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ForMIP Highlights

3 global forest sector model inter-
comparison of 81 future scenarios.

* Socioeconomic drivers strongly influence
forest sector model estimates.

* Global forests could sequester 1.2-5.8
GtCO2e/yr over the next century.

* Forest management can increase carbon
and harvests w/out expanding area.

Integrated assessments could improve
representation of forest markets and
management dynamics.
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ARTICLEINFO ABSTRACT

Keywards: Deforestation has contributed significantly to net gas emissi but slowing jon

Model intercomparizan forests and other ecosystem processes have made forests a net sink Deforestation will still influence future
Land use carbon fluxes, but the role of forest growth through aging, and other silvi al inputs on future
C_”hm carbon fluxes are critically important but not always recognized by bookkeeping and integrated assessment
Bioenergy

Climate change mitigation
Shared socioeconomic pathwrays

Shased policy amalysis

modelz. When projecting the future, it is vital to capture how management processes affect carbon storage in
ecosystems and wood products. This study uses multiple global forest sector models to project forest carbon
impacts across 81 shared socioeconomic (55P) and climate mitigation pathway scenarios. We illustrate the
importance of modeling management decisions in existing forests in response to changing demands for land
resources, wood products and carbon. Although the models vary in key attributes, there iz general agreement
across a majority of scenarios that the global forest zector could remain a carbon sink in the future, sequestering
1.2-5.8 GtCO2Ze/yr over the next century. Carbon fuxes in the baseline seenarios that exclude climate mitigation
pahm ranged from —0.5 to 4.9 GtCO2e/vr, highlighting the strong influence of 55Pz on forest sector model

Trmp: 1 forest «can jointly increaze carbon stocks and harvests without expanding forest
area, suggesting that carbon fluxes from managed forests systems deserve more careful consideration by the
climate policy community.

1. Introduction

The global forest sector iz widely recognized in the scientific and gell et al, 20

impact of future socioeconomic, management, and policy change on
forest carbon stocks and greenhouse gas (GHG) emissions remain (For-

tal, ). Key gaps include the role of timber

policy communities for its contribution to the g Jobal carbon eycle and demand on carbon flux, the influence of climate change policiez on

et al, 2019

and improved forc..t mmemmt (G

2020

0) are important compenents of c]imatc change mitigation !
Dezpite thiz noted importance, knowledge gape regarding the combined that often assume all global forests are unmnnawed or hold forest

forest management and timber production, and the regional variation in
carbon and wood product harvest cutcomes.

Global-zcale terrestrial carbon storage analyses often use book-
keeping methods that assign carbon density parameters to land cover
types and track land use over time (H 2017) or
project impacts from discrete land use change (LUC} decisions via in-
ent models (IAM) (P 9]

tegrated ass
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ForMIP Evolution

* 2017-18: Forest Sector Pathway
FSP) development

* 2019-21:Initial ForMIP modeling +
iIndividual model publications

e 2022: First ForMIP paper published
in GEC

* 2023+: Regional/downscaled
modeling, climate change
impacts, refined analyses
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1. Introduetion

The global forest sector is widely recogni]
policy communities for its contribution to the

avoided i rmann et al,, 200

Fiber supply

‘This study investigates the combined effects of climate and socioeconomic change on fiber cupply and forest
earbon in Maine, USA, for broad alternative futures. We conduct an econometrie analysis to project forest
resource use over the next 60 years under a range of shared sociocconomic pathways (55Ps) and representative
concentration pathways (RCPs). Resul
vesting - contribute the most to Mainc’s aboveground carbon (AGC) accumulation, with 2100 AGC potentially
inereasing by 1409 compared to 2020. On
in 2100 compared to today. Harvest activiti

chow that continued forest successional dynamics — without any har-

this basis, climate change could recult in 2.44-2.64 times greater AGC
e major drivers of forest C dynamies, resulting in 2100 AGC

being only 163 2020. Socioeconamic factors (G5Ps) had much larger effects on total harvest and carbon stocks
than climate change (RCPs). Harvest velume were projected to increase by 9-299% between 2020 and 2100 for
favorable sociocconomic development secnarios (53P1/G5P2/GSPS) and decrease by 3-29% for unfavorable
sociocconomic development scenarios (5P3/55P4). Overall, Maine's forest C pools were projected to increase by

end-century for RCPs x 55P1/55P2. This study offers valuable insight on
socioeconomic and climate change ascessments, particularly in areas with exte

stz with mixed ownerchip.

