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Glossary 

Acronyms  

DCR ï Massachusetts Department of Conservation and Recreation.  

DOER ï Massachusetts Department of Energy Resources. 

EEA ï Massachusetts Executive Office of Energy and Environmental Affairs.  

GHG ï greenhouse gas such as carbon dioxide (CO2) that trap heat and cause average global 

air temperature to rise and long-term weather patterns to change.  

LSR ï Land Sector Report, a technical report produced in 2020 as part of the Massachusetts 

2050 Decarbonization Roadmap Study  

NWL ï Natural and working lands, including forests, croplands, grasslands, freshwater and 

coastal wetlands, and urban and parks, forests, other open space.  

MMTCO2e ï Million metric tons of carbon dioxide equivalent. This is a measure of how much 

greenhouse gas is emitted into or removed from the atmosphere. An emission of 1 MMTCO2e is 

equivalent to burning 112,523,911 gallons of gasoline.  

 

Key Terms  

Carbon pool ï a particular reservoir of carbon; usually a component of an ecosystem (e.g., 

forest soil carbon, wetland dead organic matter).  

Carbon sequestration ï the process of removing CO2 from the atmosphere and storing it in a 

carbon pool, i.e., the removal of CO2 via photosynthesis and storage in NWL ecosystem carbon 

pools.  

Carbon sink ï a source of net carbon sequestration i.e. a system that removes and stores 

more atmospheric carbon than it emits. 

Carbon stock or storage ï the sum of all carbon pools in a defined area and time span. GHG 

flux ï the rate of greenhouse gas release into (+) or removal from (-) the atmosphere from a 

particular source or sink per unit of land area (e.g., tons of CO2e per hectare per year).  

Greenfield (solar, building) development ï construction of buildings, solar photovoltaic 

facilities, and/or other hard infrastructure on undeveloped natural and working lands (NWL).  

Hectare ï a unit of area equal to 10,000 square meters or 2.47 acres.  

Land Sector ï the GHG emissions sector that covers GHG emissions and removals from 

natural and working lands (NWL), also known as Land Use, Land Use Change, and Forestry.  



   

 
 

5 
 
 

Mass timber ï a family of engineered wood products formed by layering and bonding pieces of 

wood together and that can be used as structural elements in large buildings as an alternative to 

materials like steel or concrete.  

Net emissions ï the sum of all GHG fluxes within a defined period and scope (e.g., net forest 

land emissions).  

Silviculture ï the art and science of controlling the establishment, growth, composition, health, 

and quality of forests to meet the diverse needs and values of landowners and society such as 

wildlife habitat, timber, water resources, restoration, and recreation on a sustainable basis. 

(Source: US Forest Service).  

Wood utilization ï how we produce and use wood, i.e. the process of turning in forest 

wood/timber into wood products for human consumption (e.g., lumber, paper, Mass timber) and 

following these products through its end of life (e.g., disposal in landfill).   
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1. Executive Summary   

1.1 Overview and Key Findings 

The Commonwealthôs Global Warming Solutions Act (GWSA), as amended in 2021, requires 
Massachusetts to achieve net zero greenhouse gas emissions (GHG) in 2050. The net zero 
requirement allows for up to 15% of 1990-level emissions to be ñoffsetò by GHG removals, 
which includes carbon sequestration from natural and working lands (i.e., the land sector; for the 
purposes of this report, references to the land sector excludes agriculture).  In the U.S., the land 
sector is net sink for GHGs, removing 14.5% of gross emissions (EPA 2023). In Massachusetts, 
the land sector currently removes approximately 11% of Massachusettsô gross annual GHG 
emissions, with forested land being the primary carbon sink, but the magnitude of future carbon 
sequestration and emissions will be affected by many natural processes and human activities 
that could make the land sector a source or a sink of atmospheric carbon. The purpose of this 
report (hereafter, the Forest Carbon Study), commissioned by the Massachusetts Executive 
Office of Energy and Environmental Affairs (EEA), is to quantify the effects of forest growth, 
natural disturbances, deforestation, reforestation, and active forest management, such as timber 
harvesting, on the stateôs land sector carbon budget, as well as assess the potential influence of 
these factors on forest composition, structure, and adaptation and resilience to climate 
change.  While the results inform the directionality of forest-related policies particularly for their 
role in helping the Commonwealth achieve net zero emissions in and beyond 2050, the study 
did not model specific policies under consideration by EEA. 
 

The study uses state-of-the-art modeling of alternative land-use scenarios and finds that 
limiting forest loss to development, ensuring post-disturbance forest recovery, and 
reducing the emissions from timber harvest are the actions with the greatest potential to 
protect forest carbon stocks and support ongoing long-term net carbon removal. More 
specifically: 

¶ The stateôs forests are expected to continue serving as a long-term net sink of 
atmospheric carbon, removing on the order of 200-300 MMTCO2e from 2020 to 2100. 
This is the equivalent of forests removing 3 to 4.5 years of Massachusettsô current 
statewide gross GHG emissions over the next 80 years. However, this forest carbon 
sink is vulnerable to natural and human disturbances. 

¶ Hurricanes pose the largest single threat to forest carbon, with high disturbance 
scenarios resulting in periods of weaker sequestration rates (~1-2 MMTCO2e per 
year) or even net emissions to the atmosphere (up to ~5 MMTCO2e per year). Net 
sequestration rates are projected to recover within ten years, assuming impacted 
forests are not converted to other land uses.  

¶ Under scenarios with minimal natural disturbances, forest carbon sequestration 
rates in Massachusetts should persist at current rates of approximately 5 to 6 
MMTCO2e per year through mid-century, after which they are expected to decline to 
less than 1 MMTCO2e per year by 2100 due to forest aging. 

¶ If recent trends in land use continue to 2050, the emissions from development and 
harvesting would reduce net sequestration by 20% (averaging 1.2 MMTCO2e per 
year) relative to a hypothetical scenario with forest growth but no land 
conversion, harvesting, or major disturbances. Permanent forest loss for building 
and solar development would account for approximately half of this difference. The 
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remaining half is attributable to timber harvesting (accounting for carbon storage in wood 
products and landfills).  

¶ Less land-consumptive building and solar development practices could reduce 
carbon emissions from land conversion by up to two-thirds by 2050, while still 
achieving the Commonwealthôs projected solar capacity needs. A continuation of 
recent trends in building development is expected to result in 14.0 MMTCO2e of 
emissions between 2020 and 2050 (0.5 MMTCO2e per year), while solar development 
that follows siting patterns from 2010-2020 and grows to meet anticipated needs is 
expected to result in up to 13.5 MMTCO2e (0.5 MMTCO2e per year) by 2050. More 
sprawl-oriented building development patterns could increase these emissions by 
up to 50%. These potential changes in emissions would be even greater if accounting 
for the impacts of development on soil carbon, which was not examined in this study. 

¶ Reforestation and tree-planting could modestly increase carbon sequestration rates 
in 2050 by a maximum of 0.6 MMTCO2e per year or a more achievable 0.1 to 0.3 
MMTCO2e per year. Total carbon removal potential from expanding forest and tree 
cover is relatively small due to limited suitable land, with an upper bound of 6 MMTCO2e 
by 2050 and 29 MMTCO2e by 2100. 

¶ Forest management presents complex tradeoffs between mid- and late-century 
cumulative carbon removal, sequestration rates, and other forest attributes and 
benefits, with effects contingent on disturbance levels. Management emphasizing 
local wood production could reduce in-state carbon sequestration through 2050 relative 
to a continuation of recent management practices, up to ~30 MMTCO2e total through 
2050 (averaging 1 MMTCO2e annually) while producing more than 52 MMTCO2e of 
additional wood products in the same time frame. The differences in annual 
sequestration become less significant by 2100, particularly with low disturbance levels. 

¶ Utilizing greater proportions of wood generated by harvesting, disturbances, and 
land clearing into durable products can reduce associated emissions, though 
these effects are only substantial with high levels of disturbance and salvage 
harvesting. With minimal disturbances, these emissions reductions amount to ~5 
MMTCO2e by 2050 and ~13 MMTCO2e by 2100. With high disturbance levels and 
salvage harvesting, these emissions could be reduced by 65 to 80 MMTCO2e by 2050 
and 90 to 135 MMTCO2e by 2100.  

¶ Active forest management, including continuing conventional and climate-
oriented silvicultural practices, can improve key indicators of forest resilience to 
climate change.  These practices, particularly the modeled climate-oriented 
prescriptions, help improve landscape-scale species and structural diversity values and 
increase regeneration opportunities for keystone tree species relative to reserves and 
untreated areas.  

 
These key findings and the study approach are elaborated below (1.2 Summary of Methodology 
and 1.3 Summary of Results), including additional context and explanation of the rationale, 
nuances, and assumptions of the findings. 
 

1.2 Summary of Methodology 

The analyses presented here were conducted using a suite of spatially interactive ecosystem 
and land-use models. These models have been calibrated with and validated against empirical 
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data and the results published previously in dozens of peer-reviewed articles. The model 
simulations are initialized using US Geological Survey land-cover maps and US Forest Service 
maps of forest tree species composition. Simulated ecosystem processes include species-
specific tree establishment, growth, competition, senescence and disturbance-related mortality, 
and decomposition. Forest management is simulated using alternative silvicultural techniques, 
and the harvested carbon is tracked using a carbon allocation model. A cellular automata model 
simulates patterns of forest loss and gain. GHG fluxes from non-forest terrestrial carbon is 
estimated using a spatially explicit bookkeeping model, which utilizes static carbon density 
estimates for multiple land covers derived from an extensive literature review. Despite their 
important role as carbon stores, the study does not estimate stocks or fluxes of soil carbon; 
this is because of the high level of landscape heterogeneity in soil carbon and the scientific 
uncertainty regarding the belowground impacts of land use. In addition to investigating terrestrial 
carbon dynamics, this study also analyzes the outputs from the forest ecosystem model to 
assess outcomes for non-carbon forest attributes, including indicators of forestsô adaptative 
capacity and resilience to climate change.     
   
The study analyzes eight integrated land use and disturbance scenarios that bracket the upper 
and lower bounds of plausible forest management, ecological disturbances, and land cover 
changes. High levels of disturbance and high rates of development-driven land conversion were 
paired to represent a high-emission future while low levels of disturbance and rates of land 
conversion were paired to represent a low-emission future. The study also includes a 
counterfactual scenarioðfor comparative purposes onlyðthat simulates continued forest 
growth without any major disturbances or future land useði.e., no harvesting, reforestation, 
hurricanes, insect outbreaks, or building or solar development. All the scenarios are purely 
illustrative, intended for learning, and do not represent specific policies under consideration by 
the Commonwealth. Co-designed by the research team, staff at EEA, the Massachusetts 
Department of Conservation and Recreation (DCR), and a group of experts and stakeholders, 
the Integrated Scenarios envision four alternative future forest management regimes, each 
occurring under a high- and a low-emissions regime (Table E1). The scenarios explore forest 
management options that are frequently proposed to advance climate and conservation goals, 
including: improved ñclimate-orientedò silviculture practices, establishment of large forest 
reserves, and increased harvesting to meet more of Massachusettsô wood demand locally. 
These practices are overlaid onto dynamic landscapes with and without hurricanes, and 
differing levels of other ecological disturbances (such as insect outbreaks and blowdowns), 
deforestation for building and greenfield solar,1 and reforestation and tree-planting. Simulations 
of forest dynamics and management scenarios span from 2020 to 2100, while simulations that 
include land cover change only span 2020 to 2050.   
 
In addition to the eight Integrated Scenarios, the study includes a set of Focused Scenarios. 
These scenarios focus on specific drivers of forest land cover change and analyze their effects 
on future terrestrial carbon. These include scenarios depicting alternative rates and spatial 
distributions of new building and solar development, as well as alternative reforestation and tree 
planting scenarios. Similar to the Integrated Scenarios, we use counterfactual scenarios that 
omit key drivers to provide reference-cases against which land-use scenarios can be compared 
to isolate individual effects. For example, we simulated a counterfactual scenario that includes 
forest growth and minor natural disturbances but omits all land use (development or harvesting) 

 
1 Greenfield Solar refers to solar installation built in previously undeveloped land cover (i.e, forest, 
croplands, or grass/shrub)  
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and major disturbances (hurricanes or insect outbreaks), allowing us to determine the impacts 
of these drivers on carbon storage and sequestration.  
 
Table E1.  Eight Integrated disturbance and land-use scenarios codesigned with EEA, DCR, 
and a group of experts and informed stakeholders.  

 
Forest Management Regimes 

Recent Trends 
Reserves 
Emphasis 

Local Wood 
Emphasis 

Combined 
Emphasis 

Forest Harvest: 

Current forestry 
practices and 
harvesting levels 

Climate-oriented 
forestry, current 
harvest levels 

Climate-oriented 
forestry, 
increased harvest 
levels to meet 
20% of MA wood 
consumption  

Climate-oriented 
forestry, 
increased harvest 
levels to meet 
15% of MA wood 
consumption 

Forest Reserves: 
Current forest 
reserves 

Expand forest 
reserves to 33% 
of forest land 

Current forest 
reserves  

Expand forest 
reserves to 20% 
of forest land 
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High Ecological 
Disturbance 

Uncoordinated 
Land Cover 
Change 

Recent Trends 
Harvest + High 
Disturbance/ 
Development 
Scenario 

Reserves 
Emphasis + 
High 

Disturbance/ 
Development 
Scenario 

Local Wood + 
High 

Disturbance/ 
Development 
Scenario 

Combined 
Emphasis + 
High 

Disturbance/ 
Development 
Scenario 

Low Ecological 
Disturbances 

Coordinated 
Land Cover 
Change 

Recent Trends 
Harvest + Low 
Disturbance/ 
Development 
Scenario 

Reserve 
Emphasis + 
Low 

Disturbance/ 
Development 
Scenario 

Local Wood + 
Low 

Disturbance / 
Development 
Scenario 

Combined 
Emphasis + 
Low 

Disturbance/ 
Development 
Scenario 

Wood Utilization: 
Two variants for all scenarios: (a) Recent trends wood utilization 

                                                   (b) Improved wood utilization 
 

 

1.3 Summary of Results 

The counterfactual scenario with no harvesting, development, or major disturbances estimates 
that the theoretical biophysical potential for Massachusettsô existing forests to sequester and 
store additional carbon between 2020 and 2050 in the absence of land conversion, harvesting, 
and major disturbances is 177.0 MMTCO2e (Figure E1). Since disturbances and land use will 
occur, this estimate is useful insofar as it defines the land systemôs theoretical maximum carbon 
uptake without major shifts in the system. When we include a continuation of recent trends in 
land use (i.e., development and timber harvesting) and non-hurricane disturbances, net carbon 
sequestration is 147.8 MMTCO2e between 2020 and 2050 (not shown in Figure E1 and not 
including reforestation or tree-planting).2 The difference between the counterfactual and the 
recent trends in land use is 29.2 MMTCO2e by 2050ðor an average of 1.0 MMTCO2e per 
yearðand represents the additional theoretical net carbon sequestration. This constitutes a 
relatively modest potential increase over the current level of NWL annual carbon sequestration, 

 
2 Due to the inherent uncertainty in human development patterns, we did not simulate land cover change 
beyond 2050 and therefore cannot estimate impacts of a continuation of recent land use trends to 2100.  
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not nearly enough to fully offset the 14 MMTCO2e of allowable residual emissions in 2050 under 
the Massachusetts Net Zero emissions limit (EEA 2022). 
 
The counterfactual scenario estimates that, without any major disturbances or harvesting, the 
rate of forest carbon sequestration would begin to decline after ~2060 and eventually reach a 
dynamic equilibrium by 2100 (Figure E2). The decline reflects the forestsô reduced rate of 
growth and increased rate of tree mortality associated with the aging of the forestði.e., 
increasing ecosystem respiration relative to gross primary productionðand the absence of any 
new tree planting (Figure E2). The timing of this inflection in carbon accrual is based on our best 
understanding of the relevant ecological and physiological processes; however, estimates of all 
ecological dynamics occurring further into the future and further outside of observed forest 
conditions should be interpreted with greater skepticism.   
 
 

 

Figure E1. Cumulative carbon removals and emissions from 2020 and 2050 for the eight 
Integrated Scenarios and a counterfactual scenario (no development or harvesting). Green 
bars to the left represent cumulative removals (i.e. sequestration), bars to the right represent 
cumulative emissions, and white diamonds show the cumulative net flux to the atmosphere. 
Carbon transfers between all simulated pools are accounted for, including in-forest live and 
dead wood and harvest residues, new forest and tree live wood, and out-of-forest wood 
products in use and in landfills. Note that the ñHigh Disturbanceò scenarios include a major 
hurricane in 2038 and much higher levels of building and solar development, which alter the 
trajectory of carbon accumulation.    

 
Of all the influences on land sector carbon that we examine, hurricanes are the single factor that 
poses the greatest risk (Figure E1). We use the simplifying assumption that the timing and 
storm track of future hurricanes would mirror the hurricanes observed during the 20th century. 
To account for anticipated effects of warming oceans on hurricane strength, we increased 
hurricane wind speeds by 8% above what was observed and applied them to the 21st 
century,100 years after they occurredðe.g., the Great Hurricane of 1938 was simulated to 
occur in 2038 and be 8% stronger (see year 2038 in Figure E2).  Our analysis shows that these 
storms have the potential to flip the land sector from a sink to a source of atmospheric carbon in 
the short term (5-10 years post hurricane) (Figure E3). Salvage logging can mitigate some of 
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the carbon losses associated with major disturbances, but salvage logging also can have 
ecological consequences and logistical challenges that should be considered. The hurricane-
induced flip from carbon sink to source is temporary with recovery to a net carbon sink generally 
occurring within 10 years post hurricane so long as the forests are allowed to recover and 
continue to grow. However, the timing of future hurricanes has a large impact on the 
contribution of the land sector to the stateôs 2050 Net Zero emissions goal. For example, the 
impact of the modeled 2038 hurricane on net land sector emissions would shift if such a 
hurricane were to happen earlier or later. 
  

 

Figure E2. Total accumulation of carbon from 2020 to 2100 in all non-soil carbon pools 
(including in-forest live and dead wood and harvest residues, new forest and tree live wood, 
and out-of-forest wood products in use and in landfills). Negative values indicate cumulative 
carbon removal from the atmosphere (i.e. cumulative negative emissions). For consistency 
across time, these results do not include the effects of development-driven land conversion 
because development was not simulated past 2050. Note that the ñHigh Disturbanceò 
scenarios include major hurricanes in 2038 and 2054.  Red dash line indicates 2050, 
Massachusettsô net zero compliance year.   

  
Some of the Integrated Scenarios envision large increases in the area designated as forest 
reserves, characterized by passive management with no resource extraction or other vegetation 
manipulation. Currently, less than four percent of the stateôs forests are in a designated reserve. 
We explored the consequences of increasing reserve area to 20% and 33% of forest land. The 
location of new reserves was informed by the experts and stakeholders who weighed the 
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importance of multiple environmental criteria, such as landscape connectivity, current carbon 
density, and species composition. The scenario with low disturbances and the largest increase 
in reserves resulted in the highest level of carbon stored among all scenarios considered 
(Figure E1); however, the -161.7 MMTCO2e in carbon accumulation compared to the scenario 
portraying a continuation of recent trends resulted in a quite modest difference (5.51 MMTCO2e; 
just 3.5% higher by 2050). The small differences are because the Reserve Scenarios include an 
influential assumption that statewide annual harvest volume would remain unchanged by the 
new reserves; only the locations of harvests would change to accommodate the reserve area. 
By maintaining statewide harvest volumes, the scenarios attempt to control for the potential that 
harvesting ñleaksò out-of-state beyond the baseline level observed in recent trends. The effect of 
this assumption is that Reserve Scenarios increase carbon density (amount of carbon stored 
per unit area) inside newly reserved areas and decrease carbon densities outside of reserves, 
with small net increase of statewide terrestrial carbon stocks. Any increase in reserve area to 
increase forest carbon stocks would need to consider how new reserves will affect harvest 
behavior outside of the reserves, in and outside of the Commonwealth. If leakage of harvesting 
is less than 100% ï i.e., if new reserves result in less total harvest volume with a concurrent 
decrease in wood product demand ï then these scenarios would underestimate the potential for 
forest reserves to increase carbon stores. 
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Figure E3. Mean annual carbon fluxes to the atmosphere over 5-year timesteps from 2020 to 
2100 for a counterfactual scenario (no development or harvesting) and the eight Integrated 
Scenarios. Green bars below zero represent carbon removals (i.e. sequestration), blue bars 
above zero represent emissions, and black diamonds show the net flux to the atmosphere 
(i.e. the annualized difference between sequestration and emissions in a timestep). For 
consistency across time, these results do not include the effects of development-driven land 
conversion because development was not simulated past 2050. Note that the ñHigh 
Disturbanceò scenarios include major hurricanes in 2038 and 2054. Red dash line indicates 
2050, Massachusettsô net zero compliance year. 

