
 

 
 
 

 

Modeling climate -smart forestry and wood 
utilization for climate mitigation potential in 

Wisconsin 

 
 
 
 
 
 

Chad C. Papa 
 

Kenneth J. Davidson 
 

Kendall DeLyser Roney 
 

Michael Magnan 
 

Daphna Gadoth-Goodman 
 

Kylie Clay 
 

Graham Diedrich  
 

Todd Ontl  
 

Lauren Cooper 
 
 
 
 

 
 

August 17, 2026  



1 
 

Authors 
 
Chad C. Papa* is Director of the Forest Carbon and Climate Program at Michigan State University 
in East Lansing, MI  
 
Kenneth J. Davidson is Director of Forest Carbon at American Forests in Washinton, DC. 
 
Kendall DeLyser Roney is Senior Director of Forest Climate Science at American Forests in 
Washinton, DC. 
 
Michael Magnan is a bioeconomy carbon modeling specialist at Natural Resources Canada's 
Pacific Forestry Centre in Victoria, BC, Canada. 
 
Daphna Gadoth -Goodman is a Research Assistant with the Forest Carbon and Climate Program 
at Michigan State University in East Lansing, MI. (Present affiliation: Program Urban Forester, 
Community and Urban Forestry, Michigan Department of Natural Resources, Lansing, MI).  
 
Kylie Clay is Associate Director of the Forest Carbon and Climate Program at Michigan State 
University in East Lansing, MI. (Present affiliation: Foreign Affairs Officer at the Department of 
State, Washington, DC). 
 
Graham Diedrich is a Research Assistant with the Forest Carbon and Climate Program at 
Michigan State University in East Lansing, MI. (Present affiliation: PhD Student, University of 
Michigan, Ann Arbor, MI).  
 
Todd Ontl is an Ecologist with the National Forest System, Washington Office, based in Durham, 
NH.  
 
Lauren Cooper is Program Director of the Forest Carbon and Climate Program at Michigan State 
University in East Lansing, MI (Present affiliation: Chief Conservation Officer at Sustainable 
Forestry Initiative, Washington, DC).  
 
*Corresponding author: Chad C. Papa (papachad@msu.edu) 
 

Acknowledgements 
The research team is grateful to Werner Kurz, Eric Neilson, Scott Morken, and other staff of the 
Carbon Accounting Team of the Canadian Forest Service of Natural Resources Canada for 
invaluable advice and support on this project and for providing the train ing, models, and code 
templates necessary for this work;  to Greg Edge, Ram Dahal, Brian Anderson,  and Ryan 
Heiderman  for support and input from the Wisconsin Department of Natural Resources, and to 
the United States Climate Alliance for funding and support.  
 
 
 
 

mailto:papachad@msu.edu


2 
 

 

Suggested Citation  
Papa, C. P., Davidson, K. J., DeLyser Roney, K., Magnan, M., Gadoth-Goodman, D., Clay, K., 
Diedrich, G., Ontl, T., & Cooper, L. (2026) Modeling climate-smart forestry and wood utilization 
for climate mitigation potential in Wisconsin. American Forests.  
https://doi.org/ 10.5281/zenodo.21981805 
 
To view other forest carbon modeling research conducted by American Forests and our partners 
visit https://www.americanforests.org/project/forest -carbon-modeling/   

https://doi.org/10.5281/zenodo.21981805
https://www.americanforests.org/project/forest-carbon-modeling/


3 
 

Table of Contents  
Summary and Implications for Decision Makers  ................................ ................................ ... 4 

Forests as Natural Climate Solutions  ................................ ................................ ..................  4 

Modeling Forest Management and Wood Utilization in Wisconsin  ................................ ....... 5 

Climate -Smart Forestry in Wisconsin................................ ................................ ..................  6 

Conclusion ................................ ................................ ................................ .........................  9 

Introduction  ................................ ................................ ................................ .....................  10 

Forests as a Natural Climate Solution  ................................ ................................ ................  10 

Assessing Forest Climate Benefits in Wisconsin ................................ ................................ . 11 

The Context of Wisconsin Forests ................................ ................................ ......................  11 

Research and Modeling Process ................................ ................................ ........................  12 

Systems-Based Forest Carbon Modeling................................ ................................ ............  13 

Identifying Forest Management and Policy Priorities ................................ ..........................  18 

Developing Modeling Scenarios ................................ ................................ .........................  19 

Results and Discussion ................................ ................................ ................................ .... 27 

Impact of Business-as-Usual on Forest Age and Carbon ................................ ...................  27 

Alternative Management and Wood Utilization Results  ................................ ......................  31 

Uncertainties and Limitations  ................................ ................................ ...........................  40 

Takeaways and Policy Opportunities  ................................ ................................ .................  41 

References ................................ ................................ ................................ ......................  44 

Appendix ................................ ................................ ................................ ........................  57 

Carbon Budget Model of the Canadian Forest Sector (CBM -CFS3) ................................ ... 57 

Harvested Wood Products Model  ................................ ................................ ......................  67 

Scenario Description / Development  ................................ ................................ ..................  71 

  



4 
 

Summary and Implications for Decision  Makers 

Forests as Natural Climate Solutions  
Climate change presents an unprecedented global challenge to society and the forest ecosystems 
society relies on. Forests have become increasingly important in international climate change 
dialogues, as seen in the Paris Agreement and the COP26 DƭŀǎƎƻǿ [ŜŀŘŜǊǎΩ 5ŜŎƭŀǊŀǘƛƻƴ ƻƴ CƻǊŜǎǘǎ 
and Land Use (COP26 2021; Popkin 2019) to help reach net zero greenhouse gas (GHG) emission 
targets. TƘŜǊŜ ƛǎ ŀƭǎƻ ƛƴŎǊŜŀǎƛƴƎ ŎƻƴǎŜƴǎǳǎ ƻŦ ŦƻǊŜǎǘǎΩ ƛƳǇƻǊǘŀƴŎŜ ŀǎ ŀ ƴŀǘǳǊŜ-based solution to 
climate change, or natural climate solution (NCS) (Drever et al. 2021; Griscom et al. 2017; Fargione 
et al. 2018).  
 
