOBIOM than for 1095 
GTM. GLOBIOM is the only framework in this study that explicitly models agricultural 1096 
land use and production possibilities in addition to forestry, and thus directly captures 1097 
multi-sector trade-offs of mitigation investments and increased demand for woody 1098 
biomass. GLOBIOM results are hence more consistent across scenarios. GFPM - also a 1099 
recursive dynamic framework - shows similar results to GLOBIOM for forest area and 1100 
carbon stock changes, but projected harvests are highly variable. This outcome occurs 1101 
largely because GFPM demand growth for a wide range of forest products is empirically 1102 
derived and projected, causing some non-linearity in projected harvest outcomes to meet 1103 
long-term demand for wood products. High variability in long-term harvest patterns and 1104 
forest area, coupled with policy responsiveness, results in highly variable timber price 1105 
projections for GFPM and GTM. GFPM also models land use change (forest expansion) 1106 
using a Kuznet’s curve relationship, reflecting increased demand for forest area as 1107 
incomes rise, even if there are other potential pressures to forest loss (Nepal et al., 2019).  1108 

To better understand this complementarity effect, we evaluate changes in harvests 1109 
and global forest carbon stocks both with and without climate policy drivers (as RCP 8.5. 1110 
has no climate policy action). Specifically, we conducted a random forest analysis of the 1111 
three models’ variables, scenario parameters, and their relative influence on projected 1112 
carbon stock changes (Figure S5. Random forest analysis of the relative importance of 1113 
scenario parameters and endogenous model outcomes on projected carbon stock changes 1114 
across scenarios for a) all models, b) GFPM, c) GTM, and d) GLOBIOM. Conducted 1115 
using the RandomForest package in R.). According to this methodology, forest area 1116 
(which is endogenously driven by both demand growth and carbon price) has the greatest 1117 
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relative influence on carbon outcomes in these models. Timber prices, time, and harvest 1118 
levels (also endogenous variables) are next in line, followed by woody bioenergy demand 1119 
and carbon price. Thus, forest area change is the key determinant of carbon changes 1120 
across the models, though key drivers for forest area change differ per model (market 1121 
demand and forest product price dynamics for GTM, the Environmental Kuznets Curve 1122 
for GFPM, and carbon prices in GLOBIOM), and in this case, more significantly affect 1123 
carbon changes than carbon price assumptions alone.   1124 

Area is a dominant variable in all three models, with the model year being an 1125 
important variable for the recursive dynamic models (GFPM and GLOBIOM), while 1126 
GDP/capita is a strong driver of timber market demand in GTM. In addition, biomass 1127 
demand has a relatively strong influence on GTM and GLOBIOM but not GFPM, which 1128 
is influenced more by total harvests (roundwood + biomass). These findings further 1129 
highlight the uniqueness of each model framework in estimating impacts of 1130 
socioeconomic and policy change on forest sector outputs. Identifying and understanding 1131 
these important drivers of forest carbon stock changes and the relative significance to 1132 
each other can help policy makers leverage different policy designs and market dynamics 1133 
to bolster forest carbon accumulation as a natural climate solution.  1134 
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 1135 
Figure S1.  Global GDP and Population by SSP (Source: IIASA 2018)  1136 
  1137 
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 1138 
Figure S2.  Total woody biomass demand and carbon prices used for SSP-RCP 1139 
scenarios, as estimated by MESSAGE-GLOBIOM model (Source: IIASA 2018).  1140 
 1141 
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Figure S3. Comparison of global forest sector model outputs for change in global forest 1144 
area, carbon, harvest, and roundwood price from 2015.  1145 

 1146 
 1147 
Figure S4. Mean (black bar), lower, and upper bound of changes in global forest carbon 1148 
stock, forest area, and total wood harvest from 2015 by RCP and SSP.  1149 

 1150 
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 1151 

Figure S5. Random forest analysis of the relative importance of scenario parameters and 1152 
endogenous model outcomes on projected carbon stock changes across scenarios for a) 1153 
all models, b) GFPM, c) GTM, and d) GLOBIOM. Conducted using the RandomForest 1154 
package in R. 1155 
 1156 
 1157 
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Table S1. Source of model assumptions for SSP-RCP scenarios 1158 

Component 
SSP 

1 

SSP 

2 

SSP 

3 

SSP 

4 

SSP 

5 

GDP OECD GDP from SSP database 

POP IIASA POP from SSP database 

Bioenergy 

demand 

MESSAGE-GLOBIOM primary energy biomass from SSP 

database (missing values for SSP4 and SSP5 replaced by SSP2 values) 

Carbon 

price  

MESSAGE-GLOBIOM carbon price from SSP database 

(missing values for SSP4 and SSP5 replaced by SSP2 values) 

 1159 
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Table S2. Overview of GTM model assumptions for SSP scenarios 1160 

Component 
GTM 

Parameters 
SSP 1 SSP 2 SSP 3 SSP 4 SSP 5 

Global GDP per capita 
(annual change) 

𝑍 , − 𝑍 ,

𝑍 ,
 OECD GDP and IIASA population from SSP database 

Wood product preference  𝜋  
𝜋  

0.15 
0.85 

0.2 
0.8 

0.22 
0.78 

0.18 
0.82 

0.2 
0.8 

Forest management intensity 
response (m) 𝑚 ,

, ,  
historical 
+10% 

historical 
rate 

historical     
-10% 

HIC: hist 
+7.5% 
LIC: hist      
-7.5% 

historical 
+7.5% 

Forest management costs (% 
wrt t=0) 

𝐶 , , (∙) = 𝛽 𝐶 , (∙) 
 

𝛽  90% 100% 110% 
HIC: 93% 
LIC: 
110% 

93% 

Harvest & processing tech 
change (%/yr) 

𝛾 =
𝐶 , , − 𝐶 , ,

𝐶 , ,
 

 

𝛾  1.5% 0.9% 0.5% 

HIC: 
1.2% 
LIC: 
0.6% 

1.25% 

Agricultural Rents Shift 
(change w.r.t. to t=0) 

𝑅 , (∙) = 𝛼 𝑅 (∙) 
𝛼  

2.0 (all 
expand) 

1.0 
(varying. 
change) 

1.0 (all 
contract) 

HIC: 2 
(expand) 
LIC: 1.5  
(contract) 

1.5 (all 
expand) 

Note: HIC = high income countries, LIC = low income countries 1161 
 1162 
 1163 
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