ble methods for region-specific

ive and diverse working for-

etal, 2019; Busch et al,, 2019), forest restora
and improved forest management (¢ t
2020) are important components of climate of
Despite this noted importance, knowledge gaps|
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1. Introduction

Forests are a critieal component of the global carbon eyele because
they take up and store carbon in vegetation biomass (Fahey et al., 2010
In the United States, net forest sequestration reached 173 Tg G per year,
offsetting about 10% of greenhouse gas (GHG) emissions from trans-
portation and energy sectors (Wear and Coul ). In 2022, the
estimated carbon dioxide equivalent (CO2e) sink derived from land use,
land-use change, and forestry (LULUGF) activities was estimated to be
754 million metric tons (EPA, 2023). Ongoing global warming iz pro-

jected to affect carbon uptake and release rates in forest
ecosystems, either by directly modifying photosynthesis and ecosystem
respiration or by indirectly introducing disturbances such as fire, storm,
and inseet outbreaks (Chen e ; Wei et al. ), although
overall impacts can vary by region, forest type, and management
respense (Fav ).

ro et al.

Timber harvesting, the major human inwroduced forest disturbance,
can laterally remove the carbon from forest ecosystems and either
immediately release it into the ammosphere or store it within harvested
wood products (HWPs) —such as paper, fumiture, and construction
marerials—thereby consticuting an additional forest earbon pool. By
using historical records, Joh deloff revealed that the
carbon sequestered within global end-use HWPs represented a net sink
0£90 Tg € in 2015, Similasly, Z 2020) found that the average
annual carbon sink in global end-use HWPs was 122 Tg C during the
period of 1992-2015, accounting for 3.2- 6.1% of the annual carbon
sink within the global forest sector (2400 = 400 Tg G per year) (Pan
). In addition, reported that carbon stored in
the HWP pool constituted 13% in Australia, 8% in Finland, 13% in
Germany, 0% in Norway, and 26% in Porcugal across the entire forestry
sector and all wood products. Sm
fraction to 10% in the UsA, while
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ForMIP scenario development and simulation

* Forest Sector Models (FSM): 3 global forest sector models (GFPM, GTM,
GLOBIOM) that account for timber harvest, forest area, and carbon seguestration
for alternative socioeconomic and climate change mitigation pathways.

« Shared Socioeconomic Pathways (SSP): 5 pathways that vary degrees of global
macroeconomic and socioeconomic change, including demographics, economic
growth, technological change, and policy orientations.

« Relative Concentration Pathways (RCP):. 6 pathways of global greenhouse gas
emissions over time. In this paper, RCPs designate global climate change
mitigation targets and do not account for the physical impacts of climate change.

e Shared Policy Assumptions (SPA): 2 consistent model assumptions used to
achieve climate change mitigation targets. In this paper, mitigation pathways are
simulated in each FSM through specific carbon price and bioenergy demand
pathways for each SSP-RCP combination.



