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Summary and Implications for Decision -Makers

Forests as Natural Climate Solutions

Climate change presents unprecedented global challenges to society and the ecosystems society
relies on. Forests have become increasingly important in the international climate change dialogue,
as seen in the Paris Agreement and the COP26 Glasgow Leaders’ Declaration on Forests and Land
Use (COP26 2021; Popkin 2019) to help reach net zero greenhouse gas (GHG) emission targets.
Further, there is increasing consensus of forests’ importance as 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).

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, land use change, and climate change. The overall mitigation potential of 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 (e.g., sent to the
landfill, recycled, or combusted for energy recapture). In 2020, land use, land use change, and
forestry captured and stored an additional 758.9 million metric tons of carbon dioxide equivalency
(MMT COse), offsetting 13.6% of total GHG emissions that same year (EPA 2022a). Almost 90%
of this climate benefit was provided by existing forests and forest products. 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 21* century due to forest loss,
declines in productivity, and forest health challenges fueled by climate change (Wear and Coulston
2015; Oswalt et al. 2019).

State 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. Determining the role of forests, forestry, and wood products in mitigating
climate change is complex and requires holistic and rigorous analytical methods to describe
accurately. Increasingly, states such as Minnesota, Wisconsin, and Michigan are taking steps to
build this foundational knowledge in order to integrate climate considerations into existing
sustainable forest management regimes. This report is designed to provide important insights into
potential climate mitigation actions for Minnesota’s forests which can help inform forest
management and policy decisions. Here, we present the results of a modeling exercise for
estimating climate mitigation potential across a selection of forest management and wood
utilization scenarios using a systems-level forest carbon accounting framework, the Carbon Budget
Model of the Canadian Forest Sector v3 (CBM-CFS3).

Modeling Forest Management and Wood Utilization in  Minnesota

Following similar assessments in Papa et al., 2023; Davidson et al., 2026; DeLyser et al., 2025;
2022a; 2022b; and Dugan et al., 2018; 2019; 2021, we assess carbon trends and management
scenarios in the forest ecosystem and forest products sector for Minnesota using 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 optimize forest ecosystem carbon stocks, harvested wood products,
and the net exchange of CO, between the forest and atmosphere over time (Dugan et al. 2018). Our
modeling process includes:
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Consultation with state agency staff and forestry experts to understand opportunities and
challenges related to climate mitigation and adaptation in Minnesota’s forests;

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

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 Minnesota, ii) a harvested wood products dynamics model for Minnesota (CBM-HWP-
MN) utilizing the Abstract Network Simulation Engine (ANSE) framework, iii) potential
leakage factors applied to changing harvest rates, and iv) displacement factors to evaluate
substitution benefits from using wood products and bioenergy in place of more emissions-
intensive materials; and

Engagement and discussion with state agency staff to explore modeling results, consider
connections with forest management programs and policies statewide, and inform
engagement in state climate policy work.

Through a series of meetings
with staff from Minnesota’s
Department of Natural
Resources Division of Forestry,

Box 1. MODELED SCENARIOS

Extended rotations

No harvest

*Increased harvest levels

Increased reserve size

*+Avoided conversion

*+Tree planting

*Enrichment planting

*Climate change impacts

*Insect vulnerability transition

+Increased production of long-lived wood products
Logging residue utilization (BAU, bioenergy,
biochar, or transportation fuels)

Portfolio (concurrent implementation of scenarios
marked with *)

+Scenarios that include multiple levels

we identified several questions,
opportunities, and challenges
related to the role of public and
private forests in climate
mitigation and adaptation.
Several key high-level themes
emerged from these discussions
including: management of
working forestlands, climate
change impacts and adaptive
silviculture, wood utilization
and markets, and land-use
change. Many of these themes
are common across the Lake
States as well as are relevant
nationally. From these high-
level themes, we developed 19



modeling scenarios to represent a broad range of concepts grouped into five categories: 1) forest
management; 2) climate impacts and adaptive silviculture; 3) harvested wood product utilization;
4) tree planting; and 5) avoided forest conversion (Box 1). For full scenario descriptions and
parameters, see Table 3.