Forests in the United States (US) and the forest products sector already play an important role in 
mitigating climate change, a benefit which can be significantly impacted through forest 
management decisions and policies. The overall mitigation potential o f the forestry sector is 
determined not only by the carbon captured from tree growth, but also by the carbon stored in 
harvested wood products (HWP) and how HWPs are ultimately retired. In 202 3, US forests 
captured and stored nearly 890 million metric tons of carbon dioxide equivalency (MMT CO 2e), 
enough to offset 14.4% of gross greenhouse gas emissions in th e same year (EPA 2025). Almost 
90% of this climate benefit was provided by existing forests and forest products, and assessments 
of NCS potential indicate that we could significantly increase the carbon -capturing potential of 
forests through management and policy actions (Fargione et al. 2018). However, this carbon 
savings potential is expected to decrease in magnitude throughout the 21st century due to forest loss 
and forest health declines, in part driven  by a changing climate (Wear and Coulston 2015; Oswalt 
et al. 2019).  
 
Future management and policy decisions that integrate mitigation goals with adaptation to future 
climate conditions can maintain and strengthen the NCS capacity of forests. This dynamic is 
central to the concept of climate-smart forestry (CSF), a sustainable forest management approach 
that seeks to balance the ability of forests to adapt to and mitigate climate change while continuing 
to provide fundamental wood products and ecosystem services (Nabuurs et al. 2018; Bowditch et 
al. 2020; Verkerk  et al. 2020). This approach acknowledges the importance of maintaining or 
increasing carbon storage in forests and forest products as a climate solution but  also emphasizes 
the need for robust carbon sequestration rates to continue to draw carbon out of the atmosphere 
as part of a global effort to mitigate climate change, seeking to balance carbon sequestration and 
storage rates throughout the forest. CSF techniques focus on long-term forest health and resilience 
in the face of climate change as part of sustainability in forest management, and they aim to 
accomplish all these goals while supporting a strong wood products sector. According to the IPCC, 
meeting our global climate goals is not possible without forests (Calvin et al. 2023), and forests 
need the health and resilience benefits provided by CSF to play their part. Therefore, the most 
promising NCS practices for forests follow a CSF approach. 
 
State and local governments can leverage the climate benefits from forests and protect them from 
future climate impacts through their strong influence on forest management and policy , 
implementing climate-smart practices on state-owned lands and providing technical and financial 
support for other forest landowners. Increasingly, states such  as Minnesota, Wisconsin, and 
Michigan plan to use information about the current influence that forests, forest management, and 
forest policies have on emissions levels, as well as the interaction with predicted decline in forest 
health and climate benefits, to better inform decision  making and policy regarding forests and 
climate action. This report is designed to inform WisconsinΩǎ ŦǳǘǳǊŜ ŘŜŎƛǎƛƻƴ making towards 
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carbon stewardship, forest management and policy, and wood utilization in state -level climate 
action planning. Here, we present results for a broad range of forward-looking forest management 
and wood utilization scenarios and assess the mitigative potential of forests and carbon stored in 
HWP, along with an analysis of the substitution benefits from using wood in place of other 
emissions-intensive materials. 

 

Modeling Forest Management and Wood Utilization in Wisconsin  
Following similar assessments in Papa et al., 2023; DeLyser et al. (2022a; 2022b; 2025); Davidson 
et al. (2026)  and Dugan et al. (2018; 2019; 2021), we assess carbon trends and management 
scenarios in the forest ecosystem and forest products sector for Wisconsin utilizing a systems-based 
approach. This systems approach accounts for the influence of forest management activities 
beyond the forest itself and allows us to examine potential trade -offs or synergies between 
management strategies that maximize forest ecosystem carbon stocks, HWP volumes, or other 
important forest ecosystem services (Dugan et al. 2018). Our modeling process includes:  
 
1) Consultation with state agency staff and forestry experts to understand forest management 

priorities, concerns, and goals in Wisconsin; 
 

2) Development of business-as-usual (BAU) and alternative forest management scenarios ς 
including forest management, natural disturbance, land-use change, and wood utilization 
ς to project future forest carbon trends under various management practices; 
 

3) Modeling scenarios with i) a growth and yield -based forest ecosystem model - the Carbon 
Budget Model of the Canadian Forest Sector (CBM-CFS3) - parameterized for conditions 
in Wisconsin, ii) a state-specific model of harvested wood products dynamics (CBM-HWP-
WI) utilizing the Abstract Network Simulation Engine (ANSE) framework, and iii) 
displacement factors to evaluate substitution benefits from using wood products and 
bioenergy in place of more emissions-intensive materials; and  
 

4) Engagement and discussion with state agency staff to explore modeling results, consider 
implications for forest management programs and policies statewide, and inform state 
climate action targets.  

 
Through a series of meetings with  the Wisconsin 
Department of Natural Resou rces, we identified 
several management priorities and concerns for 
forests in Wisconsin: harvesting practices , forest 
health and regeneration , land -use change and 
forest conservation , climate change impacts , and 
wood utilization and markets . Many of these 
priorities are not exclusive to Wisconsin and have 
been recognized as concerns regionally and 
nationally. From these state priorities, we developed 
12 modeling scenarios to cover a broad range of 
forest management, climate change impacts, and 
wood utilization scenarios, grouped into 5 categories 
representing similar objectives: 1) altered rotation  
lengths and management ; 2) forest health and 

Box 1. MODELED SCENARIOS 

 
¶ Extended Rotations* 

¶ Increased Harvest Retention Size 

¶ Increasing Harvest Levels 

¶ Increased Regeneration* 

¶ Coarse Woody Debris Enhancement 

¶ Afforestation*  

¶ Forest-Type Conversion* 

¶ Increased Harvest Residue Utilization 

¶ Increased Softwood Utilization  

¶ Increased Hardwood Utilization  

¶ Composite Panels from Pulpwood 

¶ Portfolio (concurrent implementation 
of scenarios marked with *) 
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regeneration 3) tree planting; 4) climate adaptive management; and 5) wood utilization and 
markets (Box 1). For full scenario descriptions and parameters, see Report  Table 3 .  

 

Climate -Smart Forestry in Wisconsin  
Forests and the forest products sector already contribute strong climate mitigation benefits in 
Wisconsin as a net carbon sink, and undertaking changes in land use and forest management could 
increase these benefits substantially. Key factors for successfully implementing  CSF include 
establishing and maintaining a diverse and multi-age forest landscape that balances the two critical  
mechanisms through which forests benefit the climate ς carbon sequestration (removing carbon 
from the atmosphere and converting it into wood through photosynthesis) and carbon storage 
(holding that carbon in forests and wood products rather than emitting it to the atmosphere).  
 
Some forestry practices have nearly universal climate mitigation benefits no matter where they are 
applied such as planting treesΦ ¸ŜǘΣ ²ƛǎŎƻƴǎƛƴΩǎ ŦƻǊŜǎǘǎ ŀƴŘ ǿƻƻŘ ǇǊƻŘǳŎǘǎ ǎŜŎǘƻǊ ƻŦŦŜǊ ǘƘŜƛǊ ƻǿƴ 
unique case, and certain practices are particularly promising for the state from a carbon perspective 
as Wisconsin has a diversity of forest communities, both structurally and compositionally, that are 
managed for a variety of forest products and other ecosystem services. This analysis demonstrates 
that a diverse set of climate-smart strategies exists for Wisconsin (Box 2). 

