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Climate Responses
Adaptation Mitigation

Greenhouse Gases

Climate Change

Impacts

Actions that reduce 
greenhouse gas emissions 
and enhance carbon sinks.

Actions to reduce the 
vulnerability of systems to 
climate change effects. 



Natural Climate Solutions

Forest 
Management 
Opportunity

ÅSignificant 
opportunity, 
exact amount 
unknown

ÅUS/global ς
More research 
needed 

ÅIncludes passive 
and active 
management

άbŀǘǳǊŀƭ ŀƴŘ ǿƻǊƪƛƴƎ ƭŀƴŘǎ ƘŀǾŜ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ǘƻ ŘŜƭƛǾŜǊ от҈ ƻŦ 
cost-ŜŦŦŜŎǘƛǾŜ ŎŀǊōƻƴ ŘƛƻȄƛŘŜ ƳƛǘƛƎŀǘƛƻƴ ƴŜŜŘŜŘ ōȅ нлолέ

Griscomet al. 2017, TNC 2017, Fargioneet al. 2018



Forest Carbon - Definitions
Storage (Stocks, Pools)

ÅThe amount of carbon 
that is retained in a 
άǇƻƻƭέ ƛƴ ǘƘŜ ŦƻǊŜǎǘ όƭƛǾŜ 
trees, dead wood, soil) or 
in wood products.

ÅAn amountςe.g., tons of 
carbon per acre

Sequestration (Fluxes)

ÅThe process of carbon 
dioxide removal from the 
atmosphere by plants and 
trees through 
photosynthesis 

ÅA rate ςe.g., tons of CO2
per acre per year



Image: K. Marcinkowskiin Janowiak et al. 2017



Forest Carbon ςStorage in New England

From:
Forest Carbon: An 

essential natural 
solution to climate 

change

https://masswoods.org/sites/masswoods.org/files/Forest-Carbon-web_1.pdf
https://masswoods.org/sites/masswoods.org/files/Forest-Carbon-web_1.pdf
https://masswoods.org/sites/masswoods.org/files/Forest-Carbon-web_1.pdf
https://masswoods.org/sites/masswoods.org/files/Forest-Carbon-web_1.pdf


How much carbon? Depends on the site!

ÅStand age and density

ÅForest type/ composition

ÅStructural diversity

ÅManagement 

ÅDisturbance
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A microburst windstorm at Hubbard Brook 

forest on June 2, 2013 significantly 

damaged trees, with long-lasting impacts 

to future carbon sequestration. 

(Battles et al. 2017)

Uneven-aged forest (more carbon)

Even-aged forest (less carbon)

bƻǘ ǘƻ ƳŜƴǘƛƻƴΧ ǎƻƛƭǎ ŀƴŘ ƻǘƘŜǊ ŎŀǊōƻƴ Ǉƻƻƭǎ όŘŜŀŘ ǿƻƻŘύΣ ƛƴǾŀǎƛǾŜΣ ƛƴǎŜŎǘ ǇŜǎǘǎΣ ƘŜǊōƛǾƻǊȅΧ    



Forest Development (Simplified)

Image: Dixon et al. 2018

Forests can 
accumulate 
stored carbon 
as they age.

https://onlinelibrary.wiley.com/doi/epdf/10.1111/wej.12425


ÅAltered climate

ÅExtreme weather

ÅChronic stress

ÅDisturbances

ÅInsect pests

ÅForest diseases

ÅInvasive species

ÅAltered habitat suitability

Drought

Injury

Pests 

and 

Disease

Drawing: Bartlett Tree Experts 

A changing climate poses risks to forests
(and the carbon they sequester)



Climate Adaptation + Forest Carbon



Climate Adaptation + Forest Carbon
AVOID FOREST LOSS| REDUCE STRESSORS| ENHANCE SEQUESTRATION

ÅNatural ecosystems 
(forests, wetlands, 
grasslands, etc.) 
store more carbon 
per acre than 
developed lands.

ÅIn developed areas, 
integration of trees 
and vegetation 
reduces energy use 
and improves 
carbon storage

Janowiak et al. 2017; Figure: K. Marcinkowski



ÅRelated terms: forest loss, 
deforestation, parcelization, 
ŦǊŀƎƳŜƴǘŀǘƛƻƴΣ ŘŜǾŜƭƻǇƳŜƴǘΣ Χ

Image: 2015 Vermont Forest Fragmentation Report

ÅConversion of forest to non-forest land 
uses releases carbon and reduces forest 
benefits for water, air, biodiversity, local 
communities

Estimates of VT Forest 
Loss in Acres/Year

2,123 acres 
(Catanzaro and 
5Ω!Ƴŀǘƻ нлнлύ

4,191 acres (VT FPR 
2021)

271 / 622 acres 
(Williams et al. 2021)

Climate Adaptation + Forest Carbon
AVOID FOREST LOSS| REDUCE STRESSORS| ENHANCE SEQUESTRATION



Dan Turner, Cambridge Fire Dept.