The forest management and climate policy themes outlined above align well with the core
principles 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 ecosystem services such as timber supplies (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 to enhance forest carbon sinks in support of GHG emission reduction goals. CSF directly
addresses long-term forest health and resilience to sustain forest productivity in the face of climate
change. Importantly, CSF aims to achieve these climate mitigation and adaptation objectives while
continuing to provide wildlife habitat, clean water, timber and other forest products, and scenic
beauty.

#1 Ei AOA T EOECAOEIT bl OA1T OEAl &OIi I -ETTAOIC

Forests and the forest products sector already contribute strong climate mitigation benefits in
Minnesota, and are a net carbon sink (e.g., they sequester and store more carbon each year than
they emit). The results presented in this analysis suggest that Minnesota’s forests are expected to
continue to provide those benefits through 2100 based on the continuation of recent levels of
management, disturbance, and land use change (Business-as-usual). The results also highlight

Box 2. CLIMATESMART FORESTRY IN MINNESOTA
. __________________________________________________________________|
V Continued sustainable management of working forestlands to support the
balance between harvest removals and forest growth into the future as
represented in the Business-as-usual scenario

V Maintain and increase forest area by accelerating the rate of tree plantings and
avoiding conversion of forests to other land uses such as development and
agriculture

V  Bolster climate mitigation potential of the forest products sector through
wood utilization strategies including increasing use of longer-lived wood products
and innovative uses of logging residues

V  Prepare for the impacts of climate change and related stressors by maintaining
a diversity of forest ages and species across the landscape while considering
targeted efforts to maintain biological legacies through increasing reserve size
retention following harvest and transition insect-threatened forest types and
plant understocked forests with potentially climate-adapted species



several strategies that may potentially increase climate mitigation benefits over time relative to
business-as-usual. Key factors for generating climate mitigation benefits over the timeseries
include establishing and maintaining a diverse, productive forest landscape that balances the two
key mechanisms- carbon sequestration (removal of carbon from the atmosphere and converting it
into wood through photosynthesis) and carbon storage (storing carbon in forest ecosystems and
wood products). This study quantifies these two mechanisms across a wide range of scenarios
pointing towards important priorities to potentially support long-term climate mitigation benefits
(Box 2).

The potential benefits of climate -smart forestry in Minnesota

The results from this analysis suggest that the continuation of recent levels of forest management,
natural disturbance, and land use change in Minnesota through 2100 (as reflected in the Business-
as-usual (BAU) scenario) will lead forests in Minnesota to sequester and store an average of -5.1
MMT CO.e yr* through 2100. This means that by maintaining the balance between harvest and
growth, Minnesota forests are projected to remain a net carbon sink through 2100, while still being
able to provide a steady supply of HWPs. When considered in terms of net carbon balance - a metric
which includes net ecosystem flux in the forest, transfers to HWP, emissions from HWP in use and
in landfills, substitution benefits (which can be positive or negative) in years where harvest is
different than BAU, and leakage in years where harvest is less than BAU - the stable rate of annual
carbon sequestration, combined with an average of 6.3 MMT CO.e yr™ transferred to HWP, mean
that Minnesota’s forests and forest product sector are projected to provide on average -5.4 MMT
CO.e yr of climate mitigation over the period from 2021-2100.

Other alternative forest management and wood utilization scenarios are expected to provide
similar levels of climate mitigation as the BAU scenario. All scenarios tested in this analysis result
in a cumulative net carbon balance below zero, meaning that the forest and forest products sector
will remain a net carbon sink until the end of the century. That said, only a few scenarios provide
substantially different cumulative climate mitigation benefits than BAU. Of these, the Tree
planting (high) scenario generates the greatest climate mitigation benefits relative to the BAU
scenario. In the Tree planting (high) scenario, the rate of intentional tree planting on non-forest
open lands is increased by 22,375 acres yr”, which leads to an average increase in sequestration
and storage of -3.3 MMT CO.e yr from 2021-2100 relative to BAU. However, this increase is not
uniform, with the magnitude of additional mitigation increasing through time from an average of
-0.9 MMT CO.e yr* more than BAU from 2021-2030 to an average of -5.1 MMT CO.e yr” more
than BAU from 2091-2100. Cumulatively, under the Tree planting (high) scenario, Minnesota’s
forests and forest product sector are projected to provide -700.6 MMT CO.e of climate mitigation
by 2100, over 61% (-226.4 MMT CO.e) more than in the BAU scenario.