 

The benefits of  expanding climate -smart forestry in Wisconsin 
Our results suggest that by continuing Business-As-Usual ό.!¦ύ ǇǊŀŎǘƛŎŜǎΣ ²ƛǎŎƻƴǎƛƴΩǎ ŦƻǊŜǎǘǎ will 
be a consistent net carbon sink, (Box 3 ) with an average annual Net Ecosystem Carbon Flux  
(NECF) of -5.56 MMT CO 2e yr -1. When this NECF value is combined with an average annual 
transfer of 8.79 MMT CO 2e yr -1 to harvested wood products, Wisconsin is projected to have a 

BOX 2. CLIMATE-SMART FORESTRY PRACTICES IN WISCONSIN 
 

 
V Continued sustainable management of working forestlands  to support climate 

mitigation potential and the forest bioeconomy through current practices represented 
in the Business-as-Usual scenario and through increasing forest extent by Afforestation. 

 
V Increase  carbon sequestration and  the carbon retention potential  of the forest  

through Extending Rotations  and increasing the Harvest Retention Size following 
harvesting and other forestry operations. 

 
V Support climate mitigation and adaptation  by incorporating climate change 

considerations into forest management, such as proactively promoting more adaptive 
Forest-Type Conversions or by implementing the suite of practices represented by the 
Portfolio  scenario. 

 
V Bolster climate mitigation potential of the forest products sector  through wood 

utilization strategies including increased utilization of Harvest Residues, increased 
production of Longer-Lived Wood Products or by altering current commodity 
production ratios such as producing additional Composite Panels from Pulpwood. 
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cumulative Net Carb on Balance  
(Box 3 ), of -487.08 MMT CO 2e 
between 2021-2100, provided that 
current trends in land-use change, 
natural disturbances, and timber 
harvesting continue. These results 
suggest that continuing current 
management practices and 
harvest rates will allow 
²ƛǎŎƻƴǎƛƴΩǎ ŦƻǊŜǎǘǎ to act as a net 
carbon sink throughout the end of 
the century, while still  providing a 
steady supply of HWP.  Further, 
we also found that by 
implementing concurrent CSF  
management practices as 
represented by the Portfolio  
scenario, which includes Extended 
Rotations, Increased 
Regeneration, Afforestation, and 
adaptive Forest-Type Conversion, 
ŎƻǳƭŘ ƛƴŎǊŜŀǎŜ ²ƛǎŎƻƴǎƛƴΩǎ ŦƻǊŜǎǘ 
carbon sink by 29.4% in 2030 and 
28.5% in 2050 , relative to BAU. 
This equates to an additional             
-31.32 MMT CO 2e sequestered by 

2050. While our results suggest that BAU management would provide a reliable carbon sink and 
a sustainable timber supply through the end of the century, implementing  additional  CSF 
management actions could increase the mitigation potential of forests, further contributing to net -
zero GHG emission goals without disrupting timber supplies or other management objectives. 
 
Forests in all scenarios modeled in this analysis  remained net carbon sinks until the end of the 
centuryΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŀǘ ²ƛǎŎƻƴǎƛƴΩǎ ŦƻǊŜǎǘǎ ǿƛƭƭ ōŜ ŀ ǊŜƭƛŀōƭŜ ƴŀǘǳǊŀƭ ŎƭƛƳŀǘŜ ǎƻƭǳǘƛƻƴ ƛƴǘƻ ǘƘŜ 
future . However, by examining the future trends of individual scenarios we can ascertain additional 
details about  the magnitude and mechanism underpinning ŜŀŎƘ ǎŎŜƴŀǊƛƻΩǎ climate mitigation 
potential  (whether increased or decreased) relative to BAU . For example, the Extended Rotation 
scenario, which increases the minimum  harvest age by 20-95 years, accumulates a large amount of 
additional carbon in the forest ecosystem, while at the same time experiencing decreased transfer 
to, and storage of, carbon in the wood products sector. As a result of this decreased transfer to HWP 
this scenario is subject to leakage and negative substitution effects. The net of these  opposing 
factors results in a 5.6% increase in carbon sequestration and storage (an additional -27.56 MMT 
CO2e) by 2100 as compared to BAU. The Increased Harvest Retention Size scenario, in which a 
larger reserved area is set aside following harvest, also results in significant carbon being 
accumulated in the forest ecosystem and less carbon transferred to the wood products sector, 
resulting in leakage and negative substitution benefits . Consequently, the Increased Harvest 
Retention Size scenario experiences a 14.1% increase in carbon sequestration and storage (an 
additional -68.73 MMT CO 2e) by 2100 as compared to BAU.  
 

Box 3. CARBON METRICS 
 
 

Net Ecosystem Carbon Flux refers to the net annual 

sequestration of carbon by forests across all ecosystem 

carbon pools after accounting for decomposition, natural 

disturbance emissions, land -use change, and wood 

product transfers.  

 

Net Carbon Balance  includes net ecosystem carbon fluxes, 

net emissions from HWP in use and in landfills, 

substitution benefits from the use of wood in place of more 

emission intensive materials, and leakage in years where 

harvest is less than BAU to account for some level of  

emissions leaking outside of the study area due to a 

reduction in harvests.  

 

Net Ecosystem Carbon Flux  and Net Carbon Balance  are 

presented from the atmospheric perspective where 

negative numbers represent a net carbon sink (more 

carbon removed from the atmosphere), and positive 

numbers represent a net carbon source (more carbon 

emitted to the atmosphere). 
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The Afforestation scenario results in a small increase in forest area across the simulation which 
reverses the net forest area loss trend (-3,934 ac yr-1) in the BAU simulation. This alteration of land-
use change trends via planting an additional 277,944 ac by 2100 corresponds with an increase in 
climate mitigation of 7.5% (an additional -36.67 MMT CO2e sequestered) by 2100 as compared to 
BAU. The  Forest-Type Conversion scenario, which assumes secondary succession of older aspen 
stands to mixed stands of longer-lived hardwood and softwood species by allowing other longer -
lived species to be established, leads to a 2.4% increase in climate mitigation (an additional -11.92 
MMT CO 2e) by 2100 as compared to BAU, largely due to the fact that the more mature successional 
forest types can sequester and store additional carbon, particularly in the older age-classes, relative 
to the aspen stands they replace. 
 