 
While some stakeholders emphasized the need for more reserves, others suggested that 
Massachusettsô residents should take greater responsibility for their consumption of wood 
products by harvesting more wood locally, which could lower lifecycle emissions and create 
economic demand for commercial forestry in Massachusetts versus conversion of working 
forests to another land use. Currently, harvest volumes in the state account for approximately 
7% of the volume of wood products it consumes annually, and only 5% of the lumber.3 The 
Local Wood scenario increases annual harvest volume to ~20% of current consumption levels. 
Even at this higher rate of harvest, Massachusetts forest remain a net carbon sink throughout 
the century. In the near term (i.e. until at least 2050), increasing harvesting to this level would 
reduce cumulative carbon storage relative to a Recent Trends scenario by 22.2 to 30.2 
MMTCO2e, for low and high disturbance regimes respectively. This focus on timber production 
results in approximately 63.4 and 52.8 MMTCO2e of additional wood products by 2050, for low 
and high disturbance regimes respectively. After approximately 75 years, carbon accrual in the 
Local Wood scenario is similar to Recent Trends with low disturbances but lags behind with high 
disturbances through the end of the century. Our analyses also show that carbon emissions 
associated with commercial forestry can be reduced by improving wood utilization. We 
simulated improvements such as a shift to producing and using more long-term products (e.g., 
mass timber or wood insulation) and more efficient logging and milling practices. These 
practices have the potential to reduce harvesting emissions by 5%-14% by 2050 and 10%-12% 
by 2100.  
 
Active forest management, where it was simulated, was found to have a strong influence on 
forest composition, structure, and successional trajectories. Well-planned and executed 
silviculture can help ensure the continuity of structural conditions across the landscape over 
time, including young and old forest habitat and facilitate the adaptability of natural communities 
to a changing climate. Modeling of practices designed to reflect a recent trends-based harvest 
regime resulted in a more even distribution of forest structural conditions and patch sizes, 
increased regeneration and recruitment of keystone tree species in natural communities and 
helped perpetuate those communities over time relative to untreated areas. Scenarios designed 
to reflect climate-oriented silvicultural practices included additional elements, such as stand 
improvement and other early interventions in stand development (not normally practiced in 
Massachusetts due to cost); adjustments to the patch size, intensity, and frequency of harvests; 
and ecologically informed, ecoregion-specific species removal and retention priorities. Modeling 
results from areas receiving climate-oriented silvicultural treatments tended to have enhanced 
species and structural richness and diversity, climate adaptability, and increased values of some 
indicators of resilience relative to areas treated with recent trends-based silviculture and areas 
reserved from harvest. 

 
3 Note that these estimates refer to the equivalent wood and fiber volume, not the actual source of the 
wood used in-state.  
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In addition to the effects of natural disturbances and forest management, the study examines 
alternative scenarios of forest loss and other land cover changes due to new building and solar 
energy development. By 2050, more compact building development patterns could reduce 
emissions and foregone sequestration from 14.0 to 4.7 MMTCO2e, assuming greenfield 
development at one third the rate observed from 2000-2020. In contrast, sprawl-oriented 
building development could lead to emissions of 28.0 MMTCO2e, assuming greenfield 
development rates twice those observed from 2000-2020. Emissions and forgone sequestration 
associated with new greenfield solar development to achieve the Commonwealthôs projected 
solar capacity needs in 2050 (i.e., approximately 27 GWAC, depending on the availability of other 
sources of clean energy generation and the level of demand management that can be achieved) 
range from 3.4 to 13.6 MMTCO2e, depending on whether siting patterns follow conservation-
based criteria or those observed from 2010 to 2020, and on assumptions about the level of solar 
production capacity per unit land area.4 Actual emissions and emissions reductions can be 
expected to be greater when the effects of development on soil carbon are included.  
 
Reforestation and tree planting are frequently recommended natural climate solutions, but face 
several challenges, including land availability constraints, slow initial rates of carbon accrual, 
and ensuring tree survivorship in the face of climate change, herbivory, invasive species, and 
other stressors. We examined the biophysical potential for reforestation and tree planting but did 
not assess social or economic constraints on implementation. We focused on reforestation in 
riparian areas, marginal agricultural lands, and other open space, as well as tree planting in 
developed areas, including parks and rights-of-way. In sum, active reforestation and tree 
planting are expected to have relatively small total carbon removal benefits, of 1.3 to 6.4 
MMTCO2e by 2050, and 5.3 to 29.5 MMTCO2e by 2100, with >90% of that derived from 
reforestation. Sequestration rates would initially increase only modestly, though could reach 0.1 
to 0.6 MMTCO2e by 2050 before slowly declining later in the century. These ranges represent 
baseline and additional reforestation and tree planting occurring on 10% to 50% of suitable land 
by 2050. 
 
Overall, the study estimates that the land sector will remain a significant carbon sink for many 
decades, irrespective of the land-use or disturbance scenario considered. However, the 
magnitude of the sink varies significantly among scenarios.  Hurricanes are the largest single 
driver of variationðaverage net carbon sequestration in 2050 is approximately 58.0 MMTCO2e 
among the scenarios that include hurricanes and 148.4 MMTCO2e among scenarios without 
hurricanes (Figure E1). The impact of land use on the stateôs terrestrial carbon sink is smaller 
but also significant and, importantly, can be shaped by policies. Assuming similar natural 
disturbances and land cover change, the difference between the least and most impactful forest 
management scenarios spans more than 25 MMTCO2e by 2050, reflecting an increase 
harvesting to supply more of the stateôs wood demand locally, though this range shrinks to 5 
MMTCO2e by 2100. The building development scenariosô impacts on carbon sequestration and 
storage span a range of 23.2 MMTCO2e by 2050, the solar development scenarios span a 
range of just over 10 MMTCO2e, and reforestation scenarios span a range of 4.95 MMTCO2e by 
2050 and 23.4 MMTCO2e by 2100. This studyôs detailed findings can help policymakers in the 
Commonwealth understand the potential role of the land sector in achieving the stateôs climate 
mitigation goals under alternative disturbance, land-use, and management scenarios.  

 
4 Energy production from solar photovoltaic sources in lieu of fossil fuel-based sources does contribute to 
emissions reduction in the power sector, which is not examined in this report. 
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2. Introduction 
The following technical report describes a series of analyses designed to help policymakers in 
the Commonwealth of Massachusetts understand the potential for terrestrial carbon to influence 
the stateôs climate mitigation and adaptation goals under alternative disturbance, land-use, and 
management scenarios. This study builds on the 2020 Land Sector Report (LSR) (Thompson et 
al. 2020) produced as part of the Massachusetts 2050 Decarbonization Roadmap Study (EEA 
2020). The original LSR examined five scenarios that envisioned varying amounts of timber 
harvesting and greenfield building development. Under these scenarios, total carbon 
accumulation in forests and wood products was estimated to range from 176.79 to 185.25 
MMTCO2e between 2020 and 2050 (averaging 5.89 to 6.18 MMTCO2e/yr), between 36.3 and 
42.6 MMTCO2e (1.2 to 1.4 MMTCO2e/yr) less than a counterfactual scenario with no land use at 
all. While this analysis was useful for the Decarbonization Roadmap Study, it lacked much 
variation among scenarios and did not incorporate several important drivers of forest carbon 
dynamics in the state, such as hurricanes and greenfield solar development. The current study 
includes these drivers and assesses a wider range of alternative scenarios to explore how much 
certain activities and policy drivers could increase forest carbon sequestration rates and storage 
levels in the Commonwealth, while accounting for natural processes, ecological disturbances, 
and climate change, and without sacrificing forest ecosystem health.  
 
The Commonwealthôs Global Warming Solutions Act (GWSA), as amended,5 requires the state 
to achieve net zero greenhouse gas (GHG) emissions in 2050. The net zero requirement allows 
for up to 15% of 1990-level emissions to be offset by GHG removals, which includes carbon 
sequestration from natural and working lands. As a leader among states, the Commonwealth 
will need to consider many difficult questions regarding the role of the land sector in their net 
zero policy, including how to set goals for terrestrial carbon in the face of irreducible 
uncertainties, how to account for the risk of future land based emissions and variation in future 
sequestration rates, and how to balance carbon sequestration rates, long-term carbon storage, 
and other forest ecosystems services and priorities  (e.g., Cohen et al. 2021). Given these 
questions, a thorough understanding of the opportunity and the uncertainties is required (Gifford 
2020).  
 
The potential for future natural disturbances to influence terrestrial carbon dynamics is an 
important source of uncertainty (Seidl et al. 2017) that was not considered in the original LSR. 
Here we expand on the LSR to also consider the impacts of forest insects and hurricanes, which 
are two of the disturbances posing the greatest risks to Massachusettsô forests (Lovett et al. 
2016; Boose, Chamberlin, and Foster 2001). These disturbances both have a history of causing 
major tree mortality events in Massachusetts and are expected to increase in severity due to 
climate change (TumberȤD§vila et al. 2024). In addition to the direct impacts on forests from 
major disturbances, this report also examines the potential for post-disturbance salvage logging 
to alter disturbance-related emissions.  
 
As compared to the LSR, this study includes additional comparisons of modeled approaches to 
forest management. The silvicultural prescriptions developed for the LSR to reflect current 
harvesting practices are used here with minor modifications. Additional prescriptions have been 
developed to reflect 'climate-smart forestry' or 'climate-oriented forestry.' These prescriptions 
attempt to balance aspects of providing resilience (Holling 1973; Ferrare et al. 2019) and 

 
5 An Act to Create a Next Generation Roadmap for Massachusetts Climate Policy, Mass. Acts 
2021, c. 8, ÄÄ 1-12, amended the GWSA along with other relevant portions of the general laws.  
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adaptive capacity (Swanston et al. 2016) of forests to climate change and recognizing social 
responsibility (Littlefield and DôAmato 2022) by implementing ecological forestry (Palik et al. 
2021). Adaptive capacity is the ability of a resource to accommodate or cope with potential 
climate change effects with minimal disruption.  Adaptation strategies include resistance, 
transition, and resilience; the latter of which is focused on increasing the capacity of a forest to 
absorb changes, resisting damage and stress, and recover quickly while maintaining 
relationships between its components.  When these practices are implemented silviculturally 
they can generate wood products locally, reducing the need to import wood, help to sustain rural 
jobs, and avoid the effects of leakage from consumption of wood products.  The suite of 
prescriptions also reflects regional ecological setting (western, central, and eastern 
Massachusetts), and focus on regenerating and retaining species well-suited to the broad 
ecological and expected future climate conditions. They aim to maintain stands at densities that 
would support vigorous growth and resistance to stressors and provide a variety of age classes 
and structural conditions to emulate conditions found in unmanaged reserves. 
 
In addition to examining the effects of changing harvest practices, this study evaluates the 
potential for increasing total harvest volume so that Massachusettsô forests provide a greater 
proportion of the wood consumed in the state. Currently, Massachusetts only produces 
approximately 7% of the wood it consumes annually, and only 5% of the lumber consumption 
(Littlefield et al. 2024). Demand for new construction over the next 30 years has been estimated 
to drive an increase in building square footage by 23%, primarily in the residential sector (EEA 
2022) and the construction of new buildings, including the manufacturing of building materials, 
make up 11% of the global greenhouse gas emissions (Puettmann et al., 2021). However, 
changing building materials from traditional materials (e.g., steel, concrete, fiberglass, imported 
lumber) to new timber products (e.g., wood fiber insulation, mass timber) has the potential to 
mitigate some of these emissions (Oliver et al. 2014; Puettmann et al. 2021). Therefore, 
increasing the production of traditional and mass timber products from local wood has the 
potential to reduce lifecycle emissions from the building sector. Here we examine some of the 
consequences of producing more timber, including the potential for new mass timber markets 
and improved harvesting efficiencies to affect overall carbon emissions. 
 
The study also examines the potential for a broad expansion of forest reserves, where no 
harvesting or other intensive land uses would be permitted. Currently, just 3.3% of the state is 
protected in forest reserves (Foster et al. 2023).  Increasing reserve area may allow for greater 
protection of carbon stocks (Erb et al. 2018; Nunery and Keeton 2010), some types of 
biodiversity and forest structural conditions (Faison et al. 2023) and allow for the eventual 
creation of old forest structure (Albrich et al. 2021), which is lacking in the state (Oswalt et al 
2019; D'Amato 2006). However, the development of new forest reserves without a concomitant 
reduction in wood consumption threatens to shift harvesting outside of the state (i.e., leakage) 
without any real impact on harvesting related emissions (Gifford 2020). To guard against that 
possibility, in the increased reserve scenarios explored here, the total in-state harvest volumes 
were held constantïi.e., harvesting was redistributed outside of the reserve areas.  
 
Reforestation and tree planting are also frequently advocated as important natural climate 
solutions (Domke et al. 2020) and promoted in the Commonwealthôs Clean Energy and Climate 
Plans, Resilient Lands Initiative, and Healthy Soils Action Plan. Expanding the area of tree 
cover has the potential to increase total terrestrial carbon stocks. However, there are many 
challenges with reforestation and tree planting (Kirschbaum et al. 2024), including finding areas 
suitable for long-term forest development and siting tree species that are well adapted to current 
and future climate conditions. This study examines the potential for planting in developed areas, 
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such as street and park trees as well as reforestation of greater acreages in riparian and other 
eligible sites.  
 
While the original LSR examined the impacts of permanent forest loss to terrestrial carbon, it 
only assessed two scenarios of housing and other building development and did not include any 
analysis of new renewable energy development. Here we expand on the LSR to include 
divergent building development scenarios that range from a reduction (one-third) to an increase 
(doubling) of recent greenfield development rates. We also investigate the potential impacts of 
greenfield solar development, a growing driver of land cover change and deforestation in 
Massachusetts. Indeed, from 2010 to 2020 nearly 8,000 acres of solar development occurred in 
the state, with 60% of that occurring within forests (Manion et al. 2023). The pace of solar 
development is poised to increase substantially as the state seeks to achieve upwards of 27 
GWAC of solar generation capacity, as projected by the Massachusetts 2050 Decarbonization 
Roadmap Study. Here we analyze the land carbon impacts of several pathways to achieving 
that goal. Like the LSR, this report uses a spatial bookkeeping approach to quantifying carbon 
within non-forest land cover classes; here, we improve on the LSR by conducting a more 
thorough literature review and meta-analysis of the carbon density coefficients used for those 
land covers.  
 
This study also evaluates some of the potential tradeoffs and synergies between carbon and 
forest resilience and adaptive capacity to climate change under different assumptions and 
silvicultural approaches.  Massachusettsô aboveground live tree carbon density and forest 
stocking on forest land are among the highest in the northeastern United States; while its 
diversity of forest structural conditions is among the lowest (USDA Forest Service, 2024). 
Forests provide more ecosystem services than just carbon (e.g., habitat, clean water, wood), 
and there are a variety of silvicultural interventions that could provide for long-term maintenance 
of forest cover and potentially strengthen the harvested wood product carbon sink, while also 
reducing vulnerability and increasing resilience to climate change.  Within the constraints of the 
model and study, a suite of metrics was identified at a variety of scales to help assess local- and 
landscape-scale structural complexity of and species composition.     
 
For several aspects of the study, we expanded the temporal horizon to better understand 
longer-term dynamics of terrestrial carbon. Whereas the LSR simulated landscape dynamics to 
2050, we now include model runs out to 2100 to better estimate the impacts of natural 
disturbances and harvest regimes. This is an important addition because forest systems change 
slowly over long timeframes and the ecosystem response to land use and disturbance is often 
not fully realized for many decades after the fact. Because land cover change (i.e., building and 
solar development) is thought to be particularly difficult to characterize in the future, we did not 
simulate those activities beyond 2050. As such, throughout the report, estimates from 
simulations of land cover change are given only to 2050, whereas estimates for disturbance and 
harvesting are given at both 2050 and 2100.   
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3. Methods  

3.1 Study Framework  

We integrated several modeling approaches to estimate potential future changes in landscape 
conditions and carbon cycling under alternative disturbance and land-use change scenarios. 
Forest growth, timber harvesting, and ecological disturbance are simulated using the 
mechanistic forest landscape model, LANDIS-II/PnET, which is described in detail below. Using 
the outputs from LANDIS, we coupled permanent changes in land cover (e.g., building and solar 
development, reforestation) simulated using Dinamica EGO, a cellular automata model, and 
wood utilization (e.g., new wood product markets) using a harvested wood products model that 
tracks carbon through the production, use, discard, and decay phases of wood use (Figure 1). 
Individual models are described in detail below. The LANDIS simulations use 5-year time steps. 
The models include several small-scale stochastic components (e.g., windfall, development 
placement) that stabilize to their average when measured at landscape scales. For this reason, 
we did not run multiple replicates of the simulations. Large scale stochastic processes, like 
hurricanes, can produce significant variation between simulations. Below (section 3.4) we 
explain our approach for representing one plausible realization of these processes. 
 
The effects of forest disturbance and land use land cover change on forest carbon was modeled 
in the context of two groups of scenarios:  
 
(1) Integrated Scenarios where multiple drivers of forest change are integrated to describe 
trajectories of landscape change that would logically emerge from different sets of assumptions. 
Integrated Scenarios are not forecasts or predictions; instead, they are a way to explore 
hypothetical futures that are plausible and based on internally consistent assumptions 
(Thompson et al. 2012). These scenarios were co-designed with the Massachusetts Executive 
Office of Energy and Environmental Affairs (EEA) and invited stakeholders and subject matter 
experts.  
 
(2) Focus Scenarios where individual drivers of forest land use and land-cover change are 
examined in isolation, with other factors held constant. These scenarios are designed to better 
understand the specific impacts of alternative building development, solar development, and 
reforestation scenarios on terrestrial carbon, as well as the individual effects of a continuation of 
recent trends in land cover change and in harvesting. 
 
In addition to the Integrated and Focused Scenarios, we simulate a Counterfactual (no 
development, hurricanes, or harvest) scenario. This counterfactual scenario is used to estimate 
the maximum theoretical biophysical potential of Massachusettsô current forests to sequester 
and store carbon, assuming continued forest growth in absence of any land use or large 
disturbances. Of course, disturbances and land use will occur and, therefore, the rate of carbon 
accumulation in this scenario is not achievable and is not a realistic policy option; however, this 
scenario is a useful baseline for estimating the impact of disturbance and land use simulated in 
the other scenarios. 
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Figure 1. Overarching analytical process including linkages between models and inputs. The 
Scenario Design box (gray) represents the co-design of scenarios, led by EEA and involving 
stakeholders, the research team, and DCR. The Land cover Change box (yellow) includes the 
land cover change model, which uses parameters co-designed with EEA and stakeholders to 
simulate transitions in land cover and reserves. The Forest Ecosystems box (light green) 
represents the mechanistic model that simulates forest growth, competition, disturbance, and 
forest management. The Spatial Bookkeeping box (blue) represents the spatial bookkeeping 
methods that applied the non-forest carbon metrics to the landscape. The Removed Carbon 
box (orange) represents the harvested wood product and downed wood models to account for 
carbon removed from the live forest carbon pool by harvesting or disturbance. The final two 
boxes (green) represent the carbon and non-carbon outcomes from the scenarios. 