The second greatest level of climate mitigation benefit comes from the BAU - 50% LLP scenario.
In this scenario, half of harvested wood fiber destined for short-lived products (e.g. pulp and paper)
is diverted into longer-lived products such as composite panels. This shift increases overall carbon
storage in the HWP sector, as longer-lived products have longer in-use half-lives and a lower
decomposable fraction in landfills. This scenario also benefits from positive product substitution,
where an increase in the production of longer-lived products relative to BAU is assumed to lead to
a reduction in more emissions-intensive alternative products, thereby displacing sector wide
emissions. This scenario leads to an average increase in carbon sequestration and storage of -3.2



MMT COse yr' from 2021-2100. Cumulatively, this amounts to -690.5 MMT CO.e of carbon
climate mitigation by 2100, or 59% (-256.4 MMT CO.e) more than in the BAU scenario.

Forest managers are also interested in understanding how changes in the intensity of active forest
management—specifically timber harvest—affects the provision of climate mitigation benefits over
time. This study modeled several variations of active forest management and wood utilization
concepts to illustrate that relationship in a rigorous and holistic way—including utilization of
logging residues, increasing harvest rates on private lands, increasing reserve size, and extending
rotations. We also assessed the impacts of two levels of avoided forest conversion, that is the
prevention of permanent forest loss. Our results indicate that each of these scenarios generate a
steady stream of annual climate mitigation benefits through 2100. However, the magnitude of
benefits from these scenarios differed only minimally from BAU—falling within a range of +/- 1
MMT CO.e yr through 2100 compared to the BAU scenario.

The No Harvest scenario which consists of a total cessation in harvesting illustrates a “boom and
bust” trend in climate mitigation benefits over time and therefore stands apart from all other
scenarios. In this scenario, the annual harvest rate on all ownerships is reduced to zero, meaning
that no timber harvest or thinning disturbances occur. This shift in management results in a
significant increase in carbon sequestration and storage in the forest ecosystem relative to the BAU
scenario in the early decades of the simulation, peaking at —4.1 MMT CO.e yr' more than BAU in
2034. However, as the forest age-class distribution shifts towards older forests, the modeled annual
net productivity of the forest begins to decline from 2035 onward. When accounting for this decline
in productivity, negative substitution effects from non-wood alternatives used in place of HWPs,
and leakage from the reduction in harvest volumes, the annual climate mitigation benefits of the
No Harvest scenario are less than that of the BAU scenario starting in 2061, and by 2100 result in
an annual net carbon balance +2.3 MMT CO.e yr' (40%) greater than the BAU scenario, meaning
over this period No Harvest provides less climate mitigation than BAU. That said, the No Harvest
scenario still cumulatively (from 2021-2100) sequesters and stores —-487.0 MMT CO.e, which is
12% (-52.9 MMT CO.e) more than the BAU scenario. Given that this increase in cumulative
sequestration and storage is driven mainly by increased forest productivity in the first one to two
decades of the simulation, harvest cessation could be seen as a short-term management strategy in
the context of climate mitigation. However, adopting such a shift in management comes with
longer-term downsides, such as increased emissions from decomposition of wood which could have
otherwise been transferred to durable HWPs, and a shift in the forest age class distribution which
limits the potential for future productivity and thus climate mitigation potential.