Key ForMIP Forest Sector Model Elements

Element GTM GFPM GLOBIOM

Economic Regions 16 180 59

Resolution regional country 0.5°-27 grid

Sectors Sawtimber, pulpwood, bioenergy forest product industry Forest indusoy, forestry, bioenergy, agriculture

Forest types” 302 1 6

Climate effect on no no no
forests

Forest products* 3 14 35

Forest products n/a Bilateral trade, Bilateral trade, non-linear trade costs, trade-inertia constraints based
trade on historical trade

Base year 2015 2015 2000

Calibration Model calibrated to 2015 FAQOSTAT Maodel calibrated to FAOSTAT and FRA Model calibrated to FAOSTAT and FBA data from 2000 to 2020

Temporal scale

Dynamics
Biomass policy
Carbon policy

Endogenous
response

Land use transition
function

Model
documentation

and FRA

10-year

Intertemporal

Fixed demand

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

Product price, forest area,
management intensicy

Agricultural land rents

https://u.0su.edu/forest/code-reposit
Ory/

data from 2014 to 2016

S-year

Recursive dynamic

Fixed demand

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

Product price,

Timber harvest,

Import, and export

Environmental Kuznets Curve

https: //buongiorno.russell. wisc.
edu/gfpm/

1 0-year

Recursive dynamic

Constant elasticity demand functions, which are shifted over time
Carbon tax/subsidy based on carbon price for deforestation/
afforestation/ management, not for HWP

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

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

https: //iiasa.github.io/GLOBIOM/index.html

" e.g,. PNW Douglas fir, coniferous, deciduous, etc.).

* (e.g., sawlogs, pulp, etc.).
* HWP = harvested wood products



Key Global ForMIP Scenario

SSP-RCP Elements

$5P5: Fossil-fueled Development
High economic growth

Lowe population growth

Globally connected markets

ngh forest product dermand

Rapid technological change
Medium land use regulations
Intensive plantation-focused mgmt

-

-

-

-

-

-

in

55P1: Sustainabil
* High economic growth

Challenges to mitigation

+# Low population growth
= Globally conne d markets
= High demand for wood products

* Rapid technological change
= Strict land use regulations
= Pin af plantation and nat regen mgmt

S55P2: Middle of the Road
PAediim ecanamic grm\-th
Moderate population growth
Regionally connected markets
Medium forest product demand
Moderate technological change
Pedium land use rE'guIatu_‘;-l'l‘_.

Mix of plant. and nat regen mgmt

®

Ll

®

®
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®
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800K
=
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c
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E
400K
55P3: Reglonal Rivalry
= Low econamic growth
* Very high population growth 200K
* Locally focused markets
* Low forest product demand ok

-

Lo te{hnl_‘;-ll_‘)._gll:.al change
Limited land use regulations
Matural regeneration-focused mgmt

-

-

S5P4: lneguality

* Varying economic growth by region

High population growth in low income regio
Regionally connected markets 4K
Mixed forest product demand

Medium-high technalogical change

Mixed Land use regulations

Mix of plantation and nat regen mgmt 3K

*® = & = = =

Mm3/yr

L J

Challenges to adaptation

1K

0K

GDP

2020 2040 2060 2080 2100
(]
Biomass Demand
/J/
,/ 1400
1200
1000
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S
>
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12K

10K
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Million People

4K

2K

0K

2020
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2020 2040 2060

Carbon Price

2040

2060 2080 2100

2080

2100

. Baseline, SSP1
M Bascline, SSP2
M Baseline, SSP3

Baseline, SSP4

Baseline, SSP5
M rcP1.9,55P1
M rcP 1.9, SSP2

RCP 1.9, SSP4

RCP 1.9, SSP5
B rcP2.6,55P1
M RcpP2.6,55P2
B rCP2.6,55P4

RCP 2.6, SSP5
W rCP3.4,55P1
B RCP3.4,55p2
M RcP3.4,55P3

RCP 3.4, SSP4

RCP 3.4, SSP5
M rRCP 4.5, 55P1
M RCP4.5,55P2
W RcP4.5,55P3
M rcP4.5,55P4
M RCP4.5,55P5
M rRCP6.0,55P2
M RCP6.0,55P3
M rRCP6.0, SSP4

RCP 6.0, SSPS



Key 2015 Baseline Estimates by ForMIP Model

Total Harvest (Mm3/yr) Roundwood Harvest (Mm3/yr) Biomass Harvest (Mm3/yr)
2,500 2,500 70
2,000 2,000 60
50
1,500 1,500 40
1,000 1,000 30
20
500 500 0
0 0 0
GFPM GLOBIOM GFPM GLOBIOM GFPM GLOBIOM
Forest Area (Mha) Total Forest Non-soil C Stock (GtC) Roundwood Price ($/m3)
5,000 350 $120
300 $100