 
Several stakeholders and subject matter experts were engaged in the creation of land 
management scenarios for this study and more specifically in the process of designing the new 
reserve and harvesting aspects of the scenarios. The EEA invited stakeholders and experts 
from around the state with expertise inðand diverse perspectives onðforest management and 
conservation to engage with the project team and design of aspects of the forest management 
scenarios. EEA and the research team held three different stakeholder meetings with check-in 
points between these meetings. An initial meeting was held to introduce the participants to the 
project and the many different aspects of the landscape being simulated. A second meeting was 
held to get feedback on which aspects of forest management and conservation are most 
important for designing new reserves/designated areas of passive forest management and 
applying new climate-oriented active forest management techniques within the study framework. 
A final meeting was held to get feedback on initial scenario results.  
 
Throughout all the meetings, participants offered feedback on different aspects of the scenarios, 
including simulating improved wood utilization (see Error! Reference source not found.), 
increasing forest disturbance, and the importance of non-carbon forest benefits that should also 
be incorporated into the results. This stakeholder-informed process helped shape the forest 
management assumptions within the eight integrated scenarios that explore the range of 
impacts from varying levels of disturbance and land use (Table 1).   
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Table 1.  The eight integrated land use scenarios use in this study, co-designed by the 
Massachusetts Executive Office of Energy and Environmental Affairs and stakeholders and 
subject matter experts. 

 
Forest Management Regimes 

ÅĲĦĲŰƣЮÑƖĲŰĬƚ 
ÅĲƚĲƖƻĲƚЮ
EůƓőċƚŔƚ 

xŸĦċũЮìŸŸĬЮ
EůƓőċƚŔƚ 

9ŸůĤŔŰĲĬЮ
EůƓőċƚŔƚ 

[ŸƖĲƚƣЮcċƖƻĲƚƣж 

9ƨƖƖĲŰƣШŉŸƖĲƚƣƖǃШ
ƓƖċĦƣŔĦĲƚШċŰĬШ
őċƖƻĲƚƣŔŰŊШũĲƻĲũƚ 

9ũŔůċƣĲрŸƖŔĲŰƣĲĬШ
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ůĲĲƣШΝΡӖШŸŉШ~ Ш
ƽŸŸĬШĦŸŰƚƨůƓƣŔŸŰ 
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9ƨƖƖĲŰƣШŉŸƖĲƚƣШ
ƖĲƚĲƖƻĲƚ 
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ƖĲƚĲƖƻĲƚШƣŸШΟΟӖШ
ŸŉШŉŸƖĲƚƣШũċŰĬ 

9ƨƖƖĲŰƣШŉŸƖĲƚƣШ
ƖĲƚĲƖƻĲƚШ 

EǂƓċŰĬШŉŸƖĲƚƣШ
ƖĲƚĲƖƻĲƚШƣŸШΞΜӖШŸŉШ
ŉŸƖĲƚƣШũċŰĬ 
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cŔŊőЮEĦŸũŸŊŔĦċũЮ
?ŔƚƣƨƖĤċŰĦĲ 

ÖŰĦŸŸƖĬŔŰċƣĲĬЮ
xċŰĬЮ9ŸƻĲƖЮ9őċŰŊĲ 

ÅĲĦĲŰƣШÑƖĲŰĬƚШ
cċƖƻĲƚƣШҼШcŔŊőШ
?ŔƚƣƨƖĤċŰĦĲоШ
?ĲƻĲũŸƓůĲŰƣШ
ÉĦĲŰċƖŔŸ 

ÅĲƚĲƖƻĲƚШ
EůƓőċƚŔƚШҼШ
cŔŊőШ

?ŔƚƣƨƖĤċŰĦĲоШ
?ĲƻĲũŸƓůĲŰƣШ
ÉĦĲŰċƖŔŸ 

xŸĦċũШìŸŸĬШҼШ
cŔŊőШ

?ŔƚƣƨƖĤċŰĦĲоШ
?ĲƻĲũŸƓůĲŰƣШ
ÉĦĲŰċƖŔŸ 

9ŸůĤŔŰĲĬШ
EůƓőċƚŔƚШҼШcŔŊőШ
?ŔƚƣƨƖĤċŰĦĲоШ
?ĲƻĲũŸƓůĲŰƣШ
ÉĦĲŰċƖŔŸ 

xŸƽЮEĦŸũŸŊŔĦċũЮ
?ŔƚƣƨƖĤċŰĦĲƚ 

9ŸŸƖĬŔŰċƣĲĬЮxċŰĬЮ
9ŸƻĲƖЮ9őċŰŊĲ 

ÅĲĦĲŰƣШÑƖĲŰĬƚШ
cċƖƻĲƚƣШҼШxŸƽШ
?ŔƚƣƨƖĤċŰĦĲоШ
?ĲƻĲũŸƓůĲŰƣШ
ÉĦĲŰċƖŔŸ 

ÅĲƚĲƖƻĲШ
EůƓőċƚŔƚШҼШxŸƽШ
?ŔƚƣƨƖĤċŰĦĲоШ
?ĲƻĲũŸƓůĲŰƣШ
ÉĦĲŰċƖŔŸ 

xŸĦċũШìŸŸĬШҼШ
xŸƽШ?ŔƚƣƨƖĤċŰĦĲШ
оШ?ĲƻĲũŸƓůĲŰƣШ
ÉĦĲŰċƖŔŸ 

9ŸůĤŔŰĲĬШ
EůƓőċƚŔƚШҼШxŸƽШ
?ŔƚƣƨƖĤċŰĦĲоШ
?ĲƻĲũŸƓůĲŰƣШ
ÉĦĲŰċƖŔŸ 

ìŸŸĬЮÖƣŔũŔǍċƣŔŸŰж 
ÑƽŸШƻċƖŔċŰƣƚШŉŸƖШċũũШƚĦĲŰċƖŔŸƚаШыċьШÅĲĦĲŰƣЮƣƖĲŰĬƚЮƽŸŸĬЮƨƣŔũŔǍċƣŔŸŰ 
ШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШыĤьШfůƓƖŸƻĲĬЮƽŸŸĬЮƨƣŔũŔǍċƣŔŸŰ 

 

 

3.2 Study Area 

The study area was the 20,900 km2 (8,070 mi2) land area of Massachusetts, including the 
mainland, islands, and inland water bodies. We used the 2020 Land Change Monitoring, 
Assessment, and Projection (LCMAP) v1.3 (USGS Earth Resources Observation and Science 
(EROS) Center 2022) 30m resolution land cover map to represent the current landscape 
conditions. LCMAP consists of 7 primary land cover classes in Massachusetts. In this study, we 
modified the forest class using the LCMAP secondary class by reclassifying all pixels classed as 
wetland primary and tree cover secondary as forest to ensure forested wetlands were captured 
in our simulation of forests. Thus, the wetland land cover class in this study refers only to non-
forested wetlands. We then further augmented the land cover map with spatial data on the 
location of reserve areas and greenfield solar development (further explained in sections 3.5 
and 3.7). In the resulting map (Figure 2), forest is the dominant cover class and spans 57.2% of 
the study area. Developed land is the next largest land cover class (24.9%) and, while it is 
dispersed throughout the Commonwealth, is most prevalent and dense around the Boston, 
Worcester, and Springfield metro regions. 
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Figure 2. Study area showing LCMAP land cover in 2020 along with Regional Planning Area 
(RPA) sub-regions. 

3.3 Simulation of Forest Ecosystem Dynamics 

The LANDIS-II cellular forest modeling framework was used to simulate forest ecosystem 
processes (Scheller et al. 2007). LANDIS-II is spatially interactive model designed to estimate 
future changes in tree species-by-age specific carbon stocks as they are affected by multiple 
processes, including: forest growth and succession, partial and stand-replacing disturbances, 
seed source proximity, and climatic and edaphic gradients on ecosystem distributions. The 
model has been widely used to research the potential impacts of timber harvest, land use, and 
climate change on temperate forest carbon dynamics (see www.landis-ii.org/publications). The 
Harvard Forest research team has calibrated and validated the modeling framework for use in 
Massachusetts and New England (Thompson et al. 2011; Duveneck and Thompson 2017; 
Liang et al. 2018; Graham MacLean et al. 2021; Liang et al. 2023). 
 
Within the simulation framework, LANDIS is coupled to the PnET ecophysiology model, which 
was used to simulate tree establishment, tree species competition and succession, and growth 
rates (De Bruijn et al. 2014). The model produces species-by-age-specific maps of 
aboveground carbon at each timestep and tracks species-cohort biomass with the Output 
Biomass Community extension. LANDIS/PnET estimates carbon as a function of net primary 
production and heterotrophic respiration, which are sensitive to tree species traits, edaphic 
conditions, climate, and CO2. Edaphic and climatic parameters vary spatially in Massachusetts 
based on EPA Level IV ecoregions (ñEPA Ecoregions Level III and IV,ò), and climatic conditions 
also vary temporally. We used the Soil Survey Geographic (SSURGO) database for 
Massachusetts to estimate edaphic conditions (e.g., soil water-holding capacity) (Soil Survey 
Staff, NRCS 2023; Thompson et al. 2011). We further parsed the EPA Level IV ecoregions by 
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SSURGO soil types, resulting in 86 unique LANDIS ecoregions. Future climatic conditions 
follow the IPCC's Representative Concentration Pathway 8.5 and was projected by the 
Community Climate System Model (CCSM4) Global Circulation Model (GCM) and obtained 
from the USGS GeoDataPortal (Stoner et al. 2013). We shifted from the Hadley Global 
Environment Model v2 (HADGE) GCM, which was used in the LSR, to the CCSM4 GCM. The 
CCSM4 GCM produces comparatively less extreme changes to temperature and precipitation, 
though we continue to use the RCP 8.5 scenario, and therefore maintain the same CO2 levels 
as in the LSR. This was done to be consistent with the climate projections used in the MA 
Climate Change Assessment, and to use a regional temperature and precipitation projection 
that is closer to the median among all RCP 8.5 GCMs. The CCSM4 GCM still represents a high 
degree of change relative to all RCP projections, but not quite as high as the HADGE estimates 
used in the LSR. 
 
We defined the initial forest extent using the 2020 LCMAP and within the forest class we 
characterize the forest conditionsðin terms of tree species and age classesðprimarily using 
the USFSôs BIGMAP Forest imputation map (Wilson 2024).6 BIGMAP assigns a USFS Forest 
Inventory and Analysis (FIA) plot (Burrill 2023) to each 30-meter pixel based on the similarity of 
the pixelsô spectral signatures derived from the Landsat archive. Therefore, for each 30-meter 
forest pixel in Massachusetts, there is an imputed FIA plot number with tree inventory data. In 
some areas mapped as forest by LCMAP, BIGMAP did not include information on forest 
condition, in these cases we used a previous forest imputation product also developed by the 
Forest Service (i.e., Duveneck et al. 2015).  We used the tree data from each of the imputed 
inventory plots (all trees > 2.54 cm) to initialize LANDIS/PnET. Due to the computational 
intensity of simulating all forests in Massachusetts (spatially explicitly), a few modifications were 
made to allow for more reasonable LANDIS/PnET simulation times. For example, while the 
native spatial grain of BIGMAP is 30m, we resampled to 90m within the forest cover to lessen 
the computational costs, though the forest class was resampled back to 30m when reintegrated 
with the land cover change simulations. We simulated 32 of the most common tree species, 
which represent greater than 96% of all tree biomass in the state, according to MA FIA data 
from forested plots measured in 2015 or later.  We converted the tree stem information in the 
inventory plots to the modelôs required tree-species-by-age-class cohorts using plot information 
on stand age, tree diameter, and tree height (see LSR and/or Thompson et al 2011 for more 
details on model initialization).  
 
The initial forest composition nominally represents the year 2020 and is dominated by early- to 
mid-successional tree species such as red maple (Acer rubrum; 18% of total tree biomass), red 
oak (Quercus rubra; 17%), and white pine (Pinus strobus; 15%), with lesser amounts of late-
successional, longer-lived species, including sugar maple (A. saccharum; 7%) and hemlock 
(Tsuga canadensis; 6%). See Appendix I Table A1 for initial species biomass for all 32 
simulated species. Simulated forest growth was compared to FIA remeasurements from the 
same time period and locations, and, while there is some variability in growth patterns, the 
overall growth rates seen in LANDIS/PnET closely matched FIA growth from plot 
remeasurement data (Figure 3).  
 
 

 
6 We updated the initial forest condition from what was used in the LSR to allow for more 
contemporary plot measurements and finer spatial grain.  
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Figure 3. Projected (LANDIS) and observed (FIA) mean annual growth by county. Dark green 
indicates FIA means, standard deviation, and plot N; light green indicates initial LANDIS pixel 
means and standard deviation. Horizontal lines are statewide means. 1.13 FIA versus 1.21 
LANDIS Mg Ha yr-1.  

3.4 Simulating Forest Disturbance 

Gap-Scale Disturbances 

We simulated the impacts of a range of smaller disturbance based on the 1997-2020 Insect and 
Disease Detection Surveys (IDS) from the USDA Forest Service Forest Health Protection 
program (Forest Service 2022), which maps wind, insects, fire, and other gap scale 
disturbances (Tables 2A and 2B). We estimated the rate, patch size, and intensity of the 
ñbackground disturbancesò from the IDS 24-time series and used those data to parameterize the 
gap-scale (i.e., emulating the loss of a single canopy tree or a small cluster of individuals, sensu 
Oliver and Larson 1996) disturbance regime in LANDIS using the LandUse+ module 
(Thompson et al. 2021). In consultation with EEA and state experts, we developed and 
implemented two intensities of background disturbance, one a continuation of current 
disturbance rates as seen in the IDS (no change to area impacted or average intensity), and 
one that slightly increases the area disturbed and average intensity of disturbance to portray an 
increase in disturbance due to climate change (ramped gap-scale disturbance, Table 2a). Both 
background disturbance scenarios contain both light and severe disturbances (to emulate the 
range seen in the IDS), where light disturbances only cause mortality for 10% of the biomass 
per pixel, with the severe disturbance causing 90% mortality per pixel. In the continuation of 
current disturbance rates scenarios (i.e., low disturbance), 98% of the disturbed area has the 
light disturbance applied and the average total area affected does not change over time. In this 
version, we apply one randomly selected realization of the annual area disturbed from the IDS 
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database to each future year (so area is not exactly the same each year but varies year to year 
within the range seen in IDS). In the high-disturbance scenarios, disturbed area affected by 
severe disturbance increases from 2% to 10% of all disturbed area by 2050 and then remains at 
10% through the length of the simulation. This increases the intensity from 11% biomass 
removed on average in the disturbed area in 2020 to 18% on average between 2020 and 2050 
and then remains static. Based on observed trends in the IDS dataset, we also increased total 
disturbed area by 1 ha per year from the current disturbance rates scenario until 2050 and then 
held the area static. 

Hurricanes 

In the high-disturbance scenarios, we simulated ten different hurricanes using the trajectory, 
extent, and wind speeds of hurricanes from the past century. Meteorological data for past 
hurricanes (1620-2020) is taken from (Boose, Chamberlin, and Foster 2001) (1620-1850) and 
the HURDAT2 database from the National Hurricane Center (1851-present) (Landsea and 
Beven 2015) to inform our hurricane projections, though we only explicitly simulated hurricanes 
that occurred between 1900-2000. Given we have no ability to predict the timing of future 
hurricanes, we set the timing of simulated hurricanes to occur exactly 100 years after they 
occurred in the previous century (e.g. the 1938 hurricane is simulated to occur in 2038). To 
project potential consequences of climate change on hurricane intensity, we increased the past 
hurricane wind speeds by 8% (Bender et al. 2010; Emanuel 2005; Knutson et al. 2010). We 
modeled spatial patterns of wind damage caused by the projected hurricanes using the 
HURRECON and EXPOS models which use information on hurricane track, maximum wind 
speed, and local topography to estimate wind damage from the hurricanes (TumberȤD§vila et al. 
2024). We then applied the hurricane damage within LANDIS using the LandUse+ model 
(Thompson et al. 2016), which allows outputs from HURRICON to be used as inputs to LANDIS 
(Table 2A and 2C). 

Insects 

We explicitly simulated the potential impacts of two widely distributed and impactful invasive 
insects, the hemlock woolly adelgid (HWA) and emerald ash borer (EAB), which kill hemlock 
and ash trees, respectively (Table 2A). We chose to model these two invasive insects 
separately because their impact on the landscape is limited by the availability of host species. 
We assumed HWA is present throughout the state at the start of the simulation and EAB is 
present in municipalities where it had been observed by DCR (Department of Conservation and 
Recreation 2023). We then assumed EAB would spread to the rest of the ash-bearing forest in 
the state during the subsequent five years (Figure 4). Within the simulation, when a host 
species is affected by their insect pest, the majority of its non-structural carbon stores are 
depleted over a target number of years (10 for ash and 20 for hemlock), resulting in the death of 
the cohort. HWA and EAB disturbances were included in all of our integrated simulations.   
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Table 2.  Summary of forest disturbance characteristics. 

A.  Spatial distributions and forest impact for each disturbance type. 

Disturbance Type Spatial Distribution Forest Impacts 

Gap-scale disturbances (e.g. 
wind, fire, disease) 

Severe disturbance occurs 
on 2% of the disturbed area, 
remaining 98% receives light 
disturbance. 

Light disturbance = 10% 
biomass removed; severe 
disturbance=90% biomass 
removed. See Table 2B for 
patch statistics. 

Ramped gap-scale 
disturbance (increase from 
climate change) 

Severe disturbance 
increases from 2-10% of the 
landscape until 2050 then 
remains at 10%. 

Emerald ash borer 
Spread to ash stands by 
2025 following Figure 4 

Significant ash mortality 
within 10 years 

Hemlock woolly adelgid 
Present in all hemlock 
stands in 2020 

Significant hemlock mortality 
within 20 years 

Hurricanes 
20th Century hurricane tracks 
(TumberȤD§vila et al. 2024) 

See Table 2C 

B. Disturbance parameter statistics for simulated gap-scale disturbances, based on 
aggregated patch statistics from 24 Insect and Disease Detection Survey data layers.  

Disturbance 
Parameter Units Mean Std. Dev. Minimum Maximum 

Annual disturbed 
patches #/year 

              
4,236  

             
5,888    

Annual area disturbed 
ha/year 

            
43,553  

           
64,032  

         
1,652  

         
291,652  

acres/ 
year 

         
107,622  

         
158,226  

         
4,082  

         
720,687  

C. Hurricane Disturbance.  The expected tree species damage (in % biomass) for each 
enhanced Fujita (EF) class 

Enhanced Fujita Scale 
(wind speed, mph) 

Species Group 
Tree Mortality (%) by Age Range* 

0-19 20-79 80-300 

EF0 (65-85) 
Hardwoods 5 5-10 10-15 

Conifers 5-10 10-20 20-30 

EF1 (86-110) 
Hardwoods 10-15 15-20 25-35 

Conifers 15-20 25-45 40-60 

EF2 (111-135) 
Hardwoods 15-20 30-40 75-85 

Conifers 15-25 40-60 90-100 

EF3 (136-165) 
Hardwoods 20-30 40-50 90-95 

Conifers 35-40 60-80 100 

EF4 (166-200) 
Hardwoods 100 100 100 

Conifers 100 100 100 

* Range from least to most susceptible trees for each category based on age class, tree 
species, and life history. 
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Figure 4. Municipalities in Massachusetts where emerald ash borer (EAB) was present in 
2020 (dark-purple), and the modeled statewide spread of EAB within the next five years. 

 

3.5 Simulating Forest Management 

Active Forest Management 

We modeled commercial timber harvesting in LANDIS/PnET using the Biomass Harvest v.4.6 
module (Gustafson et al. 2000), which simulates user-defined harvest prescriptions that can 
vary over time and among uniquely parameterized and spatially explicit management areas. 
Harvest prescriptions determine the forest conditions necessary for a site to be eligible for a 
harvest, the size of the harvest, and the percent removed of each species-by-age cohort 
present on the stand if it is selected. After harvesting, the biomass removed during harvesting is 
recorded and used within the wood utilization model (see below), and, in subsequent timesteps, 
the LANDIS/PnET growth model responds to harvest-induced changes as removals alter the 
siteôs growing conditions (e.g., increased light availability and growing space). Specifics of the 
harvest prescriptions and harvest regimes are detailed below.  
 