Climate change is expected to diminish the capacity of forests to sequester and store carbon due to
increased levels of natural disturbance and mortality (Janowiak et al. 2017). One aspect of these
impacts, higher levels of forest mortality due to more frequent and severe insect infestation, was
incorporated into the Climate Change Impacts scenario. Due to this increase in mortality, the
Climate Change Impacts scenario consistently produced fewer climate mitigation benefits each
year compared to BAU, emitting + 0.4 MMT CO.e yr" (7%) more carbon on average. Cumulatively,
these increased emissions relative to the BAU scenario mean that the Climate Change Impacts
scenario emits +31.1 MMT CO.e (7%) more carbon than the BAU scenario by 2100. We also
assessed two adaptive silviculture scenarios—reflecting intentional efforts to enhance the long-



term resilience of forests to a changing climate. However, neither the Insect Vulnerability
Transition nor the Enrichment Planting scenarios meaningfully impact climate mitigation
benefits relative to the BAU scenario, with average annual emissions <0.1 MMT CO.e yr greater
than BAU for both scenarios. Despite these scenarios providing marginal differences in mitigation
potential as compared to BAU, enacting these treatments can lead to additional co-benefits
including increases in forest resilience and adaptive capacity in the face of future climate regimes
and growing conditions.

The Portfolio scenario illustrates the potential climate mitigation benefits of implementing several
scenarios concurrently from 2021 through 2100. These practices include those from the Avoided
Conversion (low), Tree Planting (mid), Enrichment Planting, Climate Change Impacts, and Insect
Vulnerability Transition scenarios. These combined effects lead to an average annual increase of
-1.5 MMT CO.e yr' more climate mitigation than the BAU scenario between 2021 and 2100,
demonstrating that various actions can be taken to counter additional emissions from climate
change impacts and increase Minnesota’s forest carbon sink relative to BAU. Like the Tree Planting
(high) scenario, these effects are not uniform through time, increasing from an average of -0.3
MMT CO.e yr* more than BAU from 2021-2030 to an average of -2.6 MMT CO.e yr™ more than
BAU from 2091-2100. Cumulatively, this equates to -553.3 MMT CO.e of climate mitigation from
2021-2100, 27% (-199.1 MMT CO.e) more than the BAU scenario. However, despite the fact that
the Portfolio combines multiple potential CSF management strategies, the inclusion of the Climate
Change Impacts, and Insect Vulnerability Transition scenarios (which each result in less climate
mitigation than BAU), means that the Portfolio only provides the fourth highest level of cumulative
climate mitigation, behind the Tree planting (high), Tree planting (low), and BAU - 50% LLP
scenarios.

Other Considerations

The BAU scenario does not incorporate future climate conditions or climate-driven disturbance
regimes. Except for the Climate Change Impacts scenario, every scenario assumes that recent levels
of natural disturbance (e.g. wind, fire, insects, wind damage) will persist through the end of the
century. The analytical approach used in this report focuses more narrowly on climate mitigation
potential, and the results are reported solely in those terms as assumptions related to shifts in
growing conditions and subsequent alterations to albedo, hydrological conditions, belowground
dynamics and other ecosystem processes introduce substantial uncertainties. The results of this
study do not include explicit findings on the impacts of each scenario on other forestry objectives
related to biodiversity, wildlife habitat, water cycling, recreation, or other vital services forests
provide.

Conclusion

Forests are managed for multiple goals and objectives. Identifying strategies and policies that could
optimize all forest benefits remains crucial to the health and stewardship of public and private
forestlands. Scenarios that increase overall forest extent not only increase the future climate
mitigation potential of forests but expand the provision of other forest benefits such as wildlife
habitat, clean water, forest products, and recreation as well. The need to balance climate mitigation
goals with future demands for resources is essential to the stewardship of natural and working
forestlands. Further, proactively preparing for climate change by incorporating climate change



considerations into management and planning will further support the health and stewardship of
forests today and into the future.