4,000 -
80
3,000 200 $
$60
2,000 150 $40
100
0 0 $0

GFPM GLOBIOM GIM GFPM GLOBIOM GFPM GLOBIOM



250,000+
200,000+
O 150,000+
100,000 -

-—

M

™
£

Forest Carbon
Stock Change

Forest Area

o o0

e
% X
"\9 q/Q (19 q,Q 'LQ

D N H H
A7 27 07 Ky
> P P

b D
N &V
P D P

r L) L)

oo

Roundwood

Price Change

‘0'66‘06
L L LS
® PR P P P

o o o

'blblé)'b
O B A" . D
P PP PP

'93
*)
N

Baseline-SSP1
Baseline-SSP2
Baseline-SSP3
Baseline-SSP4
Baseline-SSP5
RCP 1.9-SSP1
RCP 1.9-SSP2
RCP 1.9-SSP4
RCP 1.9-SSP5
RCP 2.6-SSP1
RCP 2.6-SSP2
RCP 2.6-SSP4
RCP 2.6-SSP5

RCP 3.4-SSP1
RCP 3.4-SSP2

RCP 3.4-SSP3
RCP 3.4-SSP4
RCP 3.4-SSP5
RCP 4.5-SSP1
RCP 4.5-SSP2
RCP 4.5-SSP3
RCP 4.5-SSP4
RCP 4.5-SSP5
RCP 6.0-SSP2
RCP 6.0-SSP3
RCP 6.0-SSP4
RCP 6.0-SSP5



Mean change in global aboveground carbon stock (MtC), annual total wood harvest (Mm3), and
annual industrial roundwood harvests (Mm3) from 2015 by RCP and SSP.

Baseline RCPB.0 RCP 4.5 RCP 3.4 RCP 2.6 RCP149
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SSP Variation
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parameters and endogenous model
outcomes on projected carbon stock
changes across scenarios & models

Relative importance of scenario

Variables:

Area = forest area

TimberPrice =timber price

Year = model year

Harvest_RW = roundwood harvest
BioDemand = woody biomass demand
GDP_Cap = GDP/capita

Population = global population

Harvest_tot = roundwood + biomass harvest
CarbonPrice=carbon price

Variable Importance Rank

All Models

TimberPrice
Year
EHarvest_RW
E BioDemand
S GDP_cap
Population
Harvest_Tot

CarbonPrice

Area
BioDemand
GDP_Cap

Population

riables

Year
(0

= TimberPrice
Harvest RW
CarbonPrice

Harvest_Tot

20

40
GTM

10 20
Importance

30

60

4

Year

Area
Population
GDP_Cap
Harvest RW
TimberPrice
BioDemand

CarbonPrice

Area

Year
BioDemand
Population
CarbonPrice
GDP_Cap
Harvest RW
TimberPrice

Harvest_Tot

GFPM

#7
#8
#9

o

5

10 15

GLOBIOM

20

25

#5

#1
#8
#9

o

10 20
Importance

30



Summary

* ForMIP shows importance of modeling management responses to changing
demands for land resources, wood productsand carbon.

* 95% of scenarios had forest C stocks increasing through 2100 (1.2-5.8
GtCO2e/yr)

* Carbonfluxes in the baseline scenarios excluding mitigation policy ranged from
-0.8t0 4.9 GtCO2e/yr

* Key influences of forest C change: Area, prices, roundwood + biomass demand

* Noticeable modelvariability in key estimates, but direction and overall
outcomes consistent

* Globalforests can jointly increase carbon stocks and timber harvests without
necessarily expanding area

* Carbon fluxes from managed forests systems deserve more careful
consideration by the climate policy community



Ongoing + Future Work

* Further evaluating impacts of harvests + harvestedwood
products on scenario outcomes