The scenarios used two distinct harvesting types, conventional forestry and climate-oriented 
forestry. The conventional forestry practices used within the Recent Trends harvest scenarios 
match the observed rates, spatial distribution, and silvicultural prescriptions documented in 
M.G.L. Ch. 132 Forest Cutting Plans (FCPs) from July 2001 through August 2017, as described 
in the LSR (see also Kittredge et al. 2017; McDonald et al. 2006). Staff from DCR used 
information reported in the FCPs about the silvicultural system (or lack thereof for high-grading 
and harvests classified as other), and professional judgement, to group reported harvests into 
silvicultural prescriptions. These prescriptions were generalized representations of broad 
silvicultural systems (even-aged and uneven-aged systems) with variations in treatments 
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(thinning and overstory removals), removal intensities (low and high removal intensity variants 
of overstory removals), and harvest patch sizes (reflecting the distribution of parcel sizes in 
Massachusettsô, with many more small forest ownerships than large). A complete definition of a 
model harvest prescription included the proportion of biomass removed within each combination 
of 29 modeled species and eight age classes, return intervals (if any), a minimum and maximum 
patch size, minimum age, and proportion of harvesting allocated to each prescription at each 
time step. The prescriptions were not further refined, calibrated, or validated due to time 
constraints. In most cases, removal intensities were based on expert opinion of state staff with a 
sound understanding of biomass stocking, species composition, and tree allometry since no 
information about removal intensity is available from the FCP database and only a subset of the 
modeled species was reported in the FCPs. The town where the primary landing (harvest 
loading site) was located on the cutting plan was used to group reported harvests and their area 
by regional planning agency (RPA) develop harvest rates and patch size distribution.  See 
Appendix II and the LSR for further explanation of Recent Trends harvest methodology. 
 
Climate-oriented/climate-smart forestry is defined here generally as practices that better meet 
both climate change adaptation and mitigation goals to enhance benefits from our forests now 
and into the future. The COF/CSF practices simulated in this study are based on input received 
from participants in the second stakeholder meeting, published reports (e.g., Mass Audubon 
2024, NEFF 2023), and from DCR forestry staff. These represent some of the important 
strategies of COF/CSF for modeling purposes, but do not constitute a complete investigation of 
such practices, nor are they intended to define COF/CSF in the Commonwealth going forward. 
 
Priority areas for active management employing COF/CSF practices were informed by the 
stakeholder process. Stakeholders and experts weighted multiple variables to quantify the 
landscape attributes best suited for active management. The research team averaged the 
weight among the participants and used these weights to guide simulated management. Their 
preferred variables included forest areas with more biomass in tree species expected to have 
lower climate change adaptability, in more hurricane-prone areas, and in areas with moderate 
amounts of biomass. 
 
The COF/CSF prescriptions and their spatial allocation were developed by Department of State 
Parks and Recreation forestry staff and included input from the Division of Water Supply 
Protection and the Division of Fish and Wildlife. The modeled prescriptions incorporated 
features intended to improve outcomes in terms of metrics indicating forest resiliency, adaptive 
capacity, and ecosystem or community health (e.g. NRS-GTR-87-2, Ferrare et al., and 
Catanzaro et al. 2016). These metrics are described in more detail in Section 3.9. State staff 
designed these prescriptions to be used areas prioritized for active management with the intent 
of complementing forest dynamics in areas designated for passive management (see Passive 
Forest Management below). Harvest prescriptions were also adjusted across three broad 
regions of Massachusetts: west, central, and east. The goals of the silviculture were often 
focused on long term outcomes, rather than short-term carbon storage (e.g., deferring or 
treatments and/or reducing the intensity of removals). This included practices that provided 
structural conditions that complemented the surrounding landscape, or that adapted the scale 
and timing of treatments to natural disturbance regimes. Many of the most relevant and broadly 
applicable COF/CSF practices were included; however, it was not feasible to simulate all 
important silvicultural practices within the scope of this study (e.g., fire-based management, 
pitch pine-oak barrens-specific management, irregular uneven-age management, and assisted 
regeneration were not included). 
 

https://www.massaudubon.org/our-work/resilient-lands/climate-smart-forestry-resources
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Modeled COF/CSF included the following silvicultural systems and prescriptions: 

¶ Even-aged systems: Emulating thinnings that create enough free growing space to keep 
trees vigorous, and disturbances intense enough and of a large enough area to regenerate 
diverse tree species. 

o Thinning ï thin from below and retain the highest priority species, removing 33% of 
pre-harvest basal area (resulting in approximately 50% relative density). 

o Overstory removal ï complete removal with variants retaining 12.5 BA (basal area in 
sq ft/acre; Overstory removal variant) and 0.5 TPA (trees per acre; Overstory 
removal - intense variant) of the species with the highest priority for retention. 

¶ Uneven-aged systems - Emulating short- and long- return interval group selection-based 
uneven age management along a gradient of intensity. 
o Group selection, 25-year rotation ï maximum age of 200 years, retaining 0.25 TPA 
of the largest trees of the species with highest priority for retention, with forest stand 
improvement and thinning to 62.5% relative density. 

o Group selection, 40-year rotation ï maximum age of 120 years, retaining 4.00 TPA 
of the largest trees of species with highest priority for retention, with forest stand 
improvement and thinning to 75.0% relative density; 20% of area retained as 
unmanaged. 

¶ Early simulation prescriptions ï Implemented only during first 20 years of simulation. 

o Targeted forest stand improvement ï critical interventions in young seedling and 
sapling cohorts to keep a diversity of regeneration present given pressures such as 
herbivory and drought. 

o Thin from below to 500 TPA of the species with the highest priority for retention for 
cohorts <25 years old plus the removal of 95% of hemlock and ash biomass. 

o Targeted overstory removal ï Same as Overstory removal retaining 12.5 BA 
(described above) plus the removal of 95% of hemlock and ash biomass. 

 
Summary statistics of biomass removed by age class for each prescription are shown in Table 
3, while Appendix II includes further details on the development and limitations of COS/CSF 
prescriptions, as well as species removal and retention priorities, and harvest prescription entry 
requirements (i.e. forest conditions necessary for a stand to be eligible for each prescription).  
 
On average, the COF/CSF prescriptions are less intense than the Recent Trends prescriptions, 
removing less than half (i.e., 41%) of the wood per hectare as did the conventional Recent 
Trends harvests. Therefore, the scenarios with COF/CSF needed to harvest more area per year 
to meet the volume targets specific to that scenario. For example, the Reserve Emphasis 
scenario aimed to remove the same amount of wood volume as the Recent Trends in 
harvesting scenario and to do so we doubled the total area harvested. For the Local Wood 
Emphasis scenario and the Combined Scenario (i.e., Local Wood & Reserves Emphasis), we 
needed to increase the area 460% and 343%, respectively, to meet the target wood volume. 
However, these increases alone were not enough to produce the target wood volume, so it was 
also necessary to substitute the Targeted Forest Stand Improvement prescription with the more 
intense Targeted OSR, to ensure enough area could be found to harvest in each year.   
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Table 3. Summary statistics for the proportion of biomass removed by age class for each 
Climate oriented harvest prescription.  Both ñTargetedò prescriptions also include additional 
removal of 95% of hemlock and ash biomass. 
 

Prescriptions 

Mean (std. dev.) % biomass removed by age class 

0-10 
yrs. 

10-25 
yrs. 

25-50 
yrs. 

50-75 
yrs. 

75-100 
yrs. 

100-
125 yrs. 

125-
175 yrs. 

>175 
yrs. 

Thinning 
55 
(31) 

47 
(25) 

29 
(23) 

21 
(22) 

20 
(25) 

16 
(22) 

16 
(22) 

17 
(27) 

Overstory removal 
84 
(23) 

91 
(14) 

86 
(13) 

82 
(18) 

79 
(23) 

77 
(23) 

78 
(25) 

73 
(31) 

Overstory removal ï 
intense 

88 
(23) 

100 
(0) 

99 
(1) 

98 
(11) 

99 
(2) 

96 
(15) 

95 
(18) 

91 
(26) 

Group selection, 25-
year rotation 

35 
(16) 

35 
(12) 

28 
(11) 

24 
(11) 

24 
(13) 

22 
(13) 

24 
(17) 

23 
(18) 

Group selection, 40-
year rotation 

42 
(10) 

41 
(6) 

34  
5) 

33 
(6) 

34 
(5) 

32 
(7) 

33 
(9) 

31 
(11) 

Targeted forest stand 
improvement 

64 
(26) 

64 
(26) 

0 
(0) 

0 
(0) 

0 
(0) 

0 
(0) 

0 
(0) 

0 
(0) 

Targeted overstory 
removal 

84 
(23) 

91 
(14) 

86 
(13) 

82 
(18) 

79 
(23) 

77 
(23) 

78 
(25) 

73 
(31) 

Passive Forest Management (Reserves) 

To better understand the potential for passive forest management to influence carbon stocks 
and forest conditions, some scenarios include expanded forest reserves. Here, we define 
reserves as ñ... tracts of any size and current condition, permanently protected from 
development, in which management is explicitly intended to allow natural processes to prevail 
with ófree willô and minimal human interference,ò consistent with the definition of ñwildlandsò in 
the recent report Wildlands in New England (Foster et al. 2023). While this may differ slightly 
from how the state defines reserves, in the context of this studyôs modelling approach it is 
equivalent to how state reserves are managed in practice. Accordingly, no harvesting (including 
salvage logging), building or solar development, or tree planting is simulated within reserves. 
This applies to the 3.4% of the state already in reserve status (taken from Foster et al 2023) and 
any newly created reserves as part of a scenario.  
 
We sited new reserves within the scenarios based on feedback during the stakeholder process. 
Stakeholders and experts evaluated the importance of nine different variables by assigning 
each a weight with the constraint that the sum of their weights must be 100% (Table 4). The 
average of all the respondentsô weights was then used to develop a Reserve Priority map 
(Figure 5). We applied a minimum allowable continuous patch size of 10 ha (~25 acres) for new 
reserve areas. The expanded reserves scenarios aimed to conserve approximately one-third of 
current forest land, which we achieved by prohibiting harvest or development on 399,138 ha. In 



   

 
 

30 
 
 

addition to the stakeholder criteria, we stipulated that a minimum of 10% of forest area of each 
eco-region (west, central, east) must be in a reserve (Figure 6). 

 

 

Figure 5. Reserve priority map derived from the weights in Table 4 and smoothed for visual 
clarity using a 1km moving window. A minimum of 10% of forest area of each region (west, 
central, east) must be in a reserve. 

 
 

Table 4. Reserve siting criteria and stakeholder weights (mean weight of all respondents). 

Variable Weights 

Core Forest 21.4% 

Adjacency 14.3% 

Connectivity 14.3% 

Adaptation 14.3% 

Structural Diversity 7.1% 

Tree Diversity 7.1% 

Stocks 7.1% 

Sequestration 7.1% 

Hurricane Prone 7.1% 
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Figure 6. Reserve areas analyzed within the Integrated Scenarios. The 4% in reserves 
represents the current condition. 33% forest in reserves was simulated in the Reserve 
Emphasis scenarios. The Reserves and Local Wood scenarios contain 20% forest reserves. 

 

3.6 Simulating Wood Utilization and Decay 

To track carbon emissions and storage of wood no longer growing on the landscape (through 
mortality by forest processes, disturbance, or harvesting), we used a combination of published 
records of wood decay, harvesting efficiencies, and a newly parameterized Massachusetts 
variant of the state level Harvested Wood Products (HWP) model, HWP-C vR, used by the US 
Forest Service (based on the national level model, USFS HWP-C v1). The combination of these 
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methods allowed us to estimate the fate of harvested wood carbon in several different pools, 
from in-forest downed wood and logging residue to wood products through their usable lifetime.  
 
All coarse woody debris or downed wood that was produced during the simulation was modeled 
to decay using exponential decay curves with published hardwood and softwood specific decay 
constants (Russell et al. 2014). Downed wood biomass was comprised of all biomass lost to 
mortality, disturbance, harvest, and deforestation, from partial to full cohorts (e.g., individual 
trees or branches to full species-age cohorts), that remained on the landscape to decay in the 
simulations. 
 
Biomass removal from harvest was modeled using the HWP-C vR harvested wood product 
model. The HWP-C vR model tracks harvested wood from milled roundwood to final products 
and discard fates and has been used for California, Oregon, and Washingtonôs wood products 
carbon inventories (Figure 7; Groom and Tase 2022; Lucey et al 2024). For this study, we 
parameterized the model for southern New England using the most recently available local, 
regional, and national published accounts of different primary product ratios, end use ratios, end 
use half-lives, and discard ratios (specified in bullets below). This model is similar to the 
approach used in the original Land Sector Report of the MA 2050 Decarbonization Roadmap 
and includes many similar primary product and end use ratios; however, this new approach 
better estimates processes of recovery (e.g., recycling) and landfill carbon, as well as has more 
updated and refined end use categories. 
 
To simulate current trends in wood utilization within each scenario, we used the aboveground 
harvest volumes removed by management area from each of the scenario simulations by 
species and age class cohort (what is available from LANDIS). To match these LANDIS outputs 
with the HWP model and TPO derived ratios, we needed to translate LANDIS age cohorts into 
size classes prior to analyses. As a rough division between poletimber and sawtimber size 
classes, age-class cohorts between the ages of 20 and 70 years were considered poletimber, 
and age-classes greater than 70 years were considered sawtimber (though in a real harvest and 
sale many other factors, including grade, influence if a specific tree is in fact growing stock and 
usable as sawtimber or poletimber). Any cohorts younger than 20 years were considered non-
growing stock, alongside any cohorts removed from a non-commercial harvest (any age-class). 
Additionally, for the high-disturbance scenarios with simulated hurricanes, a proportion of the 
hurricane downed wood was added to the harvest volumes to simulate salvage harvests (26% 
of sawtimber, 10% of poletimber, and 0% of non-growing stock).  
 
We then used the most recent southern New England Timber Products Output reports available 
to calculate the proportions of the harvested volume that is left on site as logging residue by 
species and size class (Forest Service 2018). The proportions of the removed wood that was 
left on the landscape as logging residue are subject to hardwood and softwood specific decay 
rates (Russel et al. 2014), using the same methods as for other downed wood left though other 
processes (see above). The volume of harvested wood not left on site was then passed to the 
HWP model to be simulated as roundwood sent to the mill to be processed. 
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Figure 7. Based on Stockmann et al. 2012, the general model used in the USFS harvested 
wood product carbon accounting model (Figure 2.1 in Groom and Tase 2022). Boxes on the 
left represent different stages of distributing the input harvest volume (black box where ccf = 
centum cubic feet or 100 cubic feet) into initial end uses in the first year (lower left box where 
MgC = megagrams of carbon). From here the model moves the carbon in these end uses into 
end carbon pools (all boxes to the right) for each year left in the simulation. For example, in 
year one, the carbon in a particular end use may be ñin useò, but by year five, most of the 
carbon is discarded based on the half-life of that end use). Solid lines represent processes 
where all carbon moves from one stage to the next and is stored in that pool. Dashed lines 
represent a process that results in an emission that could offset other energy production (e.g., 
burning of fuelwood), and a dotted line represents a process that results in emissions without 
energy capture (e.g., emissions from decaying wood products in solid waste disposal sites, 
(SWDS)). 

 
Based on data availability, TPO was used to estimate timber product ratios, Northeastern 
regional estimates of primary product ratios, and national level data on end use ratios were 
used to estimate end use ratios and disposal and decomposition rates for the harvested wood. 
The process for sourcing these ratios and rates is described in detail below: 

ǒ Timber product ratios ï These values represent the proportion of total roundwood 
taken off the land during a harvest that goes into each of the 40 different potential timber 
product categories (e.g. hardwood roundwood, hardwood pulpwood; see Appendix V). 
These proportions are based on TPO estimates of volume in each of the roundwood 
categories from harvests in southeastern New England (Massachusetts, Connecticut, 

https://www.zotero.org/google-docs/?broken=fHzoXG
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Rhode Island, and southern VT and NH). The ratios are calculated by species groups 
and size class. To more accurately capture trends in species volumes into different 
roundwood categories, species with relatively low volume represented in the TPO 
estimates were first combined into ñOther hardwoodò or ñOther softwoodò (depending on 
the species) but left the species with over 100 M cu. Ft. of harvested volume as 
individual species (a marked improvement on our previous methods that nearly 
immediately combined species into either hardwood or softwood). We then determined 
what proportion of the removed volume ended up as a roundwood product or as logging 
residue by species and size class. From these estimates, we also determined the 
proportion of wood that is milled that ends up as mill residue and either used as other 
products (e.g., animal bedding, mulch), burned on site, or left to decay. Mill residues 
were also simulated using the HWP model (e.g., a proportion of the harvested volume 
that ended up as mill residue was turned into mulch and emitted through decay). 

ǒ Primary product ratios ï These values represent the proportion of the carbon that goes 
into each of the 64 possible primary products for each timber product category (e.g., 
softwood sawtimber may have several possible primary products, such as lumber or 
plywood). These ratios are from New England regional estimates of primary product 
production that have been updated from Smith et al. 2006 and Stockmann et al 2012 
using 2018 TPO estimates of primary product production. 

ǒ End use ratios ï These values (like the primary product ratios) represent the proportion 
of carbon that goes into each of the 224 possible end use categories from each primary 
product. These are from national estimates of end use production (McKeever 2009; 
McKeever and Howard 2011), since much of the wood turned into primary products does 
not remain in regional markets (e.g., lumber from our region may be used in housing 
starts in the south). 

ǒ Half-lives of primary products in end use ï These values represent a measure of how 
long wood stays in each end use on average (the half-life) before being discarded. 
Standard national values from the HWP-C vR were retained for these half-lives (Groom 
and Tase 2022). 

ǒ Discard deposition ratios ï These values represent the proportion of each discard type 
(i.e., paper, wood, lumber, plywood) that ends up in each discard fate (e.g., recycled, 
landfilled). Standard national values from the HWP-C vR were retained for these half-
lives (Groom and Tase 2022). 

ǒ Half-lives of discarded products ï These values represent a measure for how much of 
a discarded product is recovered (e.g., recycled) each year, how much of what is left is 
subject to decay, and how quickly the proportion that is subject to decay will decay in a 
dump or landfill. In an anaerobic environment like a landfill (low or no oxygen available to 
aid decomposition), not all of the carbon from discarded wood products will decay, so 
some of the carbon will remain fixed or stored in the solid waste disposal site (SWDS). 
Standard national values from the HWP-C vR were retained for these half-lives (Groom 
and Tase 2022). Emissions from SWDS are reported in CO2eq, but the model currently 
does not differentiate between methane and CO2 (although an update is underway). 

Improved Wood Utilization 

We also simulated a variant of the HWP model where we assumed an improved utilization of 
wood in which we assumed changes in logging and milling efficiency, additional markets for 
long-term wood products, and increased post-disturbance salvage logging. This scenario variant 
was designed with input from regional forestry experts and sought to explore the upper limits of 

https://www.zotero.org/google-docs/?broken=MjatPr
https://www.zotero.org/google-docs/?broken=MjatPr
https://www.zotero.org/google-docs/?broken=Z26UzY
https://www.zotero.org/google-docs/?broken=Z26UzY
https://www.zotero.org/google-docs/?broken=zvFARf
https://www.zotero.org/google-docs/?broken=mteZzd
https://www.zotero.org/google-docs/?broken=mteZzd
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how we may be able to improve wood utilization. The simulated logging and milling efficiency 
improvements seek to emulate improvements in logging and mill equipment and methods to 
reduce logging and mill residues. Logging residues are usually left on site (and subject to 
decay), while mill residues can be turned into other products, but are generally short-term wood 
products. In our improved wood utilization variant, we decreased the percentage of harvested 
biomass that becomes logging residues by 5% for the poletimber and sawtimber size classes, 
and 10% for non-growing stock. The additional 5% reduction of logging residues for non-
growing stock wood represents better wood markets for lower quality wood (e.g., wood fiber 
insulation).  
 