Our modeling results suggest that the continuation of recent management levels, natural
disturbances, and land use changes achieve a balance between harvest and forest growth that
sustains a stable carbon sink over the 80-year study period. This analysis also estimated the climate
mitigation potential of other management actions based on high-level themes identified by state
agency staff. The results broadly indicate that increasing the area of forestland, maintaining forest
health and regeneration, sustainable use of timber products, and managing for future impacts of
climate change provide promising opportunities to increase climate mitigation benefits from
Minnesota’s forests. Furthermore, our results suggest that managing forests state-wide for age-
class diversity allows for optimization of forest management, economic, and societal goals. This
report only assesses the carbon implications of actions (or lack of actions), but many of the
scenarios evaluated provide other forest co-benefits in support of forest stewardship. Our results
do not suggest that Minnesota is currently at a critical point of a future weakened net carbon sink.
However, our results do highlight several strategies that forest managers in Minnesota could
consider to increase both the climate mitigation potential and future resilience of Minnesota’s
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 ecosystems society
relies on. Forests have become increasingly important in international climate change dialogues,
as seen in the Paris Agreement and the COP26 Glasgow Leaders’ Declaration on Forests and Land
Use (COP26 2021; Popkin 2019) to help reach net zero greenhouse gas (GHG) emission targets.
Further, there is also increasing consensus of forests’ importance as 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.e) 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 emissions 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 of 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 (e.g., sent to the landfill,
recycled, or combusted for energy recapture). In 2020, land use, land use change, and forestry
captured and stored an additional 758.9 million metric tons of carbon dioxide equivalency (MMT
CO.e), offsetting 13.6% of total GHG emissions that same year (EPA 2022a). 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 21 century due to forest loss, forest
productivity declines, and forest health challenges fueled by climate change (Wear and Coulston
2015; Oswalt et al. 2019).

Assessing Forest Climate Benefits in Minnesota

State 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. Because of the urgent threat of climate change, US states are striving to
develop economy-wide or multi-sector 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
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the power and potential of forests to reduce the concentration of carbon dioxide in the atmosphere,
states are exploring measures to demonstrate, promote, and support an active sustainable forest
industry and are incorporating forests, forestry, and HWPs in state climate policy and planning
efforts.

To achieve such ambitious climate targets, states need new information about the impact that
forests and forest management currently have on emissions levels, as well as an understanding of
their future impacts on forest health and climate benefits. State governments within the Lake
States region (Minnesota, Wisconsin, and Michigan) desire to use this information to inform
decision-making and shape policy regarding forests and climate action. Minnesota, Michigan, and
Wisconsin collectively contain 54.66 million acres of forestland, and are currently taking steps to
build knowledge about climate mitigation and adaptation opportunities in their forests.
Understanding shifts in emissions and the role of forests and forest products at a regional level
creates opportunities to address challenges through shared learning,

This report is designed to provide important insights into the key drivers of climate mitigation in
Minnesota’s forests—with the goal of building knowledge about the role of forests, forestry, and
wood products in meeting statewide climate objectives. Here, we present carbon modeling results
for a broad range of forward-looking scenarios including forest management, HWP utilization,
climate impacts and adaptive silviculture, tree planting, and avoided conversion. This systems-level
approach assesses the carbon sequestered in forests and stored in forests and HWP, along with an
analysis of the substitution benefits from using wood in place of other emissions-intensive
materials and shifting of harvest activities to other regions.

The Environmental Context of Minnesotas Borests

Minnesota’s forests are a diverse arrangement of boreal coniferous forests in the north and east,
temperate hardwoods to the southeast, and prairie parklands in the west. These 18.68 million acres
of forestland (~34.6% of the total state area) were heavily shaped by economic and political forces
in the 19™ century, including widespread conversion of forests to agricultural lands and periods of
extensive logging. Prior to European settlement, Minnesota’s forests were an estimated 31.5 million
acres (Marschner 1930). Land use policies in the 18" century that encouraged agricultural
development resulted in the clearing of forestlands across large portions of the state. The footprint
of Minnesota’s forests are currently half of the pre-settlement area. More recent estimates of
forested area in Minnesota through the USDA Forest Service FIA program suggest that this
footprint is steadily growing despite continued pressure from agriculture and development
(Hilliard et al, 2022).