Although forests in all scenarios remained net carbon sinks until the end of the century, not every 
scenario led to an increase in climate mitigation relative to BAU. For example, three scenarios, 
Increased Regeneration, Increased Harvest Levels, and Coarse Woody Debris Enhancement, remain 
net carbon sinks, yet sequester less carbon by 2100 as compared to BAU. The Increased 
Regeneration scenario, which increases supplemental planting on understocked stands and 
increases the rate of regeneration harvests on sites with failed regeneration, experiences 3.9% less 
climate mitigation ( 18.9 MMT CO 2e less carbon sequestration) by 2100 as compared to BAU. This 
mainly occurs as the increased productivity from restocking treatments does not offset the loss of 
carbon and carbon sequestration capacity from additional regenerative harvests and cuttings. The 
Increased Harvest Levels scenario, which increases annual harvest volume targets by ~10%, 
experiences 4.5% less climate mitigation (26.11 MMT CO2e less carbon sequestration) by 2100 as 
compared to BAU. Like in the Increased Regeneration scenario, this effect comes from increased 
harvest levels which, all else being equal, lower the sequestration capacity of the forest, despite an 
increase in storage of carbon in the wood products sector. Finally, the Coarse Woody Debris 
Enhancement scenario led to 6.2% less climate mitigation ( 30.00 MMT CO 2e less sequestration 
and storage) than BAU by 2100. This outcome, the worst of any of the scenarios tested, is driven in 
part by decreases in forest productivity from additional material being cut and left on site , as well 
as slight decreases in HWP transfers and storage relative to BAU. 
 
All four wood utilization  and markets scenarios represented opportunities for increased climate 
mitigation potential as compared to BAU . The Increased Harvest Residue Utilization scenario, in 
which harvest residues normally left in the forest are instead used in biochar production, led to a 
16.5% increase in climate mitigation  (an additional -80.21 MMT CO 2e) as compared to BAU by 
2100. This is because biochar has a long product half-life, and thus relatively low HWP emissions 
over the modeled timeframe . As such,  the small increase in HWP emissions  from biochar 
decomposition is more than offset by a large reduction in ecosystem emissions  due to less 
decomposition of harvest residues . The Increased Softwood Utilization  scenario increased 
softwood harvest volume targets by 8.5%, with all of this additional ly harvested material allocated 
to mass timber . This increase in harvest and HWP production  led to a 9.1% increase in climate 
mitigation  (an additional -44.40 MMT CO 2e) by 2100 as compared to BAU. Similarly , increasing 
the harvest targets for hardwood species by 5% with the intent  to increase the production of longer-
lived (e.g., lumber) products, as represented by the Increased Hardwood Utilization scenario, 
increased climate mitigation by 4.9% (an addition al -24.10 MMT CO 2e) by 2100 as compared to 
BAU. Finally, the Increased Pulpwood Utilization scenario, which diverts pulpwood away from 
shorter-lived wood products such as paper to the production of composite panels, increased climate 
mitigation by 3.9% (an additional  -19.06 MMT CO 2e) as compared to BAU by 2100. These four 
scenarios all increased the carbon storage capacity of the forest products sector either by decreasing 
HWP emissions or increasing input  into commodity streams with longer half-lives (or both) , while 
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simultaneously providing additional positive substitution  benefits when certain commodity 
production levels are increased. 
 

Other Considerations  
It is important to note that  the scenarios tested in this analysis  are constructed based on  
prescriptive projections  rather than true predictions for future model parameters . That is, our 
model projections take long-term averages of contemporary management and apply them to the 
future, rather than dynamically altering future management in response to potential future 
conditions. Further, our BAU assumptions make no attempt to predict future climate conditions 
and their subsequent impact on carbon dynamics (e.g., growth rates and/or natural disturbance 
regimes). Results are reported entirely in terms of carbon and do not draw explicit conclusions 
about the impacts of our scenarios on other forestry goals such as biodiversity, water cycling, 
recreation, economic impacts, and other vital ecosystem services forests provide. However, in 
conjunction  with our state partners, our scenarios were designed with co-benefits in mind.  Other 
studies suggest that practices such as Afforestation (Niu and Duiker, 2006 , Stai et al, 2010, 
Doelman et al, 2020 ), Increased Harvest Retention Size (Nunery and Keeton, 2010 , Zugic et al, 
2021), Extending Rotations  (Roberge et al., 2016 , Roberge et al., 2018 ), and Forest-Type 
Conversion (Nave et al, 20 17, Gough et al , 2021, Nave et al, 2024) can potentially  increase the 
mitigation potential of forests in addition to meeting a suite of other management goals including 
slowing deforestation rates, promoting forest conservation, and increasing the adaptive capacity of 
forests to cope with climate change. 
 

Conclusion  
Forests are managed for a myriad of goals and objectives. Identifying strategies and policies that 
can optimize and balance forest benefits remains crucial to the future health and stewardship of 
natural and working forestlands. Our results suggest that current BAU practices could lead to both 
a stable carbon sink and a sustainable timber supply throughout the end of the century. This 
analysis further  demonstrates that various climate-smart forest management actions ς including  
increasing the area of forestland, maintaining forest health and regeneration, sustainable use of 
timber products, and managing for future impacts of climate change ς provide relatively low-cost 
solutions to increase the mitigation of ²ƛǎŎƻƴǎƛƴΩǎ forests. While this report only assesses outcomes 
in terms of climate mitigation and carbon balance dynamics, many of these CSF tactics provide 
other forest co-benefits in support of forest stewardship. Our results do not suggest that Wisconsin 
is currently at a critical point of a future weakened net carbon sink. However, our results do suggest 
that specific and concerted actions can be taken now to increase both the resilience and climate 
mitigation potential of ²ƛǎŎƻƴǎƛƴΩǎ forests and forest products sector. 
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Introduction  
Forests as a Natural Climate Solution  
Climate change presents an unprecedented global challenge to society, and the forest ecosystems 
society relies on. Forests have become increasingly important in climate change dialogues, as seen 
ƛƴ ǘƘŜ tŀǊƛǎ !ƎǊŜŜƳŜƴǘ ŀƴŘ ǘƘŜ /htнс DƭŀǎƎƻǿ [ŜŀŘŜǊǎΩ 5ŜŎƭŀǊŀǘƛƻƴ ƻƴ CƻǊŜǎǘǎ ŀƴŘ [ŀƴŘ ¦ǎŜ 
(COP26 2021; Popkin 2019) to help reach net zero greenhouse gas (GHG) emission targets. 
CǳǊǘƘŜǊΣ ǘƘŜǊŜ ƛǎ ŀƭǎƻ ƛƴŎǊŜŀǎƛƴƎ ŎƻƴǎŜƴǎǳǎ ƻŦ ŦƻǊŜǎǘǎΩ ƛƳǇƻǊǘŀƴŎŜ ŀs a nature-based solution to 
climate change, or natural climate solution (NCS) through their mitigative and adaptive potentials 
(Drever et al. 2021; Griscom et al. 2017; Fargione et al. 2018).   
 