We also decreased mill coarse woody residues by 5% for all species and size classes and 
reduced other mill residues by 1%. This decrease in mill residues simulates smaller kerf widths 
(better milling equipment) which have been shown to improve overall efficiencies 2-3% in 
previous studies (Mitchell et al., 2005). Finally, we also increased the average proportion of 
wood going into longer-term products (end-use half-life of >65 years) from approximately ~44% 
to ~55% to simulate a change in markets, new products (e.g., cross-laminated timber (CLT)), 
forest aging, and better silvicultural strategies that result in higher grade logs. 
Alongside these general changes, we also made two additional wood utilization improvements 
based on specific disturbances in our scenarios. In an effort to pair our timber use with species 
that may provide the greatest carbon gains with its use, we simulated that ~60% of all removed 
sawtimber hemlock biomass is turned into new mass timber products (e.g., CLT, glulam ïglued 
laminated timber) with the same in-use half-life as other wood building materials (100 years), 
since in our recent trends in wood utilization most of the harvested hemlock ended up in shorter-
term products (e.g., mulch). We also increased post-hurricane salvage logging from around 
25% to around 74% (75% of sawtimber, 20% of poletimber, and 0% of non-growing stock) in 
this improved wood utilization scenario, assuming we greatly increase our capacity for rapid 
salvage logging. 
 

3.7 Simulating Land Cover Change 

We simulated land-cover change to project a continuation of recent trends (see Table 5) and to 
accommodate scenarios including new building development, new greenfield solar 
development, and new forest cover from reforestation and tree planting. Land cover change was 
simulated using the Dinamica EGO 7.4.0 cellular automata model (Soares-Filho, Coutinho 
Cerqueira, and Lopes Pennachin 2002). Dinamica is spatially explicit and incorporates spatial 
feedbacks and stochastic processes. The model uses the Weights-of-Evidence (WoE) statistical 
method to calculate transition probabilities for each pixel in a raster land cover map (Goodacre 
et al. 1993). We used LCMAP year 2020 to represent the initial land cover conditions and 
LCMAP landcover change during the historical reference period (2000 - 2020) to calculate the 
WoE transition probabilities for recent trends-based land cover change scenarios. When 
calculating the transition rates for the reference period (Table 5), we stipulated that any changes 
mapped between 2000 and 2020 needed to be persistent into 2021 to be counted as permanent 
change. This helps avoid misclassifying ephemeral changes such as timber harvest and 
shoreline water level fluctuations as permanent land cover change.  
 
Estimates of terrestrial carbon within forest cover were based on LANDIS/PnET and refer to live 
and dead tree carbon, and do not include soil carbon. For all other land cover classes, a carbon 
bookkeeping approach was used following Tang et al. (2020), with carbon density coefficients 
derived from a literature review and detailed in Table 6. 
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Table 5. Areas and rates of land cover transition during the 2000-2020 reference period, used 
in recent trends-based land cover change scenarios for 2020-2050. 

Original land 
cover class, 2000 

New land cover 
class, 2020 

Change area  Annual rate of change 

hectares acres hectares/year acres/year 

Barren Developed 4,060 10,032 203  502 

Barren Greenfield Solar 652 1,611 33  81 

Barren Tree Cover 350 865 18  43 

Cropland Developed 5,869 14,503 293  725 

Cropland Greenfield Solar 2,556 6,316 128  316 

Cropland Tree Cover 1,436 3,548 72  177 

Developed Tree Cover 4,795 11,849 240  592 

Grass/Shrub Developed 3,116 7,700 156  385 

Grass/Shrub Greenfield Solar 409 1,011 20  51 

Tree Cover Barren 7,729 19,099 386  955 

Tree Cover Cropland 8,925 22,054 446  1103 

Tree Cover Developed 28,187 69,651 1,409  3483 

Tree Cover Greenfield Solar 5,930 14,653 297  733 

Wetland* Greenfield Solar 78 193 4 10 

* Wetland conversions depicted here are based on LCMAP land cover data, however, MassDEP-

mapped wetlands were excluded from solar development. 

 

Table 6. Biomass carbon density estimate for each modeled land cover class. Includes live 
and dead biomass pools, but not soil carbon. 

Land Cover Class  Source  MTCO2e/ha MTCO2e/acre      

Highest-Density Development Meta-analysis 
in Appendix IV: 
Terrestrial 
Carbon in the 
Developed 
Environment 

0 0 

High Density Development 72.3 178.66 

Medium Density Development 136.67 337.72 

Low Density Development 178.47 441.01 

Tree Cover LANDIS 

2020: 0.00 - 668.30 2020: 0.00 - 1651.40 

2050: 0.00 - 680.05 2050: 0.00 - 1680.44 

2100: 0.00 - 814.01 2100: 0.00 - 2011.46 

Cropland 

Land Sector 
Report (tables 
5 and A3) 

23.78 58.76 

Grass/shrub 23.78 58.76 

Water 0 0 

Wetland (non-forested) 6.97 17.22 

Barren 0 0 

Solar Assumed 0 0 
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Building Development 

For all scenarios, building development locations and patch sizes are estimated based on 
analysis of observed greenfield building development during the 2000-2020 reference period 
per USGS LCMAP and associated spatial predictors. The methodology follows Thompson et al. 
(2017, 2020). Spatial predictors for building development include distance to population centers, 
population density, distance to roads, distance to development, slope, landowner type, 
wetlands, and flood zones. The area subject to building development varies among scenarios 
and is described below.  
 
Alternative building development scenarios are intended to estimate the land carbon effects of 
greenfield development of buildings and associated infrastructure. These scenarios do not 
assume a particular amount of total development, infill development within existing settlements, 
or population growth; rather, they only reflect potential rates and patterns of greenfield 
development (i.e. expansion of development into undeveloped areas) that could be driven by 
variety of factors including land-use policy, development economics, population dynamics, and 
cultural preferences. Building development in the scenarios are shown in Table 7. The rate 
multipliers used in the Sprawl and Compact scenarios come from the New England Landscape 
Futures (NELF) óYankee Cosmopolitanô and óConnected Communitiesô scenarios respectively 
(Lambert et al. 2018; Graham MacLean et al. 2021; Thompson et al. 2020).   
 

Table 7. Scenario parameters used to simulate new building development 

Scenario 

Greenfield 
development, 2020-2050 
(area, growth from 2020 
developed area) 

Development rate 
multiple (relative to 
reference scenario) 

Notes 

Recent trends 
building 
development 

41.2K ha (101.8K acres), 
+7.9% 

1.00 

Based on 2000-2020 
reference period; 
excludes solar 
development and 
barren land. 

Compact 
building 
development* 

13.7K ha (33.9K acres), 
+2.6% 

0.33 
(1/3 Recent Trends 
development rate) 

Informed by NELF 
ñConnected 
Communitiesò 
scenario 

Sprawl building 
development* 

82.5K ha (203.9K acres), 
+15.9% 

2.00 
(2x Recent Trends 
development rate) 

Informed by NELF 
ñYankee 
Cosmopolitanò 
scenario 

Counterfactual 
(no greenfield 
development) 

0 ha (0 acres), +0% 0.00 

Baseline ñcontrolò 
scenario for 
comparison; could 
also be considered a 
hypothetical all infill 
development scenario 

* Scenarios were used to simulate greenfield building development in the Integrated Scenarios, while 
all four were evaluated as Building Development Focus Scenarios. 
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Solar Development 

Estimates of future greenfield solar quantity, siting location, and patch sizes were based on 
observations of greenfield solar development during the 2010-2020 reference period (Manion et 
al. 2023) and their relationship to a suite of spatial predictors. Spatial predictors include physical 
site characteristics such as slope, aspect, and land cover; socio-economic metrics such as land 
price, population density, and distance to development; and infrastructure variables such as 
distance to substations, roads, and existing solar installations. We used the Weights of 
Evidence statistical method to generate patterns of future solar development in Dinamica EGO. 
The contribution of each spatial predictor variable to the final probability-of-solar map is detailed 
in Figure A3 of Appendix V. The rate of solar development was set to achieve the anticipated 
need for 27 GW of capacity by 2050, per analysis behind the Massachusetts 2050 Clean 
Energy and Climate Plan (EEA 2022), though 27 GW may be an underestimate or overestimate, 
depending on the availability of other sources of clean energy generation and level of demand 
management that can be achieved. The area needed to reach 27 GWac was estimated exploring 
the impact of several assumptions about future alternative energy build-out.  

¶ First, we examined total land requirements using two different estimates of land use 
intensity, or land area required per unit of solar power production capacity (Table 8 - 
Land Use Intensity): (1) 1.46 ha/MWac which is consistent with the Massachusetts 
Department of Energy Resources (DOER) Technical Potential of Solar Study (DOER 
2023) and is originally derived from Bolinger and Bolinger (2022). (2) 2.75 ha/MWac, 
which is the current observed land use intensity of greenfield solar facilities since 2005. 
To calculate the current observed land use intensity of solar energy production we use 
the average of two different methodologies: a site-based approach and an aggregate-
based approach. For the site-based approach, two researchers used high resolution 
satellite imagery from Google Earth to digitize the disturbed area surrounding a sample 
of 31 greenfield solar sites with known production capacities. This included the panels, 
area between panels, access roads, and buffers surrounding the site to eliminate 
shading or to install fencing.  Due to expected differences in digitizing technique, the 
first experiment resulted in 3.28 ha/MW and the second resulted in 2.80 ha/MW for an 
average of 3.04 ha/MW. For the aggregate-based approach, we combined Harvard 
Forestôs dataset of greenfield solar sites which is an amalgamation of mapping efforts 
conducted by DOER,7 Clark University (Tao et al. 2023), and Harvard Forest (Manion et 
al. 2023) with the total installed capacity reported in the Technical Potential of Solar 
report (DOER 2023).  We examined sites that were installed from 2005 onwards and 
were classified as ñGround-mounted (large Ó 1MW)ò. Additionally, we included 50% of 
those classified as ñOtherò.  This resulted in 3,377 ha of disturbed area producing 1.38 
GWAC for a land use intensity of 2.44 ha/MW. As a final step, we averaged our result 
from the site-based approach (3.04 ha/MW) with our aggregate approach (2.44 ha/MW) 
to get 2.75 ha/MW which we used for our current estimate of land use intensity. To 
account for potential gains in efficiency over time, we also included an ñimproving 
energy productionò scenario that decreases the ha/MWac from 2.75 to 1.46 linearly from 
2020-2050.  

¶ Second, we examine different assumptions about the proportion of future solar 
development needed to achieve 27 GW of production that would be sited on 
undeveloped land (ñgreenfieldò) as opposed to on rooftops or otherwise integrated into 
the already developed land. We simulated different proportions of production from 
greenfield solar development (Table 8 ï Greenfield Proportion & Figure 8), including 

 
7 https://www.mass.gov/info-details/annual-compliance-reports-and-other-publications 

https://www.mass.gov/info-details/annual-compliance-reports-and-other-publications
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high (67%), moderate (50%), low (33%), as well as a counterfactual no development 
(0% i.e. all new solar on developed land) that was only used as a baseline for 
comparison. 

¶ Finally, we included two different siting patterns -- i.e, where greenfield solar is 
permitted on the landscape (Table 8 ï Siting). The first scenario follows recent trends 
patterns observed between 2010 and 2020, whereas the second restricts solar siting on 
sites deemed as conservation priorities in the recent Growing Solar Protecting Nature 
report (Manion et al 2023; Table 9) and under consideration by EEA and DOER. 

 

Table 8. Parameters for greenfield solar development scenarios. 

Scenario 

Greenfield 
proportion 
% of all 
capacity in 
2050À 

Land Use 
Intensity 
ha/MWAC 
(acres/MWAC) 

Area of 
greenfield 
solar 

development, 
2020-2050 

hectares (acres) 

Siting 
Criteria 

(see Table 9) 

High footprint & recent 
trends siting*  

High (67%)  
Current: 2.75 
(6.80) 

40.6K (100.3K) 
Recent trends-
based  

Low footprint recent 
trends siting  

Low (33%)  
Low 1.46 
(3.60) 

14.6K (36.1K) 
Recent trends-
based  

Low footprint & 
conservation siting*  

Low (33%)  
Low 1.46 
(3.60) 

14.6K (36.1K) 
Conservation-
based  

Moderate footprint & 
recent trends siting  

Moderate 
(50%)  

Improving: 
2.75 (6.80) in 
2020 to 1.46 
(3.60) by 
2050  

25.1K (62.1K) 
Recent trends-
based  

Moderate footprint & 
conservation siting  

Moderate 
(50%)  

Improving 
2.75 (6.80) in 
2020 to 1.46 
(3.60) by 
2050 

25.1K (62.1K) 
Conservation-
based  

No greenfield 
development 
counterfactual (used as 
baseline for comparison) 

0% - 0 - 

* These scenarios were used to simulate high and low levels of greenfield solar development in the 
Integrated Scenarios, while all six scenarios were evaluated as Solar Development Focus Scenarios. 

À Remainder of new solar assumed to be in developed areas. 
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Table 9. Greenfield solar siting exclusion criteria.  

Exclusion Criteria 
Recent Trends 
based siting 

Conservation 
based siting 

Permanently protected land (MassGIS Protected & 
Recreational Open Space) 

X X 

Wetlands (MassDEP) X X 

Open Water (USGS LCMAP landcover) X X 

Developed land (USGS LCMAP landcover), plus: X X 

Buildings (50ft buffer) X X 

Airport parcels X X 

Roads (50ft buffer) X X 

Residential lots <= 1ac with buildings X X 

Active rail lines X X 

Parking lots X X 

Cemeteries X X 

Slope > 8 degrees X X 

Highest 75% of carbon stocks (this study)  X 

BioMap Core and Critical Natural Landscapes  X 

Wetlands (100ft buffer)  X 

Climate-resilient sites (> avg. landscape diversity & 
connectedness from TNC Resilient Lands map) 

 X 

Prime farmland soil (NRCS)  X 

Note: Conservation-based siting follows the ñProtecting Nature - Mid scenarioò within the Growing Solar 
Protecting Nature report (Manion et al 2023), and new siting criteria either adopted or under 
consideration by DOER and EEA for Massachusettsô SMART solar incentive program.  
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Figure 8. Area of greenfield solar development by 5-year timestep in the Solar Focus 
Scenarios. 

Reforestation and Tree-Planting 

Alternative reforestation and tree-planting scenarios were intended to estimate the carbon 
sequestration potential of expanding forest and tree canopy cover on suitable non-forest land 
throughout Massachusetts. The focus was on undeveloped areas, where restoration of large 
areas of open space to forest ecosystems (i.e. reforestation) is plausible, and where potential 
for carbon gains and forest expansion is greatest. The analysis also includes more urbanized 
areas, where the planting of individual tree saplings (i.e. tree-planting) in developed open 
spaces (e.g. parks) or within the built environment (e.g. street trees) is more likely. 
 
Land with reforestation potential was identified within rural (i.e. non-urbanized) areas of the 
state, while land with tree-planting potential was identified within urbanized areas, based on 
2020 U.S. Census urban area designations (Census Bureau 2023). Within each of these 
designations, land suitable for reforestation or tree planting is identified based on criteria that 
include land cover, proximity to water bodies (riparian areas), suitability for agricultural use, and 
features that may constrain planting in developed areas (Table 10). These areas of reforestation 
and tree-planting opportunity are informed by and consistent with those identified in 
Massachusettsô Healthy Soils Action Plan (EEA 2023a) and Resilient Land Initiative (EEA 
2023b), as well as in the scientific literature (Cook-Patton et al. 2020). 
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Table 10. Reforestation and tree planting opportunities identified for Massachusetts. 

Opportunity 
Class 

Eligible 
Land 

Categories 

Tree Planting 
Density 
trees/ha 
(trees/acre) 

Specific Criteria Available 
Area 

ha (acres) 

Rural 
reforestation 
Land outside 
2020 Census 
urban areas 

Rural 
riparian 
buffers 

NA* 

Grass/Shrub or Cropland 
(LCMAP landcover) within 30m 
(100ft) of inland water bodies 
(MassDEP Hydrography) 

 6.6K 
(16.4K) 

Rural open 
space 

NA* 

Grass/Shrub or Cropland 
(LCMAP landcover) outside 
30m riparian buffer and not on 
prime farmland soils (NRCS) 

72.3K 
(178.7K) 

  Total reforestation area: 
79.0K 

(195.1K) 

Urban tree-
planting 
Land within 
2020 Census 
urban areas 

Urban 
riparian 
buffers 

248 
(100) 

Cultivated Crops, Pasture/Hay, 
Grassland/Herbaceous, 
Developed Open Space 
(MassGIS 1m landcover) within 
30m (100ft) of inland water 
bodies (MassDEP 
Hydrography) 

5.3K 
(13.1K) 

Urban open 
space 

124 
(50) 

Developed Open Space 
(MassGIS 1m landcover) 
outside 30m riparian buffer 

121.2K 
(299.5K) 

Parking lots 
62 
(25) 

Parking lots, as identified in 
Healthy Soils Action Plan 
parking lot analysis 

28.2K 
(69.6K) 

Street trees 
40 
(16) 

Local & major roads with 
shoulder, sidewalk, and/or 
median Ó 6ft; no existing tree 
canopy (MassGIS/DOT Roads) 

10.2K 
(25.1K) 

  Total tree-planting area: 
164.9K 
(407.4K) 

* Modeled as forest area, not as individual trees. 

 
Carbon sequestration rates for reforestation areas were estimated using the same 
LANDIS/PnET growth model that was used to simulate existing forest ecosystems in this study. 
We estimated species-by-ecoregion-specific growth rates and used a bookkeeping approach to 
estimate state-level carbon accumulation for reforestation. To select species for reforestation, 
we used forested USDA Forest Inventory and Analysis (FIA) Massachusettsô plot data to 
estimate tree species composition and density for each unique LANDIS ecoregion (see section 
3.3), and filtered plots to make sure the dominant species were well-suited to the current and 
future growing conditions, and then selected the five most dominant species (by density) in each 
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ecoregion. For example, the long-term viability of both eastern hemlock and ash species are 
uncertain due to the prevalence of invasive insects, therefore we did not include them as 
dominant species in our reforestation scenarios. There were a few cases where there were 
fewer than five suitable species present in the FIA plots in a Landis ecoregion (see section 3.3), 
because either the FIA data have fewer than five species or the plots contain unsuitable 
species. To calculate the growth and mortality rates of the dominant species in each ecoregion, 
we represented each ecoregion as a single cell in LANDIS/PnET. The ecoregion-specific net 
sequestration rate was then imputed using a bookkeeping approach to all reforestation areas 
within that ecoregion. Mean annual sequestration varied by ecoregion, planting year, and time 
since planting, where it was highest after approximately 30 years growth (Table 11). 
 
Table 11. Summary statistics of carbon removal rates and live carbon densities from 
reforestation across ecoregions and over time. Carbon removed from the atmosphere and 
stored in tree biomass is expressed as a negative removal rate, while positive rates indicate 
net emissions. Live carbon densities are expressed as positive values. 

Cohort 
age 

Annual carbon removal rate 
(MTCO2e/ha) 

Live carbon density 
(MTCO2e/ha) 

maximum minimum mean (std. dev.) mean (std. dev.) 