* Downscaling ForMIP scenarios for consistent regional
analysis

* Incorporating climate change impacts into global models

* More direct use by nationaland regional policymakers
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Eeywords: Deforestation has contributed significantly to net gas emissi but slowing
Model intercomparizan forests and other ecosystem processes have made forests a net sink. Deforestation will sill mﬂuence future
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Lana] uze carbon fluxes, but the role of forest growth through aging, and other silvi al inputs on future
C_a"hm carbon fluxes are critically important but not always recognized by bookkeeping and integrated asszeszment

Clirmace change mitization modelz. When projecting the future, it is vital to capture how management processes affect carbon storage in
. ecosystems and wood products. This study uses multiple global forest sector models to project forest carbon

Shared socioeconcmic padiwrays

° ° Shared policy analyzis impacts across 81 shared socioeconomic (S5P) and climate mitigation pathway scenarios. We illustrate the
included as supplementary materia - T Ao P T S
resources, wood products and carbon. Although the models vary in key attributes, there iz general agreement

across a majority of scenarios that the global forest zector could remain a carbon sink in the future, sequestering

1.2-5.8 GtCO2Ze/yr over the next century. Carbon fuxes in the baseline seenarios that exclude climate mitigation
pcl].lcg ranged from —0.8 to 4.9 GtCO2e/yr, highlighting the strong influence of S5Ps on forest sector model
Trmp: 1 forest «can jointly increaze carbon stocks and harvests without expanding forest

area, suggesting that carbon fluxes from managed forests systems deserve more careful consideration by the
climate policy community.

and N

policy communities for its contribution to the g _Job:ll c:u'bm eyele and demand on carbon flux, the influence of climate change policiez on
2020). \atural climate soluuonz: such as Global-zcale terrestrial carbon storage analyses often use book-
and improved forest management (G project impacts from discrete land use change (LUC} dcc ions via in-

° ° ° 1. Introduction impact of future socioeconomic, management, and policy change on
[ ] forest carbon stocks and greenhouse gas (GHG) emissions remain (For-
D S ° WWW. S C I e n C e I re C ° C O I I l S C I e n The global forest sector iz widely recognized in the scientific and zell et al |, 2016; Popp ot al, 2017). Key gape include the role of timber
L]
I forest management and timber production, and the regional variation in
7 al, 2019; Ca carbon and wood product harvest cutcomes.
ce/article/pii

ﬂvnidcd dcfore“tahon n et al, 2008), afforestation (Basti keeping methods that assign carbon density pa.rzu:m:tcr“ to land cover

et al., 2019; Buscl 1., 2019), forest restoration (Lc 1 types and track land use over ime (Hou
2020) are important components of climate dm_nwc mltk,muon wDa]s tegrated assessment models (IAM) (Fopp <t al oc et al, 2019)
Dezpite thiz noted importance, knowledge gape regarding the combined that often assume all global forests are unmanaged or held forest
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ForMIP Scenarios

Table 2

Key elements for global forest sector shared socioeconomic pathways (SSPs).

Element

SSP1 (Sustainability)

S5P2
(Middle of the Road)

SSP3
(Regional Rivalry)

55P4 (Inequality)

S5P5
(Fossil-fueled Development)

Economic growth
Population Growth

Market connectivity
Technological change

Land use regulation

Forest management intensity

Forest product demand

High

Low

Global

High

Very high
Medium-high

Medium-high

Medium
Medium
Regional to Global
Medium
Medium
Medium

Medium

Low
High

Local to Regional

HIC: High
LIC: Low
HIC: Low
LIC: High
HIC: Global
LIC: Regional
HIC: High
LIC: Medium
HIC: High
LIC: Med-low
HIC: High
LIC: Low
HIC: High
LIC: Low

High
Low
Global
High
Medium
High

Very high

HIC: High-income countries; LIC: Low-income countries; Climate and woody biomass elements vary by RCP.



Regional Estimates

Aboveground Carbon Stock
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