High -level NCS assessments have considered various potential nature-based climate solutions 
both in terms of opportunity scale (e.g., metric tons of carbon dioxide equivalent, or tCO 2e) and 
cost of implementation. Results of these assessments at the international (Griscom et al. 2017) and 
US national levels (Fargione et al. 2018) point to forested land as the dominant opportunity for 
nature-based climate change mitigation by reducing e missions and increasing carbon 
sequestration from the atmosphere. The largest opportunities typically come through 
reforestation, forest conservation, or forest management pathways (Griscom et al. 2017; Fargione 
et al. 2018), which can include the extension of carbon retention times in durable longer-live wood 
products. 
 
Forests in the United States (US) and the forest products sector already play an important role in 
mitigating climate change, a benefit which can be significantly impacted through forest 
management decisions and policies. The overall mitigation potential o f the forestry sector is 
determined not only by the carbon captured from tree growth, but also by the carbon stored in 
harvested wood products (HWP) and how HWPs are ultimately retired. In 2023, US forests 
captured and stored nearly 890 million metric tons of carbon dioxide equivalency (MMT CO 2e), 
enough to offset 14.4% of gross greenhouse gas emissions in the same year (EPA 2025). Almost 
90% of this climate benefit was provided by existing forests and forest products, and assessments 
of natural climate solutions potential indicate that we could significantly increase the carbon -
capturing potential of forests through management and policy actions (Fargione et al. 2018). 
However, this carbon savings potential is expected to decrease throughout the 21st century due to 
forest loss and forest health declines fueled by climate change (Wear and Coulston 2015; Oswalt et 
al. 2019).  
 
To maintain and strengthen the NCS capacity of forests, future management and policy decisions 
will need to mesh mitigation goals with adaptation to future climate conditions. This dynamic is 
central to the concept of climate-smart forestry (CSF), a sustainable forest management approach 
that seeks to balance the ability of forests to adapt to and mitigate climate change while continuing 
to provide fundamental wood products and ecosystem services (Nabuurs et al. 2018; Bowditch et 
al. 2020; Verkerk et al. 20 20). This approach acknowledges the importance of maintaining or 
increasing carbon storage in forests and forest products as a climate solution but  also emphasizes 
the need for robust carbon sequestration rates to continue to draw carbon out of the atmosphere 
as part of a global effort to mitigate climate change, seeking to balance carbon sequestration and 
storage rates throughout the forest. CSF techniques focus on long-term forest health and resilience 
in the face of climate change as part of sustainability in forest management, and they aim to 
accomplish all these goals while supporting a strong wood products sector. According to the IPCC, 
meeting our global climate goals is not possible without forests (Calvin et al. 2023), and forests 
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need the health and resilience benefits provided by CSF to play their part. Therefore, the most 
promising future NCS practices for forests will need to follow a CSF approach. 

 

Assessing Forest Climate Benefits in Wisconsin 
State and municipal governments can leverage climate benefits from forests, and mediate future 
climate impacts, through their strong influence on forest management and policy, implementing 
climate-smart practices on state-owned lands and providing technical and financial support for 
other forest landowners. Because of the urgent threat of climate change, US states are striving to 
develop policies and programs that lower greenhouse gas emissions, maintain current carbon 
storage, increase stored carbon pools, and enhance sequestration rates. As part of this push, more 
states are supporting lateral efforts (e.g., participating in the US Climate Alliance) and undertaking 
assessment, planning, and monitoring within their jurisdictions. Given the NCS potential of 
forests, states are exploring measures to demonstrate, promote, and support an active sustainable 
forest industry and are considering options for increasing the role of forests and HWP in state 
climate mitigation plans.  
 
To achieve such ambitious climate targets, states need additional  information about the impact 
that forests and forest management currently have on emissions levels, as well as an understanding 
of their future implications  on forest health and climate mitigation potential . State governments 
within the Lake States region (Minnesota, Wisconsin, and Michigan) desire to use this information 
to improve decision making and inform  policy regarding forests and climate action. Minnesota, 
Michigan, and Wisconsin collectively contain 54.66 million acres of forestland, and all states are 
seeking information about climate mitigation and adaptation opportunities in their forests to 
incorporate in revisions to state-level Forest Action Plans and Climate Action Plans. By working 
together in this regional study, the Lake States region can learn about shared forest management 
challenges and goals and collaborate to develop effective management and policy strategies, with 
the understanding that  issues, barriers, and opportunities will be similar  across the region. 
 
¢Ƙƛǎ ǊŜǇƻǊǘ ƛǎ ŘŜǎƛƎƴŜŘ ǘƻ ƛƴŦƻǊƳ ²ƛǎŎƻƴǎƛƴΩǎ ŦǳǘǳǊŜ ŘŜŎƛǎƛƻƴ making towards carbon stewardship, 
forest management and policy, and wood utilization in state -level climate action planning. Here, 
we present results for a broad range of forward-looking forest management scenarios and assess 
the mitigative potential of f orests and carbon stored in HWP, along with an analysis of the 
substitution benefits from using wood in place of other emissions-intensive materials. 
 