5 -6.28 -1.12 -3.74   (1.20) 37.05     (5.16) 

10 -9.7 -1.31 -5.34   (1.95) 57.82   (12.79) 

15 -16.74 -1.74 -8.72   (3.41) 91.21   (25.32) 

20 -25.92 -2.94 -11.97   (5.11) 140.40   (47.12) 

25 -21.97 -3.21 -11.87   (5.12) 200.90   (69.44) 

30 -34.54 -5.60 -15.8   (4.64) 272.49   (86.56) 

35 -21.33 14.43 -12.6   (4.33) 336.21   (92.56) 

40 -18.76 65.23 -9.12 (12.29) 382.81   (89.04) 

45 -24.68 58.05 -8.52 (11.53) 412.16   (90.51) 

50 -22.57 45.32 -6.52 (10.23) 443.94   (94.52) 

55 -22.04 137.10 -1.76   (27.5) 469.68   (97.75) 

60 -17.94 136.46 -3.07   (21.6) 497.59 (105.71) 

65 -19.36 43.12 -4.29   (8.10) 520.90 (112.47) 

70 -17.87 100.10 -6.12 (13.05) 551.55 (114.99) 

75 -18.46 12.00 -6.35   (5.73) 551.84 (129.28) 

80 -14.91 435.28 2.47 (52.53) 545.56 (149.87) 
 

 
For tree-planting in urban areas, we modeled the growth of saplings planted in urbanized areas, 
including in developed open space areas (parks and riparian buffers) and within the built 
environment (street rights-of-way and parking lots; Table 10). Newly planted trees were 
allocated to each eligible urban land category in proportion to available land area at category-
specific densities (40-248 trees/ha) based on DCR staff recommendations (Table 10). Net 
carbon sequestration rates were derived from a study of urban tree ecosystem services in two 
Massachusettsô cities (Moody et al. 2021) based on an individual urban tree model (i-Tree; 
Nowak 2020). All trees were estimated to sequester 1.7 kgCO2e/tree/year over the first three 
years post-planting, after which net sequestration rates increased by either 0.1 
kgCO2e/tree/year, accounting for typical mortality rates, or by 0.2 kgCO2e/tree/year, for 
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improved stewardship scenarios with lower mortality (halfway between sequestration rates with 
typical mortality and no mortality). 
 
Reforestation and tree-planting scenarios follow those outlined in the Healthy Soils Action Plan 
(EEA 2023a), whereby new tree cover is realized on 10%, 25%, and 50% of potential available 
land between 2020 and 2050, corresponding to ñmodestò, ñambitiousò, and ñmaximumò efforts 
(Table 12). This new tree cover is in addition to baseline rates of reforestation and tree planting. 
The baseline tree planting rate follows data reported by Massachusettsô Greening Gateway 
Cities program (6,156 trees/year since 2017, excluding 2020 as a pandemic-related outlier) 
(Moody et al. 2021). The baseline rate of reforestation (i.e. passive reforestation) is estimated 
from the 2000-2020 LCMAP reference period (329 ha/yr, 813 ac/yr; Table 5). In the Integrated 
Scenarios, we used the ambitious level of reforestation and tree planting (in addition to passive 
reforestation rates) for the coordinated land cover change regimes and the baseline 
reforestation and tree-planting rates for the uncoordinated land cover change regime. 
 
Table 12. Parameters for reforestation and tree-planting scenarios. 

Scenario 

Realized tree 
cover potential 
by 2050 

% of suitable land 

Actively 
Reforested Area 
ha (acres) 

Additional Tree-
Planting Area 
ha (acres) 

Total 
Area 

ha (acres) 

Maximum 
feasible 

50% 
39.5K 
(97.6K) 

82.4K 
(203.7K) 

121.9K 
(301.2K) 

Ambitious* 25% 
19.8K 
(48.8K) 

41.2K 
(101.8K) 

61.0K 
(150.6K) 

Modest 10% 
7.9K 

(19.5K) 
16.5K 
(40.7K) 

24.4K 
(60.2K) 

Baseline* 0% 0 0 0 

* These scenarios were used to simulate high and low levels of reforestation and tree-planting in the 
Integrated Scenarios, while all four scenarios were evaluated as Reforestation/Tree-Planting Focus 
Scenarios. 

Note: These numbers reflect reforestation and tree-planting that is additional to baseline rates, which 
are assumed in all scenarios and includes reforestation during the 2000-2020 reference period (329 
ha/yr, 813 ac/yr) and current tree-planting rates (6,156 trees/year). 

 

3.8 Integrated Scenarios  

The Integrated scenarios establish a plausible range of possible future forest carbon 
sequestration and storage in Massachusetts, accounting for the upper and lower bounds of 
assessed forest management regimes, ecological disturbances, and drivers of land cover 
change. The Integrated Scenario framework includes eight scenarios encompassing four forest 
management regimes (Table 1 columns) in combination with two land disturbance regimes 
(Table 1 rows), where the land disturbance regimes reflect different levels of ecological 
disturbances and land cover change. The scenario matrix was developed to allow decision-
makers to better understand the potential outcomes of forest management under low 
disturbance (natural and anthropogenic; bottom row) and high disturbance (top row) natural and 
anthropogenic disturbance regimes. The details of the scenario parameters are documented in 
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Tables 14A-C below. All components of the Integrated Scenarios were modeled for the period 
2020 to 2050, while a separate set of simulations modeled the scenarios without the land cover 
change components for the period 2020 to 2100. This two-period approach was used due to 
particularly high levels of uncertainty around post-2050 land cover change dynamics. 
 
The four different forest management regimes vary in terms of the harvest practices (including 
total volume, area, and species harvested), reserve areas, and wood utilization (Table 14A). 
The different levels of ecological disturbance reflect futures with either minimal high-impact 
disturbances or with climate-intensified disturbances, including high-impact hurricanes.  The 
land-cover change alternatives represent futures of either uncoordinated land-cover change, 
mostly following recent trends but including a large build-out of solar facilities to meet the 
Commonwealthôs clean energy goals or coordinated land-cover change with compact building 
development patterns, more efficient solar siting, and ambitious reforestation and tree-planting 
efforts. 
 

Table 13. Summary of key drivers for the Integrated Scenarios (see Table 1). A. Forest 
management regimes. B. Levels of ecological disturbance. C. Land cover change alternatives.   

A. Forest 
Management Regime Forest Harvesting Forest Reserves 

Wood 
Utilization 

Recent Trends 
Current forestry practices and 
harvesting levels 

Current forest 
reserves 

a. Recent trends 
b. Improved 

Reserves Emphasis 
Climate-oriented forestry, current 
harvest levels 

Expand reserves to 
1/3 of forest land 

a. Recent trends 
b. Improved 

Local Wood Emphasis 
Climate-oriented forestry, 
increased harvest levels to meet 
20% of MA wood consumption 

Current forest 
reserves 

a. Recent trends 
b. Improved 

Combined Emphasis 
Climate-oriented forestry, 
increased harvest levels to meet 
15% of MA wood consumption 

Expand reserves to 
20% of forest land 

a. Recent trends 
b. Improved 

 
 

B. Ecological Disturbance Level 
Gap-Scale Forest 
Disturbances Insect Pests Hurricanes 

High Ecological Disturbances: 
Combination of disturbances 
representing a high-impact future 

Climate change-
intensified 

Ongoing (hemlock 
wooly adelgid, 
emerald ash borer) 

Climate change-
intensified 

Low Ecological Disturbances: 
Combination of ecological 
disturbance representing a low-
impact future 

Recent trends 
Ongoing (hemlock 
wooly adelgid, 
emerald ash borer) 

None 
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Table 13, continued. Summary of key drivers for the Integrated Scenarios. 

C. Land Cover 
Change Alternatives 

Building Development Solar Development 
Reforestation & 
Tree-Planting 

Uncoordinated 
Land Cover 
Change: 
A future with high 
levels of net forest 
loss and land 
conversion 

Sprawl development: 
-2X recent rate of 
greenfield development 
(2000-2020 reference 
period) 
-18% growth in 
developed area from 
2020-2050 
-82.4K ha (203.9K 
acres) 

High footprint & impact solar 
development: 
- Growth to reach 27 GW 
projected need 
- High proportion of greenfield 
PV (2/3) by 2050 
- High land use intensity (2.75 
ha/MWAC; 6.8 acres/MWAC) 
-40.6K ha (100.3K acres) 
- Recent trends-based siting 

Baseline 
reforestation and 
tree-planting 
(based on recent 
trends) 

Coordinated Land 
Cover Change: 
A future with low 
net deforestation 
future 

Compact development: 
-1/3 recent rate of 
greenfield development 
(2000-2020 reference 
period) 
- 2.6% growth in 
developed area from 
2020-2050 
-13.7K ha (33.9K acres) 

Low footprint & impact solar 
development: 
- Growth to reach 27 GW 
projected need 
- Lower proportion of 
greenfield PV (1/3) by 2050 
- Low land use intensity (1.46 
ha/MWAC; 3.6 acres/MWAC) 
-14.6K ha (36.1K acres) 
- Conservation-restricted siting 

Ambitious 
reforestation: 
Reforestation or 
tree-planting on 
25% of available 
land 

 

 

3.9 Assessing Forest Adaptive Capacity and Resilience to Climate Change 

Massachusettsô forests are vulnerable to stressors exacerbated by climate change and have 
diminished adaptive capacity (Janowiak et al 2018).  For example, altered natural disturbance 
regimes (e.g., fire, flooding) affect the ability of regeneration to establish; altered winter 
processes such as snowpack and freeze-thaw cycles affect browse susceptibility and the ability 
of harvest operations to scarify soils and prepare seedbeds; the presence of invasive plants can 
alter patterns and timing of regeneration establishment; changes in temperature and 
precipitation patterns can affect the survival of regeneration; high stand densities can promote 
conditions that make trees more susceptible to fungal infections and pathogens; and past land 
use practices and introduced forest pests have altered species composition (either increased 
richness through invaders in disturbance-prone communities where disturbance has been 
suppressed, or reduced through harvesting.  Some management may be necessary to facilitate 
resistance, resilience, and adaptation to future conditions to avoid diminishment of ecosystem 
services, including carbon sequestration (e.g., Domke et al. 2023). Drawing from the literature 
for assessing, planning, and managing for forest resilience (e.g. Swanston et al. 2016, Ferrare, 
Sargis, and Janowiak 2019, Catanzaro, DôAmato, and Huff 2016.), key metrics associated with 
forest health and resilience used in this study include: 

¶ Regeneration of species appropriate or critical to the forest community type (e.g., 
regeneration of oak and hickory species in oak-hickory communities; regeneration of 
spruce species and fir in spruce-fir communities, etc.), 

https://massgov.sharepoint.com/sites/ENV-Saltonstall-WKGRP-Energy/GWSA/NWL/Forest%20Carbon%20Study/7.%20Final%20Report%20&%20Results/Janowiak
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¶ A level of species richness and diversity appropriate for the forest community type, 
measured within and across modeled age classes or groups of age classes, 

¶ Proportion of biomass in species projected to be well-adapted to Massachusettsô 
expected future climate, and 

¶ Site- and landscape-scale patterns of forest structural diversity and age class diversity. 
 
Some indicators of forest health and resilience, such as stand density, are unable to be easily 
assess with the modeling approach used in this study.  These metrics were determined after the 
COF/CSF prescriptions were designed, so the ability to tailor the prescriptions to address 
specific indicators was limited. 

Forest Structure 

Forest structure includes the vertical and horizontal arrangement of live, standing dead, and 
down dead vegetation, including trees, shrubs, and ground cover.  Forest structure can be 
classified in a variety of ways, sometimes related to the proportions of trees of different sizes or 
related to both the sizes of trees and vertical and horizontal distribution of foliage and dead 
trees.  The arrangement of forest structural conditions on the landscape has important 
implications for a variety of ecosystem services, including habitat and water quality. For 
example, different wildlife species depend on different amounts, patch sizes, and distributions of 
different structural stages for different parts of their life cycle. 
 
To assess changes in forest structure in different modeled scenarios, it was necessary to 
translate model output into relevant metrics of forest structural conditions. Available model 
output includes biomass in each species-age cohort in each grid cell and time step. Forest 
structure, while related to tree age, is dependent on other factors without consistent 
relationships to age, such as tree size and the vertical and horizontal distribution of vegetation, 
which are not represented in the LANDIS/PnET model. Also confounding the approach was the 
fact that the process of assessing tree age occurred via a process of reverse-engineering age 
from tree height and site index for initial communities (described below), and within the model in 
a fashion consistent with time since establishment. 
 
A variety of algorithms that classified the model output into different structural conditions were 
compared. The core approach was to calibrate and apply different models on the initial 
community dataset, for which both estimates of biomass and forest inventory data were 
available, at the level of individual raster cells. Expert staff and collaborators were consulted to 
provide feedback.  Ultimately the selected approach used combinations of the tree size and 
horizontal and vertical arrangement of vegetation in the inventory data to predict stand structural 
stages. The RUSBoost algorithm (Matlab 2023) was used to construct a classification model to 
then predict structural stage from the amount and arrangement of biomass by age cohort. It 
provided reasonable results given the imbalance in actual initial landscape structural conditions.  
See Appendix VI for additional information. 
 
A variety of metrics related to structural classes are important for habitat (e.g., patch size, core 
area, connectivity) and water quality (e.g., proportion of watershed in different structural 
classes) are important. In the context of this exercise, patch size was deemed a metric that 
could be calculated relatively easily and would be somewhat meaningfully linked to the quality of 
the initial input landscape (see the earlier comparative discussion of estimates of current forest 
structural conditions). Since management activities could not be located in the model to 
optimize connectivity, metrics related to connectivity were deemed less valuable for this 
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exercise. For this component of the analysis, the two youngest structural conditions were 
grouped together, and the total area, and area in contiguous patches (rookôs case), was 
calculated for each scenario and time step. 

Forest Composition 

The proportion of biomass in different species was also of interest. There area differing views 
over how to group species (e.g. whether to use the projected adaptability of species to 
Massachusettsô expected future climate, whether a species played a keystone role in 
ecosystems, etc.), and which age classes to use. While having biomass in species expected to 
fare better in the future is important, some better-adapted species are also ecological 
generalists, like red maple; and other species not expected to fare well like spruce and fir are 
still of critical importance in Massachusetts. Thus, judging success based solely on an increase 
of the proportion of biomass in species expected to fare well under a changing climate was 
deemed unproductive. Keystone species vary by region and forest type (e.g. oak species are 
central to oak-hickory forests but not as much to spruce-fir) so any assessment of keystone 
species would have to be community-specific. Finally, older, larger, and more-established trees 
have exponentially more biomass than younger tree, which are more vulnerable to the 
increasing stressors and disturbances expected under climate change, so partitioning biomass 
by age class was also expected to be important.  Species were thus grouped by management 
priority, which included a combination of expected adaptability to future climate change and 
ecological role.  Table A7 in Appendix VI shows the management priority ratings. 
 
A series of case studies was developed to explore the effects of silviculture in specific natural 
communities commonly found in different regions of the Commonwealth. We developed 
definitions of natural communities that could be applied to the model output, attempting to match 
community definitions to the forest type variable value in FIA data based on tree species 
biomass dominance of the initial landscape plots. While not a perfect match, this approach 
provides some consistency with existing systems and empirical data. Areas that met these 
definitions after the model initialization period were identified. Areas that were treated after the 
model initialization period were separated from those that were never treated. Metrics relevant 
to the community were identified, including those related to species composition, species 
diversity, and age class diversity. Specifically, the proportion of the communitiesô biomass in 
keystone speciesðthe species that defined the community and were central to its functioning 
and perpetuationðwere important. Mean values for those metrics were calculated for harvest 
events and unharvested areas immediately before and after treatment, and 10, 30, 55, and 75 
years after, tracking those same treated areas over time; and from the same time steps in 
untreated areas.  After the treatment, both treated and untreated areas were subject to the 
same natural processes depending on where they were in the management priority filter 
described earlier, and treated areas may have been treated again at a later time step.     
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4. Results 

4.1 Integrated Scenario Results 

Land Carbon Results to 2050 

All eight scenarios resulted in net removal of carbon from the atmosphere through 2050, with 
the cumulative net carbon flux ranging from -161.7 to -39.6 MMTCO2e (Figure 9), equivalent to 
an annual average of -1.3 to -5.4 MMTCO2/yr. In 2050, under the high disturbance scenarios, 
live landscape carbon decreases (Figure 10), but when accounting for both live and dead 
carbon stocks, total carbon stocks increase under all scenarios. The scenario results are 
clustered into two groups: those with high levels of ecological disturbance and land cover 
change (the top four scenarios in Table 1) and those with low levels of ecological disturbance 
and land cover change (the bottom four scenarios in Table 1).  Insomuch as these two groups 
represent high- and low-emissions futures from an exogenous disturbances perspective (i.e. 
those outside the forest management decision space), these results suggest that in a high-
disturbance future, the impacts of forest management decision-making span 33 MMTCO2e 
(from ï39.61 to ï72.97 MMTCO2e) over the 2020 to 2050 time period; in contrast, in a low-
disturbance future, the impacts of forest management span 28 MMTCO2e (from ï133.98 to 
161.71 MMTCO2e) (Table 15).   
 

 

Figure 9. Cumulative fluxes of carbon between 2020 and 2050 for each of the eight Integrated 
Scenarios and a counterfactual scenario (no development or harvesting). Green bars to the left 
represent cumulative removals (i.e. sequestration), bars to the right represent cumulative 
emissions, and white diamonds show the cumulative net flux to the atmosphere. Carbon 
transfers between all simulated pools are accounted for, including in-forest live and dead wood 
and harvest residues, new forest and tree live wood, and out-of-forest wood products in use and 
in landfills. The white diamonds represent the difference between cumulative removals and 
emissionsïi.e, the total net flux to the atmosphere. 
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Figure 10.  Change in live carbon density (above- and below-ground biomass) 2020-2050 for 
the Integrated Scenarios. Areas in green have increases in live carbon while areas in red 
experienced losses.  Maps show average live carbon density within a 10km moving window to 
highlight regional patterns. 

 
Among the Integrated Scenarios, the low-disturbance Reserve Emphasis Scenario resulted in 
the highest cumulative net sequestration by 2050 (-162 MMTCO2e as compared to -156 
MMTCO2e for the comparable Recent Trends). This scenario had a similar level of forest growth 
as the low-disturbance Recent Trends (-254 and -253 MMTCO2e, respectively) but had lower 
emissions (97 and 102 MMTCO2e, respectively). In the Reserve Emphasis Scenario, 
approximately one-third of the stateôs forest land (399,138 ha or 986,291 acres) is off-limits to 
harvesting and development. However, the volume of harvesting and the area developed within 
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the state was similar to Recent Trends. This was done to minimize the effects of leakage, 
wherein any decrease in harvesting or development would have moved out of state. The result 
is a large shift in the spatial distribution of land use, but minimal changes in the terrestrial 
carbon stocks of forests remaining forests when measured at the state-scale. Within the newly 
defined reserve areas for the Reserve Emphasis scenario, above ground live carbon accrued to 
an average of 374.3 MTCO2e/ha, compared to 345.0 MTCO2e/ha in those same areas in the 
Recent Trends scenario.  
 
Table 15.  Summary of carbon fluxes (MMTCO2e) for each of the Integrated Scenarios over the 
2020-2050 modeled time period. Flux attribution (e.g. to forest harvest, building development 
etc.) reflects direct emissions only, not indirect effects (e.g. growth enhancement, reduced 
mortality, or foregone sequestration), which are accounted for in the Forest growth and Forest 
mortality rows. Forest management regimes are abbreviated as follows: RT = Recent Trends, 
Reserv. = Reserve Emphasis, LW = Local Wood Emphasis, Comb. = Combined Emphasis. 
Ecological disturbance and land cover change regimes are abbreviated as: Low Dist. = Low 
Disturbance/Development, and High Dist. = High Disturbance/Development. 

Scenario:  
RT 
Low Dist. 

Reserv. 
Low Dist. 

LW 
Low Dist. 

Comb. 
Low Dist. 

RT 
High Dist. 

Reserv. 
High Dist. 

LW 
High Dist. 

Comb. 
High Dist. 