Minnesota has a long history of forest management beginning prior to becoming a state in 1858.
The 1800s was dominated by intensive logging centered on the use of eastern white pine for fueling
rapid western expansion. However, the beginning of the 20th century saw a shift towards
sustaining forest resources through development of more integrated forest management and
planning. The establishment of federal and state forest lands—and the profession of forestry
itself—during this period reflected a shift towards long-term sustainable forest stewardship (MN
DNR 2020). The 2020 State Forest Action Plan established three priority areas being: 1) Conserve
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and manage working forest landscapes for multiple values and uses; 2) Protect forests from threats;
and 3) Enhance public benefits from trees and forests.

45% of Minnesota’s forest area is privately owned, where 4% of the total forest area are within
Tribal reservation boundaries. 24% of forestlands are managed by state agencies as state forests,
parks, and wildlife areas. The Federal government has jurisdiction over nearly 16% of forests in the
state. Local governments (e.g. counties) own 15% of forests (USDA Forest Service 2020a).
Minnesota’s forests are diverse but are dominated by Aspen-Birch forest type groups (36% of forest
area), Spruce-fir forest type groups (25% of forest area), and a variety of other deciduous species
including oaks, hickory, elm, and maple (29% of forest area, USDA Forest Service, 2020a). The
majority of forests (52%) are characterized as young or early successional (0-60 years old) with
42% being characterized as middle-aged (60-120 years old) (USDA Forest Service, 2020a).
Current threats to forest land in Minnesota include forest fragmentation, high rates of insect-
caused mortality, aging forests which may increase susceptibility to disease, insects, weather, and
other damaging agents, and an overall decline in timber harvest since the early 2000s as a result
of mill closures. Minnesota’s forests are at a nexus where the continued maintenance of the forest
carbon sink requires implementing continued forest stewardship strategies. Addressing key
vulnerabilities in both economically and ecologically important forest types within Minnesota
necessitates improved insights and information for decision-makers about the future ramifications
of both management and policy decisions that may directly or indirectly influence forest carbon
dynamics at a regional level.

Research and Modeling Process

Following methodologies developed in Papa et al. (2023); Davidson et al. (2026); DeLyser et al.
(2025; 2022a; 2022b); and Dugan et al. (2018; 2019; 2021), we assessed carbon trends of several
scenarios including alternative forest management, wood utilization, climate adaptation and
impacts, tree planting, and avoided conversion. We estimated net emissions in Minnesota’s forest
ecosystem and forest products sector for each scenario using a systems-based approach. This
systems-based approach accounts for the influence of forest management activities beyond the
forest itself and allows us to evaluate the effects of each scenario in terms of the net exchange of
carbon dioxide between forests, harvested wood products, and the atmosphere over time (Papa et
al., 2023; Dugan et al., 2018). Our participatory modeling process included:

1)  Consultation with state agency staff and forestry experts to understand opportunities and
challenges related to climate mitigation and adaptation in Minnesota’s forests;

2)  Development of business-as-usual (BAU) and alternative forest management scenarios —
including forest management, natural disturbance, land-use change, and wood utilization
- 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 Minnesota, ii) a customized harvested wood products dynamics model for Minnesota
(CBM-HWP-MN) utilizing the Abstract Network Simulation Engine (ANSE) framework,
iii) potential leakage factors applied to changing harvest rates, and iv) displacement factors
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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
connections with forest management programs and policies statewide, and inform
engagement in state climate policy work.

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 Science

Trees capture carbon as they grow, which then cycles through various components of the forest
including deadwood and forest soils. In addition to growth of woody biomass, accrual of carbon in
the forest ecosystem also depends on rates of accumulation of dead wood, leaflitter, and soil (Smith
et al. 2006), as well as decomposition - all complex dynamics that affect the net carbon balance of
the forest. 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 carried in wood products throughout the
economy (Figure 1). Carbon sequestration refers to the annual rate of carbon capture from the
atmosphere by forests, affected by rates of tree growth, mortality, and decomposition. 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, accurate assessments of forest
carbon dynamics and interactions with other sectors are needed. The systems-based approach used
in this analysis provides a critical comprehensive look at not only the forest ecosystem dynamics at
play, but also forests’ interactions with land use change, the wood products sector, substitution
effects of wood products in place of emissions-intensive materials, and leakage which occurs when
emissions shift elsewhere due to a reduction in harvest. Excluding any one of these components
would lead to an incomplete accounting of forest carbon, misrepresenting net forest emissions and
climate mitigation potential (Smith et al. 2006; Papa et al. 2023; Dugan et al. 2018; Kurz et al.
2009; Nabuurs et al. 2007).