The Context of Wisconsin Forests  
Wisconsin has 16.94 million acres of forest land (~47% of the state). Over the past decade, annual 
gross forest productivity  has outpaced both annual removals and mortality  to provide a reliable 
carbon sink  (USDA Forest Service, 202 1). ²ƛǎŎƻƴǎƛƴΩǎ ŦƻǊŜǎǘǎ ǇǊƻǾƛŘŜ numerous ecosystem 
services such as wildlife habitat, clean air and water, erosion control,  and improving the quality of 
life in urban and rural areas.  ²ƛǎŎƻƴǎƛƴΩǎ ŦƻǊŜǎǘǎ ŀǊŜ ǇǊƛƳŀǊƛƭȅ ŎƻƳǇƻǎŜŘ ƻŦ ƘŀǊŘǿƻƻŘ ǎǇŜŎƛŜǎ 
including oak -hickory forests (26% of total forested area), maple -beech-birch (22% of total 
forested area), and aspen-birch (17% of total forested area). Lowland forests dominated by elm and 
ash trees account for approximately 10% of forested areas. Conifers, while less dominant, remain 
an important aspect of Wisconsin forests with pine and spruce-fir forests representing about 18% 
of forested area (WI DNR, 2021) . Approximately  70% of forests are privately owned, with about 
10% managed by federal agencies and the rest owned by state, local, and Tribal entities.  
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CƻǊŜǎǘǊȅ ŀƴŘ ǘƘŜ ŦƻǊŜǎǘ ǇǊƻŘǳŎǘ ǎŜŎǘƻǊ ŎƻƴǘǊƛōǳǘŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǘƻ ²ƛǎŎƻƴǎƛƴΩǎ ŜŎƻƴomy, in large 
part due to the crucial role that timber harvest plays in sustaining a vibrant forest-based economy. 
The forestry sector also plays a large role in promoting and managing the health of forests actively 
managing forests and creating economic incentives for forest stewardship and conservation. Over 
64,000 people are employed in the forest products sector; however, since 2006, both the number 
of people employed and wages have decreased (WI DNR, 2017) . Additionally, paper mills have 
continued to decline statewide primarily driven by the stumpage price for pulpwood  (WI DNR, 
2017). Similar to the other Lake States, concerns have arisen ŀōƻǳǘ ²ƛǎŎƻƴǎƛƴΩǎ aging forest sector 
workforce and a lack of continued investment in forestry related businesses (Gc et al., 2020). 
 
²ƛǎŎƻƴǎƛƴΩǎ ŦƻǊŜǎǘǎ ƘŀǾŜ ōŜŜƴ ǇǊƻŦƻǳƴŘƭȅ ƛƳǇŀŎǘŜŘ ōȅ ƴŀǘƛǾŜ ǇŜƻǇƭŜǎ, specifically using fire to 
maintain and establish favored plant and animal communities. The forests of Wisconsin provided 
native peoples for centuries with foraging, food, other tree crops, and habitat for hunting and 
trapping.  The arrival of European settlers removed or confined native populations throughout the 
1800s, which began a process of cutting forests and burning the land for agriculture. The latter half 
of the 19th century saw logging increasingly becoming an important part of the Wisconsin economy. 
However, by the 1930s, most of the valuable timber in the state had been removed or destroyed by 
fire. This depletion of forest resources led to the implementation of fire control strategies and  a 
blossoming conservation movement to revert abandoned land back to forests (WI DNR 2021; WI 
DNR 2020b) . Today, ²ƛǎŎƻƴǎƛƴΩǎ forests support a wide range of forest ecosystems ; however, 
climate change and other non -native health threats persist (WI DNR 2021; WI DNR 2020b). 
WisconsƛƴΩǎ ŦƻǊŜǎǘǎ ǇǊƻǾƛŘŜ a unique case study of assessing future climate mitigation potential  in 
support of net zero GHG emission targets without hampering forest ecosystems and other 
environmental services. 

Research and Modeling Process 
Following methodologies derived in Papa et al., 2023; DeLyser et al. (2022a; 2022b; 2025); and 
Dugan et al. (2018; 2019; 2021), we assessed carbon trends and management scenarios in the forest 
ecosystem and forest products sector for Wisconsin utilizing a systems -based approach. This 
systems approach accounts for the influence of forest management activities beyond the forest itself 
and allows us to examine potential trade -offs or synergies between management strategies that 
maximize forest ecosystem carbon stocks, HWP volumes, or other important forest ecosystem 
services (Papa et al., 2023; Dugan et al., 2018). Our modeling process included:  
 
1) Consultation with state agency staff and forestry experts to understand forest management 

priorities, concerns, and goals in Wisconsin;  
 

2) Development of business-as-usual (BAU) and alternative forest management scenarios ς 
including forest management, natural disturbance, land-use change, and wood utilization 
ς to project future forest carbon trends under various management practices;  
 

3) Modeling scenarios with i) a growth and yield -based forest ecosystem model - the Carbon 
Budget Model of the Canadian Forest Sector (CBM-CFS3) - parameterized for conditions 
in Wisconsin, ii) a state-specific analysis of harvested wood products model (CBM-HWP-
WI) dynamics utilizing the Abstract Network Simulation Engine (ANSE) framework, and 
iii) displacement factors to evaluate substitution benefits from using wood products and 
bioenergy in place of more emissions-intensive materials; and  
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4) Engagement and discussion with state agency staff to explore modeling results, consider 
implications for forest management programs and policies statewide, and inform state 
climate action targets.  

 
The sections below summarize our process for each of these steps. Specific data sources and model 
parameterization methods can be found in the Appendix. 
 

Systems-Based Forest Carbon Modeling 
Forest Carbon Accounting 
Trees uptake carbon as they grow, which then cycles through various components of the forest. 
Accrual of carbon in the forest ecosystem also depends on accumulation of other carbon pools 
including dead wood, leaf litter, and soil (Smith et al. 2006), as well as the rate of decomposition 
and respiration (Gower 2003). Here, carbon storage refers to the amount of carbon physically held 
by living and dead trees, contained in the soil and forest floor material, and stored in wood products 
(Figure 1 ). Carbon sequestration refers to the annual uptake rate of carbon from the atmosphere 
by forests, primarily driven by rates of tree growth, mortality, decomposition, respiration, and loss 
of carbon from disturbance. ¢ƘŜǎŜ ŜƭŜƳŜƴǘǎ ŎƻƳōƛƴŜ ǘƻ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ŦƻǊŜǎǘΩǎ ŎƭƛƳŀǘŜ ƳƛǘƛƎŀǘƛƻƴ 
potential. Forests that sequester and store more carbon than they release from decomposition and 
respiration each year represent a net carbon sink; conversely, forests that release more carbon than 
they sequester and store become a net carbon source. 
 
To understand the role forests can play in mitigating climate change, we need more accurate 
assessments of these forest carbon dynamics and interactions. The systems approach used in this 
analysis provides a comprehensive look at not only the forest ecosystem dynamics at play, but also 
ŦƻǊŜǎǘǎΩ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ƭŀƴŘ-use change, the forest products sector in terms of emissions from 
harvested wood products (HWP)  while in use and during disposal, potential leakage from changing 
harvest rates, and substitution  of wood products in place of more emissions-intensive materials 
(Figure 1 ). Excluding any one of these components would lead to an incomplete accounting of 
forest carbon, misrepresenting net forest emissions and climate mitigation potential ς therefore, a 
systems approach is necessary (Smith et al. 2006; Papa et al. 2023; Dugan et al. 2018; Kurz et al. 
2009; Nabuurs et al. 2007).  Our approach follows IPCC Tier 3 Good Practice Guidance for 
systems-level accounting of forest carbon, which allocates emissions from harvest, transportation, 
and manufacturing of HWP to other sectors rather than the forestry sector (Kurz et al. 2009), so  
ǘƘŜǎŜ ŜƭŜƳŜƴǘǎ ŀǊŜ ƴƻǘ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘƛǎ ŀƴŀƭȅǎƛǎΦ ²Ŝ ŀƭǎƻ Ŧƻƭƭƻǿ Lt//Ωǎ ǇǊƻŘǳŎǘƛƻƴ ŀǇǇǊƻŀŎƘΣ 
meaning we report carbon in forests and trees grown in Wisconsin and their ultimate destination 
as HWP (including exports) but do not consider carbon from out -of-state trees that are later 
imported and used in-state. 
 