2020-2050 
Cumulative Net 
Flux (MMTCO2e) 

 -156.20 -161.71 -133.98 -141.7 -69.79 -72.97 -39.61 -49.59 

Forest growth  -253.37 -254.46 -278.71 -270.26 -296.5 -297.8 -295.48 -294.43 

Forest 
mortality  

47.96 48.38 52.53 51.7 44.17 44.47 49.06 47.98 

Forest 
disturbance  

15.32 15.49 14.04 14.53 77.58 95.94 69 79.73 

Forest harvest  32.11 27.83 77.86 62.16 23.76 24.45 69.52 54.65 

Forest salvage 
harvest  

NA NA NA NA 58.41 40.22 50.88 44.96 

Active 
reforestation  

-2.91 -2.91 -2.91 -2.91 0.00 0.00 0.00 0.00 

Passive 
reforestation 

-1.46 -1.46 -1.46 -1.46 -1.46 -1.46 -1.46 -1.46 

Urban tree 
planting 

-0.30 -0.30 -0.30 -0.30 -0.02 -0.02 -0.02 -0.02 

Building 
Development  

3.80 3.69 3.38 3.44 16.27 15.43 14.45 14.59 

Solar 
Development  

2.64 2.21 2.25 2.01 8.13 6.67 6.84 6.68 

2020-2050 Total 
Emissions 

101.92 97.49 149.49 133.31 229.16 227.24 258.26 247.24 

2020-2050 Total 
Removals 

 -258.11 -259.2 -283.46 -275.01 -298.95 -300.21 -297.86 -296.83 
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Land-Cover Change Results to 2050 

The impacts of forest loss to development (building and solar) on carbon fluxes in the Integrated 
Scenarios align with the high and low-disturbance groupings (Table 1). The high-disturbance 
regime scenarios with uncoordinated land cover change all include a rate of building 
development area (2,748 ha/yr or 6,790 acres/yr) that is double the observed rate over the past 
30 years and results in emissions  ranging from 21.8 to 24.1 MMTCO2e over the 30 years 
(Figure 11A) or 0.73 to 0.80 MMTCO2e/yr , with 14.5 to 16.3 MMTCO2e coming from direct 
emissions and 7.3 to 7.8 MMTCO2e from forgone sequestration. In contrast, the four low-
disturbance regime scenarios with coordinated land cover change include a rate of building 
development (458 ha/yr or 1,132 acres/yr) that is one third the observed rate and results in 
emissions ranging from 4.4 to 4.7 MMTCO2e over the 30 years (Figure 11A) or 0.15 to 0.16 
MMTCO2e/yr , with 3.4 to 3.8 MMTCO2e coming from direct emissions and 0.9 to 1.0 MMTCO2e 
from forgone sequestration. Interestingly, despite the fact that building development is six times 
higher in the high-disturbance scenarios, direct emissions are just 4.2 to 4.7 times higher; this is 
because the hurricanes that co-occur in the high-disturbance scenarios reduce the average 
carbon density of forest that is cleared for building development.  Conversely, the proportion of 
emissions attributed to forgone sequestration is higher in the scenarios with hurricanes due to 
reduced competition and increased growth. 
 
Solar development in the high-disturbance scenarios follows recent trends patterns in terms of 
its siting and assumes a lower rate of electricity production per hectare, with emissions ranging 
from 9.7 to 12.0 MMTCO2e over the 30 years (Figure 11B) or 0.32 to 0.40 MMTCO2e/yr, with 
6.7 to 8.1 MMTCO2e coming from direct emissions and 3.1 to 3.8 from forgone sequestration. 
The low-disturbance scenarios solar siting follows conservation priorities and assumes a higher 
rate of electricity production per hectare; here emissions range from 2.7 to 3.3 MMTCO2e 
(Figure 11B) or 0.9 to 1.1 MMTCO2e/yr, with 2.0 to 2.6 coming from direct emissions and 0.6 to 
0.8 from forgone sequestration. In these scenarios with conservation siting criteria, a lower 
proportion of new solar is placed on forest cover and is instead placed on croplands with non-
prime soils. 
 
If instead of assuming immediate emissions from deforestation for building or solar 
development, we assume the wood enters the timber product market using the Improved Wood 
Utilization variant of the HWP model, over half of the emissions can be mitigated (Table 16). For 
example, storing some of the removed vegetation in wood products reduces the total emissions 
from building development through 2050 to 7.34 MMTCO2e for the Recent Trends + High 
Disturbance scenario, 45% of the emissions with no wood utilization (see Table 16 for additional 
scenarios). In the low-disturbance scenarios with less land conversion, applying Improved Wood 
Utilization to the Recent Trends + Low Disturbance scenario reduces building development 
emissions to 1.51 MMTCO2e, compared to the original 3.80 MMTCO2e without any wood 
utilization (Table 16). 
 
A similar pattern occurs with solar development if the removed woody vegetation enters an 
Improved Wood Utilization timber market.  Total emissions through 2050 from solar 
development in the Recent Trends + High Disturbance scenario are reduced to 3.62 MMTCO2e 
(45% of the full emissions counterpart) (see Table 19 for additional scenarios). In the low-
disturbance scenarios, the Recent Trends + Low Disturbance scenario solar development 
emissions are 1.18 MMTCO2e, less than half of the no wood utilization counterpart (Table 16).  
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A. Building development emissions 

 
 

 

Figure 11. Total 2020-2050 direct emissions and forgone sequestration from A. building 
development and B. solar development in the Integrated Scenarios. 

  

B. Solar development emissions 
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Table 16.  Total 2020-2050 emissions from building and solar development with no wood 
utilization versus improved wood utilization for each integrated scenario. High Disturbance 
scenarios include more land conversion, while Low Disturbance scenarios include less land 
conversion. 

 
Building Development Emissions 

(MMTCO2e) 
Solar Development Emissions 

(MMTCO2e) 

Scenario No wood 
utilization 

Improved 
wood 
utilization 

Wood 
utilization 
difference 

No wood 
utilization 

Improved 
wood 
utilization 

Wood 
utilization 
difference 

Recent Trend 
Harvest + High 
Disturbance 

16.27 7.34 -8.93 8.13 3.71 -4.42 

Reserve Emphasis + 
High Disturbance 

15.43 6.87 -8.56 6.67 3.04 -3.63 

Local Wood 
Emphasis + High 
Disturbance 

14.45 6.08 -8.37 6.84 2.96 -3.88 

Combined Emphasis 
+ High Disturbance 

14.59 6.25 -8.34 6.68 2.88 -3.80 

Recent Trend 
Harvest + Low 
Disturbance 

3.80 15 -2.25 2.64 1.018 -1.46 

Reserve Emphasis + 
Low Disturbance 

3.69 1.47 -2.22 2.21 0.98 -1.23 

Local Wood 
Emphasis + Low 
Disturbance 

3.38 1.30 -2.08 2.25 0.89 -1.36 

Combined Emphasis 
+ Low Disturbance 

3.44 1.37 -2.07 2.01 0.84 -1.17 
 

 
The effects of increasing forest and tree cover from reforestation and tree planting on carbon 
fluxes align with the high and low-disturbance groupings in the Integrated Scenarios (Figure 16). 
The high-disturbance regime scenarios with uncoordinated land cover change include only 
baseline rates of reforestation and tree planting, with passive reforestation occurring on 6,581 
ha and urban tree planting occurring on 1,619 ha (182,820 trees), removing a total of 1.5 
MMTCO2e from 2020 to 2050. In contrast, the four low-disturbance regime scenarios with 
coordinated land cover change include active reforestation of 19,740 ha, and urban tree planting 
on 41,212 ha (4,625,490 trees) from 2020 to 2050, in addition to the baseline, removing a total 
of 3.2 MMTCO2e. Although reforestation constitutes only 32% of the total land area with new 
tree and forest cover, it yields a much larger carbon benefit than urban tree planting due to 
much higher tree densities, removing 2.9 MMTCO2e (91%) in the coordinated land cover 
change scenarios (Figure 16). 
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Figure 16. Reforestation and tree planting land area and carbon flux from 2020 to 2050 under 
uncoordinated and coordinated land-cover change scenarios. Uncoordinated land cover 
change (associated with the ñHigh Disturbanceò integrated scenarios) include only baseline 
levels of reforestation and tree planting, while coordinated land-cover change (associated with 
ñLow Disturbanceò integrated scenarios) includes ambitious levels of reforestation and tree-
planting i.e. occurring on 25% of suitable land by 2050. 

 

Forest Carbon Results to 2100 

When we model the Integrated Scenarios out to 2100, retaining harvesting but excluding 
development-driven land conversion, the cumulative net carbon flux ranged from ï305.52 to -
195.01 MMTCO2e (Figures 17 and 18), equivalent to an annual average of ï3.82 to ï2.44 
MMTCO2/yr. The low disturbance groupôs mean annual flux ranged from -5.89 to -4.72 
MMTCO2e/yr for 2020-2025 and -1.05 to -0.24 MMTCO2e/yr for 2095-2100, whereas in the high 
disturbance group, the mean annual flux ranged from -5.89 to -4.73 MMTCO2e/yr for 2020-2025 
and ï1.06 to -0.25 for 2095-2100 (Table 17). For further comparison, in 2100, under the high 
disturbance scenarios, the cumulative net emissions ranges from ï195.01 to ï250.57, spanning 
55 MMTCO2e, compared to the low disturbance scenarios with a range of ï300.85 to ï305.52, a 
span of only 4.66 MMTCO2e. 
 
All scenarios, except the two using Recent Trends harvesting, applied the climate-oriented 
harvest prescriptions (Table 1). On average, these harvests removed less than 50% of the 
carbon per-unit-area as the conventional Recent Trends prescriptions (95.4 MTCO2e/ha versus 
234.9 MTCO2e/ha). Therefore, meeting the same target harvest volumes required double the 
harvest area. This expansion of harvested area made it difficult to achieve the volume targets in 
the Local Wood Emphasis scenario (i.e. 20% of 2020 consumption, or 10.36 MMT of wood 
biomass or 38.04 MMTCO2e). Where Recent Trends harvested 251,000 hectares in 30 years 
and provided approximately 7% of consumption, the Local Wood Emphasis scenario harvested 
(less intensely) on 1,079,500 hectares to provide 20% of consumption. The integrated nature of 
the scenarios (i.e., the fact that the area harvested and the prescriptions are changed together) 
makes it difficult to precisely parse the carbon effects of the climate-oriented harvest 
prescriptions from the changes in total harvest volume. Nonetheless, it is known that partial 
harvesting can increase the rate of tree growth (and carbon sequestration) in the remaining 
trees by increasing the available growing space (DôAmato et al. 2011). However, partial 
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harvesting also lowers live carbon stocks and much of the carbon stored within harvested trees 
is emitted during processing or disposal. Among the 80-year forest management scenarios, 
those with higher levels of timber harvest (i.e., Local Wood and Combined) increased tree 
growth through mid-century, but also increased emissions; therefore, the net result was less net 
carbon sequestration than in the scenarios with lower harvest volumes (i.e., Reserve Emphasis 
and Recent Trends). By 2100, however, benefits of the climate-oriented harvest prescriptions on 
biomass accrual are apparent, and the Local Wood Emphasis and Combined Emphasis 
scenarios show relatively smaller differences in cumulative net flux compared to the Reserve 
Emphasis scenario, particularly in the low-disturbance scenarios (Figure 17). 
 

 

Figure 17. Cumulative fluxes of forest carbon between 2020 and 2100 for each of the eight 
Integrated Scenarios and a counterfactual scenario (no harvesting). Green bars to the left 
represent cumulative removals (i.e. sequestration), blue bars to the right represent cumulative 
emissions, and white diamonds show the cumulative net flux to the atmosphere. Carbon 
transfers between all simulated pools are accounted for, including in-forest live and dead 
wood and harvest residues, new forest and tree live wood, and out-of-forest wood products in 
use and in landfills). For consistency across time, these results do not include the effects of 
development-driven land conversion because development was not simulated past 2050. 
Note that the ñHigh Disturbanceò scenarios include major hurricanes in 2038 and 2054. 
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Table 17. Summary of carbon fluxes (MMTCO2e) for each of the Integrated Scenarios over 
the 2020-2100 modeled time period. Flux attribution (e.g. to forest harvest or disturbances) 
reflects direct emissions only, not indirect effects (e.g. growth enhancement or reduced 
mortality), which are accounted for in the Forest growth and Forest mortality rows. Scenario 
forest management regimes are abbreviated as follows: RT = Recent Trends, Reserv. = 
Reserve Emphasis, LW = Local Wood Emphasis, Comb. = Combined Emphasis. Disturbance 
regimes are abbreviated as Low Dist. = Low Disturbance and High Dist. = High Disturbance. 

Scenario:  
RT 
Low Dist. 

Reserv. 
Low Dist. 

LW 
Low Dist. 

Comb. 
Low Dist. 

RT 
High Dist. 

Reserv. 
High Dist. 

LW 
High Dist. 

Comb. 
High Dist. 

2020-2100 
Cumulative Net 
Flux 
(MMTCO2e) 

-300.85 -305.52 -304.28 -303.96 -250.57 -227.82 -195.01 -199.83 

Forest growth  -647.44 -626.21 -743.28 -707.76 -971.57 -956.15 -926.64 -928.95 

Forest 
mortality  

160.96 162.84 151.05 154.79 84.68 86.04 92.96 91.71 

Forest 
disturbance  

94.61 97.02 83.43 87.45 484.23 520.3 400.84 442.14 

Forest harvest  111.36 81.18 224.87 181.91 43.39 52.54 146.83 116.77 

Forest salvage 
harvest  

NA NA NA NA 114.58 75.33 96.87 84.39 

Active 
reforestation  

-15.27 -15.271 -15.27 -15.27 0.00 0.00 0.00 0.00 

Passive 
reforestation 

-5.74 -5.74 -5.74 -5.74 -5.74 -5.74 -5.74 -5.74 

Urban tree 
planting 

-3.15 -3.15 -3.15 -3.15 -0.14 -0.14 -0.14 -0.14 

Building 
Development  

NA NA -NA NA NA NA NA NA 

Solar 
Development  

NA NA NA NA NA NA NA NA 

2020-2100 Total 
Emissions 

366.93 341.04 459.35 424.15 726.88 734.2 737.51 735 

2020-2100 Total 
Removals 

-667.78 -646.55 -763.62 -728.10 -977.45 -962.03 -932.52 -934.83 

2020-2100 
Mean Annual 
Net Flux  

-3.76 -3.82 -3.80 -3.80 -3.13 -2.85 -2.44 -2.50 

2020-2025 
Mean Annual 
Net Flux 

-5.68 -5.89 -4.73 -5.11 -5.68 -5.86 -4.70 -5.09 

2095-2100 
Mean Annual 
Net Flux 

-0.36 -0.25 -1.06 -0.84 0.66 0.54 -0.46 -0.14 
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Figure 18. Total accumulation of carbon from 2020 to 2100 in all non-soil carbon pools 
(including in-forest live and dead wood and harvest residues, new forest and tree live wood, 
and out-of-forest wood products in use and in landfills). Negative values indicate cumulative 
carbon removal from the atmosphere (i.e. cumulative negative emissions). For consistency 
across time, these results do not include the effects of development-driven land conversion 
because development was not simulated past 2050. Note that the ñHigh Disturbanceò 
scenarios include major hurricanes in 2038 and 2054.  Red dash line indicates 2050, 
Massachusettsô net zero compliance year.   

 
While total net carbon emissions by 2100 did not show large differences when grouped by low- 
and high-disturbance, the annual net sequestration was quite variable by scenario and over time 
(Figure 19; Appendix Table A8). In particular, in the high-disturbance scenario, hurricanes 
caused large variations in net emissions, including some five-year periods resulting in net 
emissions. Following the hurricanes in each of the high-disturbance scenarios, there is 
increased growth in the remaining forest, resulting in higher levels of sequestration in the latter 
half of the century than the low-disturbance scenarios. In the low-disturbance scenarios, the 
lack of high-intensity disturbance results in more of the forest reaching a stage when emissions 
from natural mortality balances sequestration. In particular, scenarios with less harvest show 
higher emissions from natural mortality, but scenarios with higher rates of harvest, higher 
emissions are associated with that harvesting.  Additionally, in the low disturbance scenarios, 
the combined emissions from gap-scale disturbance and modeled insect pests, along with 
natural mortality, are greater than those from harvesting alone, particularly toward the end of the 
century (Figure 19). Note, however, that the results at the end of the century are more highly 
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influenced by LANDIS/PnET model mechanisms and assumptions, so while these results 
represent a well-supported estimate of future forest processes, the uncertainty around these 
estimates increases further along in the simulation. 
 

 

Figure 19. Mean annual carbon fluxes to the atmosphere over 5-year timesteps from 2020 to 
2100 for a counterfactual scenario (no development or harvesting) and the eight Integrated 
Scenarios. Green bars below zero represent carbon removals (i.e. sequestration), blue bars 
above zero represent emissions, and black diamonds show the net flux to the atmosphere 
(i.e. the annualized difference between sequestration and emissions in a timestep). For 
consistency across time, these results do not include the effects of development-driven land 
conversion because development was not simulated past 2050. Note that the ñHigh 
Disturbanceò scenarios include major hurricanes in 2038 and 2054. Red dash line indicates 
2050, Massachusettsô net zero compliance year. 

Harvested Wood Product Results 

For each of the Integrated Scenarios, different amounts and types of harvested wood products 
(short and long-term) were produced based on the species and size classes removed in each 
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scenario (Table 18, Figure 19). For these results we used the long-term scenarios with no land 
cover change (see Figure 19). Overall, the Local Wood Emphasis scenarios produced the most 
stored carbon from harvest, as was the intent of the scenario, but also had the highest 
emissions from harvesting. In 2050, the low-disturbance Local Wood Emphasis scenario had 
73.25 MMTCO2e stored in a combination of products in use, solid waste disposal sites, and 
logging residues in the forest, while 51.02 MMTCO2e was emitted into the atmosphere from 
short-term wood product production, use, and disposal (e.g., paper products, firewood) and 
logging residue decay. By the end of the century, the same scenario had 141.66 MMTCO2e 
stored and 155.54 MMTCO2e emitted. Comparatively, the Recent Trends in harvesting scenario 
had 32.49 MMTCO2e stored and 21.07 MMTCO2e emitted in 2050, and 71.46 MMTCO2e stored 
and 77.00 MMTCO2e emitted in 2100.  
 
The high-disturbance scenarios were more complex with salvage logging efforts post-hurricane 
creating pulses of additional harvested wood products, especially in the first half of the century 
(Figure 19). For example, in 2050 the Recent Trends + High Disturbance scenario had 16.81 
MMTCO2e (52%) more carbon stored in harvested wood products, disposal sites, and residues 
than the low-disturbance Recent Trends counterpart and 12.28 MMTCO2e (58%) more 
harvesting emissions than the low-disturbance counterpart. By the end of the century, though, 
the Recent Trends + High Disturbance scenario had 12.84 MMTCO2e (18%) less stored and 
only 1.27 MMTCO2e (2%) fewer emissions, likely due to differences in wood quality and species 
differences in salvaged wood as compared to harvesting. The Local Wood Emphasis scenario 
followed a similar pattern to Recent Trends, but less pronounced with the already higher levels 
of harvest. 
 
Table 18.  Total stored and emitted carbon (MMTCO2e) pools associated with harvested 
wood products, assuming Recent Trends in wood utilization. 

Scenario 
2050 total 

stored carbon 
2050 total 

emitted carbon 
2100 total 

stored carbon 
2100 total 

emitted carbon 

Recent Trend Harvest 
+ High Disturbance 49.31 33.35 58.63 75.73 

Reserve Emphasis + 
High Disturbance  41.15 27.59 53.88 66.33 

Local Wood Emphasis 
+ High Disturbance 82.00 60.11 115.68 141.11 

Combined Emphasis + 
High Disturbance 67.60 48.31 94.76 114.96 

Recent Trend Harvest 
+ Low Disturbance 32.49 21.07 71.46 77.00 

Reserve Emphasis + 
Low Disturbance 27.02 18.10 49.36 56.39 

Local Wood Emphasis 
+ Low Disturbance 73.25 51.02 141.66 155.54 

Combined Emphasis + 
Low Disturbance 60.04 40.45 115.24 125.60 
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Figure 19. Harvested wood product carbon storage (brown shaded areas) and atmospheric 
emission (blue shaded areas) pools for the Recent Trends Wood Utilization variant of the 
eight Integrated Scenarios. Values reflect simulated new carbon transfers into and out of 
these pools between 2020 and 2100. Residues represent both logging and mill residue 
storage and emission pools (wood left on site or at the mill during the wood product 
production process). The red dashed line represents 2050 and the black dashed line 
represents the balance between stored carbon and emitted carbon through time. 