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; Dugan et al. 2018;
2019; 2021), and internationally (Olguin et al. 2018; Pilli et al. 2013; 2014; 2017; 2022) 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 parameterized with location-specific data;
for this analysis, we use state-specific data from the US Forest Service Forest Inventory and
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Analysis (FIA) Program Database (FIADB, USDA Forest Service, 2020a) to ensure accuracy for
Minnesota’s forests. We use the CBM-CFS3 for this study of climate mitigation trends in
Minnesota’s forests and harvested wood products sector to expand on previous modeling efforts in
Maryland, Pennsylvania, California, and Oregon (Dugan et al. 2018; Papa et al. 2023; DeLyser et
al. 2022a; 2022b, 2025; Davidson et al. 2026).

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. Carbon
can also leave the forest through harvested wood, which is further assessed and tracked through its
usage (in wood products and energy) and end of life (e.g., landfill storage and wood energy). Wood
products from sustainable forest management are also counted as a climate solution by providing
renewable and lower-emissions materials that can substitute for more emissions-intensive
products like concrete and steel (McKinley et al. 2011).
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Figure 1.Simplified systems view of land uses and sectors influencing forest carbon stocks and sequestration. The
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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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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 and
Table S1 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,
process-based equations simulate dynamics between soil, dead organic matter, and forest processes
like litter fall and decomposition in the model (Kurz et al. 2009).
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Figure 2. Modeling inputs and processes for CBM-CFS3. Adapted from (MTBS, Eidenshink et al., 2007),
Kull etal. 2019. and the National Land Cover
Databases (Wickham et al, 2021). Estimates for harvest data were derived from both USDA Forest
Service FIA (USDA Forest Service, 2020a) and MN DNR planning documents. Harvest schedules
on state managed lands were informed by both the MN DNR stand exam list (MN DNR 2020) and
direct Division of Forestry consultation whereas private and federally managed harvest schedules
were derived from the FIADB. See Table 1 for BAU ecosystem disturbance parameters. In addition
to event schedules, the CBM-CFS3 utilizes 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). See the
Appendix for more information on data and assumptions used in model parameterization.
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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-MN model. This model was built using
the ANSE modeling framework, a carbon accounting tool developed by the Canadian Forest
Service (CFS) and used for Canada’s national GHG inventory reporting in tandem with CBM-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 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-MN 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 Minnesota products and markets.
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Figure 3. Pathways for carbon in harvested wood products in the CBM -HWP-MN model, used for analysis of the fate
of harvested carbon in Minnesota. CP stands for composite panels; PPP stands for poles posts and pilings. Logging
residue inputs, and Bioenergy, Biochar, and Transport Fuels categories are included for alternative wood utilization
scenarios and do not renresent current active industries in Minnesota.

Some disturbance events (particularly, though not exclusively, harvest 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-MN model. These carbon
inputs are partitioned into various HWP streams based on current practices in the forest products
sector in Minnesota (Figure 3; data sources provided below). Of that which enters into the
industrial roundwood stream, a portion is first allocated to roundwood exports. 100% of exported
roundwood is assumed to be sent to Canada for processing into oriented strand board (OSB), a
type of composite panel. All remaining industrial roundwood carbon is allocated toward domestic
commodity production, with a certain proportion going toward mill residues that either become
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fuel, feed into additional commodity production, or go unused. Other wood product streams
include bark residue, which like mill residues 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 from landfilled wood and paper
products are largely dictated by the proportion of their material assumed to be decomposable (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 substitution
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.
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