The CBM-CFS3 partitions carbon into 14 ecosystem pools, including living vegetation (above- and 
belowground biomass), dead wood (biomass in standing dead, downed wood, and forest floor 
material), and soil carbon ( Figure 1 ). Ecosystem carbon moves between these pools and the 
atmosphere in each year of the model, representing typical flows in the forest carbon cycle. Carbon 
can enter or leave this system as land transitions between forest and alternative land uses (though 
changing the land -use classification from forest to non -forest, for example, does not necessarily 
mean that all carbon is immediately emitted ς instead, it has moved into the carbon budget for a 
different sector). Carbon can also leave the forest through har vested wood, which is further 
assessed and tracked through its usage (in wood products and energy), decay, and end of life (e.g., 
landfill storage and wood energy) via the CBM-HWP-WI model described below. Wood products 
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from sustainable forest management that are used in place of more emissions-intensive products 
like concrete and steel are also counted as a climate solution by providing renewable and lower-
emissions materials alternatives (McKinley et al. 2011). If harvest levels decrease within the system 
ōƻǳƴŘŀǊȅΣ ǘƘŜǊŜ ƛǎ ŀ ŎƘŀƴŎŜ ǘƘŀǘ ƘŀǊǾŜǎǘ ŀŎǘƛǾƛǘƛŜǎ ŀƴŘ ŀǎǎƻŎƛŀǘŜŘ ŜƳƛǎǎƛƻƴǎ ǿƛƭƭ ƛƴŎǊŜŀǎŜΣ ƻǊ άƭŜŀƪέ 
outside the system to make up for any unmet HWP demand (Nabuurs et al. 2007). Our 
methodology, and common practice in carbon offset protocols (Haya et al. 2023), requires we also 
account for this possibility of leakage. 
 

In this analysis, we calculate various metrics to represent these dynamics and determine the carbon 
sink or carbon source status of forests and the forest sector. Net ecosystem carbon flux refers to the 
net yearly sequestration of carbon by forests across all 14 ecosystem carbon pools, after accounting 
for decomposition, natural disturbance emissions, and wood product transfers from the ecosystem 
to the forest products sector. Net ecosystem  carbon flux is presented from the atmospheric 
perspective, where negative numbers represent a net carbon sink (less carbon in the atmosphere) 
and positive numbers represent a net carbon source (more carbon in the atmosphere). We combine 
net ecosystem carbon flux with carbon storage and emissions from HWP, potential leakage, and 
substitution benefits to calculate the net carbon balance of the forest sector. Net carbon balance 
presents the system-wide view of carbon dynamics and is therefore the final metric used to assess 
the climate mitigation potential for each of our modeled scenarios. 
 

Figure 1. Simplified systems view of land uses and sectors influencing forest carbon stocks and sequestration. The 
Forest sector (gray box) provides a graphical representation of forest carbon pools and transfers in the CBM -CFS3 
model and ANSE carbon accounting toÏÌŗ &ÏÒ $/- ÐÏÏÌÓŔ ŠÖÅÒÙ ÆÁÓÔšŔ ŠÆÁÓÔšŔ ŠÍÅÄÉÕÍšŔ ÁÎÄ ŠÓÌÏ×š ÒÅÆÅÒ ÔÏ ÔÈÅ 
rate of decomposition among the various DOM pools. Transfers between the land-use sector (blue box) and the 
forest sector (gray box) represent land-use change (either forest loss or forest gain). Product substitutions (red 
outline) represent the use of harvested wood in place of other more carbon intensive materials. (Adapted from Kull 
et al., 2019; Nabuurs et al., 2007). 
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Forest Ecosystem Model 
The Carbon Budget Model of the Canadian Forest Sector (CBM -CFS3) is an operational -scale 
carbon model designed to simulate the dynamics of forest carbon stocks over time, following 
guidelines and carbon pools established by the Intergovernmental Panel on Climate Change (Kull 
et al. 2019; Kurz and Apps, 1999; Kurz et al. 2009). The model has had wide applications within 
Canada (Kurz et al. 2013; Kurz et al. 2018), the United States (Papa et al. 2023; DeLyser et al. 
(2022a; 2022b; 2025);  Davidson et al. (2026); Pilli et al. 2013; 2014; 2017; 2022 ; Cienciala and 
Melichar 2024 ) while being thoroughly evaluated against ground plots (Shaw et al. 2014) and with 
respect to model uncertainty (Metsaranta et al. 2011; 2017). Though originally developed for 
Canadian forest conditions, the CBM -CFS3 is widely flexible and can be paramete rized with 
location-specific data; for this analysis, we use state-specific data from the US Forest Service Forest 
Inventory and Analysis (FIA) Program (USDA Forest Service, 2019) to ensure accuracy for 
Wisconsin forests. We use the CBM-CFS3 for this study at the request of Wisconsin DNR staff, to 
expand on previous modeling efforts for state forests in both the M id-Atlantic region and across 
the Lake States region. 
 

The CBM -CFS3 utilizes forest 
inventory data and empirically  
derived growth and yield curves, in 
combination with schedules of 
management activities, natural 
disturbances, and land -use 
change, to calculate forest carbon 
trends throughout a simulation 
(Figure 2 ). The forest inventory is 
spatially referenced rather than 
spatially explicit, meaning that 
exact locations of inventory 
records are not known or tracked. 
Instead, inventory data are 
categorized by a series of classifiers 
that define relevant characteristics 
of the forest landscape (i.e., forest 
type, ownership, or stocking class) 
or reference spatial units within 

the study area (i.e., counties or ecoregions; see Appendix  for full list of classifiers used in this 
project). These classifiers are also used to develop specific volume-age curves, or yield curves, so 
that growth and yield trends can be appropriately linked to inventory records in the simulation. 
The CBM-CFS3 uses allometric equations to predict wood volume-to-biomass relationships during 
model runs (Boudewyn et al. 2007), which have been customized for this project to accurately 
represent Lake States region tree species. Finally, CBM-CFS3 uses default equations to simulate 
dynamics between soil, dead organic matter, and forest processes like litter fall and decomposition 
(Kurz et al. 2009). 
 