Climate Adaptation + Forest Carbon

ñClimate change is increasing 

the vulnerability of many U.S. 

forests through fire, insect 

infestations, drought, and 

disease outbreaks. 

Forests play an important role 

in absorbing and storing 

carbon dioxide, but the rate of 

uptake is projected to decline.ò

VTRANS/VT  ANR 

NOAA

NY DEC National Climate Assessment 2014

AVOID FOREST LOSS| REDUCE STRESSORS| ENHANCE SEQUESTRATION



Ontl et al. 2019 
www.forestadaptation.org/carbon

Climate Adaptation + Forest Carbon
AVOID FOREST LOSS| REDUCE STRESSORS| ENHANCE SEQUESTRATION

Forest management, such as:

ÁPrevent carbon losses for wildfire or 

natural disturbances

ÁImprove the ability to withstand pests 

and pathogens

ÁReduce impacts from invasive species

ÁReduce risks associated with tree species 

or forest declines

http://www.forestadaptation.org/carbon


www.forestadaptation.org/carbon; Ontl et al. 2019

Climate Adaptation + Forest Carbon
AVOID FOREST LOSS| REDUCE STRESSORS| ENHANCE SEQUESTRATION

Forest management, such as:

ÁReforestation or enrichment planting

ÁIncrease forest carbon stocks (e.g., extended 

rotations or cutting cycles, create reserves), 

especially on low-risk sites

ÁAlter forest structure

ÁAlter forest composition 

toward future conditions

http://www.forestadaptation.org/carbon


Climate Adaptation + Forest Carbon
AVOID FOREST LOSS| REDUCE STRESSORS| ENHANCE SEQUESTRATION

Image: K. Marcinkowskiin Janowiak et al. 2017



Climate Adaptation + Forest Carbon

Forest-based carbon mitigation and climate adaptation are both essential for 
responding to climate change.

ÅAdapt broadly: Current and anticipated climate impacts mean that forest 
management needs to intentionally consider climate change, although 
implementation will vary.

ÅMitigate strategically: Carbon emphasis will necessarily depend upon 
landowner goals, site conditions, and management. It will be necessary to 
evaluate benefits and tradeoffs where management aims to increase carbon.

Can we do both?



Key Question:

ÅWhat actions can enhance the ability 
of the project area to adapt to 
anticipated changes and meet 
management goals?

Step 4: IDENTIFY adaptation approaches and 
tactics for implementation.



Do older forests store more carbon?



Forest Development (Simplified)

Image: Dixon et al. 2018

https://onlinelibrary.wiley.com/doi/epdf/10.1111/wej.12425
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(a)
Aspen/Birch

Maple/Beech/Birch

Elm/Ash/Cottonwood

Oak/Gum/Cypress

Oak/hickory

Oak/pine

Spruce/Fir

White/Red/Jack pine

Stand age distribution in 2011 for Green Mountain NF

Old Forests: Not Just Age
ÅάhƭŘέ ŘƻŜǎ ƴƻǘ ƴŜŎŜǎǎŀǊƛƭȅ ƳŜŀƴ 
άhƭŘ-ƎǊƻǿǘƘέ όǇǊƛƳŀǊȅ ŦƻǊŜǎǘύ

ÅάhƭŘέ ǾŀǊƛŜǎ ōȅ ǘƘŜ ǘȅǇŜ ƻŦ ŦƻǊŜǎǘ
ÅLargely secondary forest  

ÅGMNF Forest Plan calls Aspen 
forest old at 60+ years, but 
Northern Hardwoods old at 120+ 
years

ÅDisturbance-dependent forest 
ǘȅǇŜǎ ƴŜǾŜǊ ǊŜŀƭƭȅ ōŜŎƻƳŜ άƻƭŘέ

ÅAge is a less applicable metric for 
multi-aged forests

Dugan et al. 2019

http://www.fs.usda.gov/nfs/11558/www/nepa/115990_FSPLT3_5653601.pdf


Old Forests - Carbon
ÅCarbon storage generally 

increases over time, while 
sequestration (rate of 
carbon accumulation) slows

ÅOld forests
ÅHave higher storage

ÅHave lower sequestration

ÅYounger forests
ÅHave lower storage

ÅHave higher sequestration 

Dugan et al. 2021

https://www.nrs.fs.fed.us/pubs/62537


Old Forests - Carbon

Dugan et al. 2021

Vermont Forests

WHAT HAPPENS OUT HERE?
ÅIt depends
ÅLess common condition = greater 

variability in data
ÅContinued carbon gains likely: 

healthy trees, long-lived species, 
quality sites, lack of disturbance.
ÅNo change or potential loss: poor 

quality sites, stress, disturbance, 
tree mortality outpaces growth

https://www.nrs.fs.fed.us/pubs/62537


Do older forests store 
more carbon?
Åấ

ÅGenerally yes. 