 
The Improved Wood Utilization HWP variant of the HWP model resulted in similar results to the 
scenarios with the Recent Trends in Wood Utilization variant, but with a shift towards more 
wood in longer-term products and a decrease in emissions (Table 19, Figure 20). For example, 
the low-disturbance Recent Trends in harvesting scenario coupled with the Improved Wood 
Utilization HWP variant (Figure 21) resulted in 3.38 MMTCO2e (16%) fewer harvesting 
emissions than its Recent Trends HWP counterpart in 2050 (Figure 20). Similarly, the Improved 
Wood Utilization variant resulted in 3.37 MMTCO2e (19%) fewer emissions for the Reserves 
Emphasis scenario, 9.40 MMTCO2e (18%) fewer emissions for the Local Wood Emphasis 
scenario, 7.45 MMTCO2e (18%) fewer emissions for the Combined Emphasis scenario, all in 
2050. The differences in emissions carried through to 2100 (Table 19).  
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Table 19.  Total stored and emitted carbon (MMTCO2e) pools associated with harvested 
wood products, assuming Improved Wood Utilization. 

Scenario 
2050 total 

stored carbon 
2050 total 

emitted carbon 
2100 total 

stored carbon 
2100 total 

emitted carbon 

Recent Trend Harvest 
+ High Disturbance 119.29 54.34 145.67 139.22 

Reserve Emphasis + 
High Disturbance 90.61 40.78 114.09 104.94 

Local Wood Emphasis 
+ High Disturbance 149.11 72.42 201.52 182.46 

Combined Emphasis + 
High Disturbance 126.03 59.97 168.28 152.06 

Recent Trend Harvest 
+ Low Disturbance 35.88 17.68 82.92 65.55 

Reserve Emphasis + 
Low Disturbance 30.39 14.73 59.41 46.34 

Local Wood Emphasis 
+ Low Disturbance 82.64 41.62 166.90 130.30 

Combined Emphasis + 
Low Disturbance 67.50 32.99 135.72 105.12 

 
 
The high-disturbance scenarios had pronounced reductions in disturbance emissions when 
simulating Improved Wood Utilization, due to the shift from 25% salvage logging in the Recent 
Trends in wood utilization HWP scenario, to 75% salvage logging in the Improved Wood 
Utilization HWP variant (Figure 21). However, the reduction in disturbance emissions due to 
salvage logging resulted in increases in salvage harvesting emissions, therefore both the 
increase in salvage harvesting emissions and reduction in disturbance emissions are reported 
side-by-side. In 2050, the Improved Wood Utilization variant of the HWP model resulted in 23.59 
MMTCO2e more salvage harvesting emissions and 28.96 MMTCO2e fewer disturbance 
emissions in the Recent Trends + High Disturbance scenario (-5.37 MMTCO2e change in net 
emissions), 16.04 MMTCO2e more salvage harvesting emissions and 19.73 MMTCO2e fewer 
disturbance emissions in the Reserves Emphasis + High Disturbance scenario (-3.69 MMTCO2e 
change in net emissions), 20.58 MMTCO2e more salvage harvesting emissions and 25.27 
MMTCO2e fewer disturbance emissions in the Local Wood Emphasis + High Disturbance 
scenario (-4.69 MMTCO2e change in net emissions), and 18.08 MMTCO2e more salvage 
harvesting emissions and 22.22 MMTCO2e fewer disturbance emissions in the Combined 
Emphasis + High Disturbance scenario (-4.14 MMTCO2e net emissions) in 2050 (Figure 21).  
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Figure 20. Harvested wood product carbon storage (brown shaded areas) and atmospheric 
emissions (blue shaded areas) pools for the Improved Wood Utilization variant of the eight 
Integrated Scenarios. Values reflect simulated new carbon transfers into and out of these 
pools between 2020 and 2100.  Residues represent both logging and mill residue storage and 
emission pools (wood left on site or at the mill during the wood product production process).  
The red dashed line represents 2050 and the black dashed line represents the balance 
between stored carbon and emitted carbon through time. 

 
Again, trends continued into 2100 with 67.94 MMTCO2e more salvage harvesting emissions and 
124.26 MMTCO2e fewer disturbance emissions in the Recent Trends + High Disturbance 
scenario (-56.32 MMTCO2e change in net emissions), 44.49 MMTCO2e more salvage 
harvesting emissions and 81.95 MMTCO2e fewer disturbance emissions in the Reserves 
Emphasis + High Disturbance scenario (-37.46 MMTCO2e change in net emissions), 57.77 
MMTCO2e more salvage harvesting emissions and 105.98 MMTCO2e fewer disturbance 
emissions in the Local Wood Emphasis + High Disturbance scenario (-48.21 MMTCO2e net 
emissions), and 50.18 MMTCO2e more salvage harvesting emissions and 92.29 MMTCO2e 
fewer disturbance emissions in the Combined Emphasis + High Disturbance scenario (-42.11 
MMTCO2e net emissions) (Figure 21). 
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Figure 21. Cumulative fluxes of carbon between 2020 and 2050 (top panel) and between 2020 
and 2100 (bottom panel) for the Improved Wood Utilization variant of each of the eight 
Integrated Scenarios. Green bars to the left represent cumulative removals (i.e. sequestration), 
blue bars to the right represent cumulative emissions, and white diamonds show the cumulative 
net flux to the atmosphere. Carbon transfers between all simulated pools are accounted for, 
including in-forest live and dead wood and harvest residues, new forest and tree live wood, and 
out-of-forest wood products in use and in landfills). Note that these results do not include the 
effects of land cover change, and the ñHigh Disturbanceò scenarios include major hurricanes in 
2038 and 2054. 

 
Each of the different harvesting scenarios produced a different amount of harvested wood 
products (both long- and short-term). Due to these differences, they would each meet different 
amounts of the wood product demand for Massachusetts, as well as create different pressures 
on wood production outside of the state. Most of the scenarios produced a similar or increasing 
amount of wood products as the Recent Trends in harvest scenario, since the objective was to 

Net Flux 
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limit the amount of leakage of harvesting to outside of the state (Figure 22). To calculate the 
leakage or the additional production in each scenario, we differenced the total amount of 
products created in the Recent Trends with the total products created in the alternative 
scenarios. This difference represents the additional wood product demand that can be met 
within the scenario, or the potential leakage in the scenario.  
 
By 2050, the Local Wood and Combined scenarios produced more wood products than the 
Recent Trends scenario. In the Recent Trends HWP variant of the Reserves Emphasis scenario 
produced 5.42 MMTCO2e less wood products than the Recent Trends in harvesting scenario 
(Figure 22). In contrast, the Local Wood Emphasis scenario produced 63.37 MMTCO2e more 
products by 2050, potentially alleviating some of the demand for wood products produced 
outside of the Commonwealth. In the high-disturbance scenarios, the products produced are 
slightly less, where the Reserves Emphasis + High Disturbance scenario produced 11.04 
MMTCO2e fewer products than the Recent Trends Harvest + High Disturbance scenario for the 
Recent Trends variant of the HWP model (Figure 22). Similarly, the Local Wood Emphasis + 
High Disturbance scenario produced 52.79 MMTCO2e more products. 
 
The Improved Wood Utilization variant of the HWP emphasizes the differences between the 
scenarios, particularly when post-hurricane salvage logging is part of the scenario. For example, 
in the low-disturbance Recent Trends in harvesting scenario, applying the Improved Wood 
Utilization HWP variant resulted in 2.57 MMTCO2e more products by 2050 than the Recent 
Trends HWP variant (Figure 22). The Local Wood Emphasis scenario with the Improved Wood 
Utilization HWP variant resulted in 68.87 MMTCO2e more products created by 2050 than the 
Recent Trends Harvest with Recent Trends HWP variant. In the high-disturbance scenarios, 
applying the Improved Wood Utilization HWP variant resulted in 81.75 MMTCO2e more products 
for the Recent Trend Harvest + High Disturbance scenario by 2050. Similarly, the Improved 
Wood Utilization HWP variant resulted in 127.09 MMTCO2e more products for the Local Wood 
Emphasis + High Disturbance by 2050 than the Recent Trends Harvest + High Disturbance 
scenario with the Recent Trends HWP variant. Most of the additional products in use are a 
result of the additional salvage logging efforts following major hurricane disturbances. By 2100, 
the differences in the scenariosô harvested wood product creation was more pronounced though 
the scenarios followed the same patterns (Figure 22). 
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Figure 22. Sum of all wood products created from 2020 to 2050 (top panel) and 2020 to 2100 
(bottom panel) for the Recent Trends (RT HWP, dark gray bars) and the Improved Wood 
Utilization Harvested Wood Products (IWU HWP, light gray bars) variant of each of the 
Integrated Scenarios. 
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4.2 Focus Scenario Results  

To isolate impacts of specific land uses on forest and terrestrial carbon, we simulate a 
counterfactual scenario that excludes that land use then compare it to a scenario with it 
included. For example, to quantify the impact of land-cover change we compare a simulation 
that includes all land uses and ecological processes to one that includes the ecological 
processes (i.e., forest growth and low ecological disturbances) and timber harvesting, but does 
not include land-cover change. The difference between these two simulations is the impact of 
land-cover change (see Table 14B). We emphasize that the carbon accumulation rates in the 
counterfactual scenarios are not realistic policy options, but these scenarios are essential to 
gauge the impact and magnitude of the Focus Scenarios.  
 
Using this approach, we simulate a counterfactual scenario to estimate the theoretical 
biophysical potential for Massachusettsô existing forests to sequester and store additional 
carbon between 2020 and 2050 in the absence of land conversion, harvesting, and major 
disturbances. Under this counterfactual scenario, carbon stocks increase by 177.0 MMTCO2e. 
In a simulation that includes a continuation of recent trends in land use (i.e., land cover change 
and timber harvesting) and non-hurricane disturbances, carbon stocks increase by 147.8 
MMTCO2e between 2020 and 2050. The difference between the counterfactual and the recent 
trends in land use is 29.2 MMTCO2e by 2050ðor an average of 1.0 MMTCO2e per yearðand 
represents the additional theoretical carbon sequestration and storage our current forests could 
provide. In other words, if recent trends in land use continue to 2050, the emissions from 
development and harvesting would reduce net sequestration by 20%. Permanent forest loss for 
building and solar development accounts for approximately half of this difference, while the 
remaining half is attributable to timber harvesting (accounting for carbon storage in wood 
products and landfills). This constitutes a relatively modest potential increase over current level 
of NWL carbon sequestration (7.1 MMTCO2e, including non-forest ecosystems), not nearly 
enough to fully offset the 14 MMTCO2e of allowable residual emissions in 2050 under the 
Massachusetts Net Zero emissions limit (EEA 2022).. 

Building Development Results 

In addition to the Recent Trends scenarios, we examined three alternative Building Focus 
Scenarios and estimated the impact on terrestrial carbon by comparing each scenario to a 
Counterfactual (no development) scenario with no new development for buildings or solar 
(Table 7), with all scenarios including forest ecosystem dynamics, including gap scale 
disturbances, and recent trends harvesting. As such, these results include estimates of direct 
carbon emissions associated with the land clearing and of foregone carbon sequestration where 
forest clearing for building development occurred (i.e. sequestration that would have occurred if 
the land remained forest). The spatial distribution of building development under each scenario 
is shown in Figure 23, and emissions and live carbon accumulation are shown in Figures 24 and 
25. 
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The Recent Trends scenario replicates the annual rate of greenfield building development seen 
in the 2000-2020 reference period. In this scenario, live carbon increases by 95.2 MMTCO2e 
(20.3%) from 2020 to 2050 and total emissions (above- and below-ground biomass) was 14.00 
MMTCO2e (0.46 /yr), with 11.4 from direct emissions and 2.6 from forgone sequestration. 
Compared to the Counterfactual (no development) scenario, the Recent Trends results in a loss 
of 19.81 MMTCO2e, and a reduction in sequestration of 17.22% between 2020-2050.  
 

 

Figure 23. Spatial distribution of greenfield building development. The Sprawl Development 
and Compact Development were used the Integrated Scenarios.  All three were analyzed in 
the Focus Scenarios. Data has been smoothed for visualization using a 10 km moving window 
showing hectares of new development per square kilometer. 
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We also developed Sprawl and Compact scenarios to estimate the effect of either higher or 
lower building development rates in the future. The Sprawl scenario doubles the recent trends 
rate of greenfield building development resulting in a 15.9% gain in developed area by 2050. 
The Compact scenario reduces the recent trends rate of development to one third resulting in 
2.6% growth in developed area by 2050. In the Sprawl scenario, live carbon increases by 82.1 
MMTCO2e (17.5%) from 2020 to 2050 and total emissions (above- and below-ground biomass) 
was 27.9 MMTCO2e (0.93 MMTCO2e/yr), with 22.7 from direct emissions and 5.3 from forgone 
sequestration. In the Compact scenario, stored carbon increases by 104.1 MMTCO2e (22.2%) 
from 2020 to 2050 and total emissions (above- and below-ground biomass) was 4.7 MMTCO2e 
(0.16 MMTCO2e/yr), with 3.8 from direct emissions and 0.9 from forgone sequestration.  
Compared to the Counterfactual (no development) scenario, the Sprawl scenario results in a 
loss of 33.00 MMTCO2e while the Compact scenario results in a loss of 10.98 MMTCO2e. A 
change from recent trends to sprawl building development represents a 13.85% (13.19 
MMTCO2e or 0.44 MMTCO2e/yr) reduction in sequestration between 2020-2050 while a change 
from recent trends to compact building development would result in a 9.27% (8.83 MMTCO2e or 
0.29 MMTCO2e/yr) gain in sequestration between 2020-2050.  The Sprawl and Compact 
Building Focus Scenarios are both components of the Integrated Scenarios described 
previously. 
 

 

Figure 24. Cumulative emissions from building development from 2020 to 2050 across 
Building Focus Scenarios, including direct emissions (dark gray) and forgone forest 
sequestration (i.e., carbon that would have been sequestered but for the deforestation caused 
by new greenfield building development; light gray). 
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Figure 25. Accumulation of carbon from 2020 to 2050 in live carbon pools (above- and below-
ground biomass) in the Building Development Focus Scenarios. Negative values indicate 
cumulative carbon removal from the atmosphere (i.e. cumulative negative emissions). These  
scenarios include recent trends harvest, low ecological disturbance, and different quantities of 
land conversion from building development (see Table 7). The Counterfactual (no 
development) scenario, includes recent trends harvest and low levels of ecological 
disturbance.  

Solar Development Results 

We assessed five alternative greenfield solar development scenarios and estimated the impact 
on terrestrial carbon by comparing each scenario to a Counterfactual (no development) scenario 
with no new development for buildings or solar. The five Solar Focus Scenarios differ in the 
proportion of solar development occurring on greenfield sites (rather than on already developed 
land), the land use intensity (LUI) of solar development (ha/MW), and in the strictness of 
greenfield siting criteria (Table 8). All the scenarios (except for the Counterfactual) achieve 
Massachusettsô anticipated 2050 solar capacity needs of 27GWAC, and all scenarios include the 
same forest ecosystem dynamics and recent trends-based gap-scale disturbances and 
harvesting. The spatial distribution of solar development under each scenario is shown in 
Figures 26 and 27, and emissions and live carbon accumulation are shown in Figures 28 and 
29. 
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Figure 26. Spatial distribution of new greenfield solar development. *Note that unlike the 
other scenarios, Recent Trends Solar continues building at the observed recent rate of new 
greenfield development and thus does not hit the stateôs anticipated need for 27 GW of 
capacity by 2050.  The High Footprint Recent Trends Siting and Low Footprint Conservation 
Siting are used in the Integrated Scenarios while the other distributions are used in the Focus 
Scenarios.  Data has been smoothed for visualization using a 10km moving window showing 
hectares of new greenfield solar per square kilometer. 
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The High Footprint and Recent Trends Siting scenario uses a LUI factor of 2.75 ha/MW, 
assumes that 66% of new solar capacity is built on greenfield sites, and uses siting criteria 
reflecting recent trends (see Table 9). In this scenario, total emissions from solar development 
(above- and below-ground biomass) were 13.5 MMTCO2e (0.45 MMTCO2e /yr), with 10.9 from 
direct emissions and 2.7 from forgone sequestration. Live carbon increased by 85.4 MMTCO2e 
(18.2%) from 2020 to 2050.  Compared to the Recent Trends scenario (which does not hit the 
27 GWAC anticipated need), this scenario resulted in a loss of 9.89 MMTCO2e, representing a 
10.38% decrease in sequestration between 2020-2050. 
 
The Low Footprint and Recent Trends Siting scenario uses a LUI factor of 1.46 ha/MW, 
assumes a linear decrease to 33% of total capacity being greenfield development, and uses 
siting criteria reflecting recent trends (see Table 9). In this scenario, total emissions from solar 
(above- and below-ground biomass) were 4.5 MMTCO2e (0.15 MMTCO2e/yr), with 3.6 from 
direct emissions and 0.9 from forgone sequestration. Live carbon increased by 93.8 MMTCO2e 
(20.0%) from 2020 to 2050. Compared to the Recent Trends scenario (which does not hit the 27 
GWAC anticipated need), this scenario results in a loss of 1.49 MMTCO2e, representing a 1.56% 
decrease in sequestration between 2020-2050. 

 
Figure 27. Area of new greenfield solar development by 2020 land cover class that was 
converted between 2020 to 2050. The Integrated Scenarios use the High Footprint Recent 
Trends Siting and Low Footprint Conservation Siting scenarios.  A small area of conversion 
from the Developed class results from land undergoing multiple transition types over time 
(e.g. Developed to Barren to Solar). Wetland conversions depicted here are based on LCMAP 
land cover data, however, MassDEP-mapped wetlands were excluded from solar 
development. 
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Figure 28. Cumulative emissions from solar development from 2020 to 2050 across the Solar 
Focus Scenarios, including direct emissions (dark gray) and foregone forest sequestration 
(i.e., carbon that would have been sequestered but for the deforestation caused by new 
greenfield solar development (light gray). 

 
The Low Footprint and Conservation Siting scenario uses a LUI factor of 1.46 ha/MW, assumes 
a linear decrease to 33% of total capacity being green field development, and contains strict 
siting criteria (see Table 9). In this scenario, total emissions from solar (above- and below-
ground biomass) were 3.4 MMTCO2e (0.11 MMTCO2e/yr), with 2.7 from direct emissions and 
0.7 from forgone sequestration. Live carbon increased by 94.6 MMTCO2e (20.2%) from 2020 to 
2050. Compared to the Recent Trends scenario (which does not hit the 27 GWAC anticipated 
need), this scenario resulted in a loss of 0.61 MMTCO2e, representing a 0.65% decrease in 
sequestration between 2020-2050.  
 
The Moderate Footprint and Recent Trends Siting scenario uses a óimprovingô LUI factor that 
decreases linearly from 2.75 ha/MW in 2020 to 1.46 ha/MW by 2050, assumes a constant 50% 
of total capacity will be greenfield development, and siting criteria reflecting recent trends (see 
Table 9). In this scenario, total emissions from solar (above- and below-ground biomass) were 
8.3 MMTCO2e (0.28 MMTCO2e/yr), with 6.5 from direct emissions and 1.8 from forgone 
sequestration. Live carbon increased by 90.3 MMTCO2e (19.2%) from 2020 to 2050. Compared 
to the Recent Trends scenario (which does not hit the 27 GWAC anticipated need), this scenario 
resulted in a loss of 4.90 MMTCO2e, representing a 5.14% decrease in sequestration between 
2020-2050. 
 
The Moderate Footprint and Conservation Siting scenario uses a óimprovingô LUI factor that 
decreases linearly from 2.75 ha/MW in 2020 to 1.46 ha/MW by 2050, assumes a constant 50% 
of total capacity will be green field development, and contains limited siting criteria (see Table 
9). In this scenario, total emissions from solar (above- and below-ground biomass) were 6.3 
MMTCO2e (0.21 MMTCO2e/yr), with 5.0 from direct emissions and 1.3 from forgone 
sequestration. Live carbon increased by 91.9 MMTCO2e (19.2%) from 2020 to 2050. Compared 
to the Recent Trends scenario (which does not hit the 27 GWAC anticipated need), this scenario 
resulted in a loss of 3.33 MMTCO2e, representing a 3.49% decrease in sequestration between 
2020-2050. 
 








































































































