Management and natural disturbance data are also necessary inputs ς CBM-CFS3 does not 
independently predict future events but instead follows a user -determined schedule of annual 
management, disturbance, and land-use change (LUC)  events (collectively termed disturbances) 
for the simulation period. Disturbances can be targeted to certain classifiers and stand ages using 
a rule -based approach as appropriate. In addition to event schedules, CBM -CFS3 utilizes 

Figure 2. Modeling inputs and processes for CBM-CFS3. Adapted 

from Kull et al. 2019. 
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disturbance matrices to represent specific impacts of disturbance events on mortality, the transfer 
of carbon between pools, the transfer of carbon to the forest products sector, and the emissions of 
carbon to the atmosphere (Kurz et al. 2009). 
 
For this analysis, we used the FIA data base (USDA Forest Service 2022) to estimate a statewide 
forest inventory, generate growth-yield curves to estimate forest productivity, calibrate volume-to-
biomass equations, and determine harvest allotments. Harvest and land-use change (LUC) activity 
data were estimated across a 12-year periods (2007-2019). FIA derived estimates of LUC were 
validated and had broad agreement with the National Land Cover Database (NLCD; Wickham et 
al. 2021). Insect and disease data including defoliation and mortality events were derived from the 
USDA National Insect and Disease Detection Surveys (USDA Forest Service 2020). Similarly, total 
area burned by wildfire w as derived from the FIA database (USDA Forest Service 2022). Acreages 
were assigned one of three levels of burn severity determined by percent mortality following 
proportions determined by the Monitoring Trends in Burn Severity database (MTBS; Eidenshink 
et al. 2007). Data for prescribed fire was estimated using the Wisconsin DNR Fire Management 
Dashboard (WI DNR  2023). The disturbance matrices used for this study have been parameterized 
to represent Lake States forest conditions and practices. See Table 1 in the Developing Modeling 
Scenarios  section for BAU ecosystem disturbance parameters and the Appendix  for more 
information on data and assumptions used in model parameterization. 
 

Harvested Wood Products Model 
To calculate and assess carbon stored by, and GHG emitted from, forest products across diverse 
forest management scenarios, we employed the CBM-HWP -WI model. This model was built using 
the ANSE modeling framework, a carbon accounting tool developed by the Canadian Forest 
{ŜǊǾƛŎŜ ό/C{ύ ŀƴŘ ǳǎŜŘ ŦƻǊ /ŀƴŀŘŀΩǎ ƴŀǘƛƻƴŀƭ DID ƛƴǾŜƴǘƻǊȅ ǊŜǇƻǊǘƛƴƎ ƛƴ ǘŀƴŘŜƳ ǿƛǘƘ /.a-CFS3 
(CFS 2024). This framework facilitates tracking, modeling, and calculating carbon storage and 
emissions in the forest products sector associated with HWP from both historic al and projected 
future harvest activities. Emissions from other related sectors, such as transportation and 
manufacturing of HWP, are not included in this framework. The CBM -HWP-WI model contains 
custom modeling flows and parameters, e.g., roundwood export proportions and destinations, 
commodity production proportions, product half -lives, wood recycling rates, and displacement 
factors, specific to Wisconsin products and markets.  
 
Some disturbance events (particularly, though not exclusively, harvest or cutting  events) in CBM-
CFS3 transfer carbon to the wood products sector, providing annual wood removal volumes in 
units of carbon which in turn become the primary data input for the CBM-HWP -WI model. These 
carbon inputs are partitioned into various HWP streams based on current practices in the forest 
products sector in Wisconsin (Figure 3; data sources provided below). Of that which enters the 
industrial roundwood stream, a portion is first allocated to roundwood exports. We assume that 
100% of exported roundwood is sent for processing into lumber products  (including building 
materials, veneers, and other aggregated wood products). All remaining industrial roundwood 
carbon is allocated toward domestic commodity production, with a certain proportion going 
toward mill residues that either become fuel, feed into additional commodity production, or go 
unused. Other wood product streams include bark residue, which can be used for fuel, additional 
commodity production, or remain unused, and fuelwood, which is burned for residential or 
industrial heating and energy production. Each domestic commodity produced from roundwood 
or other sources has a corresponding half-life that determines the longevity of the carbon in use 
before moving to a product retirement pathway (i.e., recycled, burned for energy, or sent to the 
landfill) and, eventually, being emitted back to the atmosphere. Emissions f rom landfilled wood 
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and paper products are largely dictated by the proportion of their material assumed to be 
decomposable in an anaerobic landfill (we assume 10% for wood and 50% for paper), meaning the 
remaining material will not decompose or emit carbon to the atmosphere during our model 
timeframe (IPCC 2019; Zhao 2019).  

For any scenario resulting in less harvest than BAU in a given year, we apply a leakage factor to 
represent an assumed increase in out-of-state harvest activity compensating for the decrease in 
harvesting in-state. We apply a leakage factor of 84.4% (Wear and Murray 2004), meaning that 
84.4% of reduced harvest relative to BAU is assumed to leak out-of-state and the remaining 15.6% 
of reduced harvest relative to BAU is subject to additional emissions from product subs titution 
from using other emissions-intensive materials instead of wood. In all cases, we assume leakage 
only results from reduced in-state harvest; we assume any additional in-state harvest relative to 
BAU results in increased in-state wood use and disposal (e.g., pile burning, recycling, or landfilling) 
rather than reductions in out -of-state harvest.  

In cases where HWP substitute for alternative, more emissions-intensive products (e.g., concrete 
or steel), the difference in embodied emissions associated with those commodities relative to BAU 
is associated with displaced emissions, also referred to as substitution  benefits. When additional 
wood products are manufactured relative to BAU, we assume those additional products will be 
used in place of alternative emissions -intensive materials and credit those scenarios with the 
corresponding substitution benefits, representing a  reduction of atmospheric GHG emissions. 
Likewise, a decrease in harvest and commodity production may be associated with increased 
emissions (or negative substitution benefits) in cases where more emissions-intensive products are 
assumed to replace the less emissions-intensive wood products. Substitution benefits are applied 

Figure 3. Pathways for carbon in harvested wood products in the CBM -HWP-WI model used for analysis of the 
fate of harvested carbon in Wisconsin. CP stands for composite panels; PPP stands for poles posts and pilings, 
and OI stands for other industrial products. Lo gging residue inputs, biochar, and mass timber product categories 
are included for alternative wood utilization scenarios and do not represent current active industries in Wisconsin.  














































































