ÅIn the absence of disturbance, 
forests tend to accrue carbon 
and store it in many pools 
όǘǊŜŜǎΣ ŘŜŀŘ ǿƻƻŘΣ ǎƻƛƭΣ ΧύΦ 

ÅThe rate of carbon accumulation 
(sequestration) usually slows 
with age. 

ÅForest type influences patterns 
of storage and sequestration.



Do older forests have 
biodiversity benefits?

Å

ÅYes! (Along with other ages, too.)

Åά[ŀǘŜ-ǎǳŎŎŜǎǎƛƻƴŀƭ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎέ

ÅCharacteristics that drive ecological 
benefits may include:
ÅDevelopment of complex stand structure

ÅAccumulation of dead woody material

ÅAbundance of large, old trees

ÅLate-successional stage

Å= Complexity! Structural complexity 
enhancement unit; 

Photo: W. Keeton, UVM



Does allowing forests to age 
increase resilience to climate 
change?



Resilience (akaAdaptive Capacity)
The ability of an ecosystem to accommodate some degree of change or 
disruption but be able to recover to a similar condition after disturbance. 

Holling1973, Millar et al. 2007, Images: Keane et al. 2008, Hamilton et al. 2014

https://www.researchgate.net/publication/327634844_Use_of_landscape_simulation_modeling_to_quantify_resilience_for_ecological_applications
https://www.researchgate.net/publication/261797595_Exploring_the_Utilizatino_f_Complex_Algal_Communities_to_Address_Algal_Pond_Crash_and_Increase_Annual_Biomass_Production_for_Algal_Biofuels


Climate Risks?
A changing climate poses risks to 
forests (and the carbon they sequester)

ÅWarmer temperatures

ÅAltered precipitation

ÅExtreme weather and rain

ÅChronic stress

ÅDisturbances

ÅInsect pests & forest diseases

ÅInvasive species

ÅAltered habitat suitability

Drought

Injury

Pests and 
Disease

Janowiak et al. 2018, www.forestadaptation.org/new-england; Drawing: Bartlett Tree Experts 

Climate change is a 
άǘƘǊŜŀǘ ƳǳƭǘƛǇƭƛŜǊέ

http://www.forestadaptation.org/new-england


Climate Risks?
Many northern tree species and associated forests are vulnerable to 
climate change during this century.

Forest system Potential impacts Adaptive capacity Vulnerability

Central hardwood-pine Neutral-Positive Moderate-High Low

Low-elevation spruce-fir Neutral-Negative Moderate Moderate-High

Lowland/riparian hardwood Positive and Negative Moderate-High Moderate

Lowland mixed conifer Neutral-Negative Low-Moderate Moderate-High

Montane spruce-fir Neutral-Negative Moderate Moderate-High

Northern hardwood Positive and Negative Moderate-High Low-Moderate

Pitch pine-scrub oak Neutral-Positive Moderate Low

Transition hardwood Positive and Negative Moderate-High Low-Moderate

Janowiak et al. 2018, www.forestadaptation.org/new-england

http://www.forestadaptation.org/new-england


Climate Risks?

MISSING:

ÅFuture changes in climate 
(temp, precip, etc.)

ÅAny disturbance, including 
enhanced frequency and 
intensity under climate change

ÅGrowth declines and enhanced 
mortality from disturbance, 
stress, drought, insect pest 
outbreaks, etc.

Nuneryand Keeton 2010

Nuneryand Keeton 2010

Lƴ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ŘƛǎǘǳǊōŀƴŎŜΣ ŦƻǊŜǎǘǎ ǘŜƴŘ ǘƻ ŀŎŎǊǳŜ ŎŀǊōƻƴΧ .¦¢ Ƴŀƴȅ 
modeling studies assume climate stationarity and healthy forests. 



Climate Risks?
Landscape-level modeling of tree and forest response to climate change 
highlights potential for declines in the long-term for many important species.

Janowiak et al. 2018, 
See also: Ollingeret al. 2008, DuveneckŜǘ ŀƭΦ нлмуΣLǾŜǊǎƻƴ Ŝǘ ŀƭΦ нлмуΣ ¢ŀƴƎ Ŝǘ ŀƭΦ нлмнΣ bŜǾƛƴǎ Ŝǘ ŀƭΦ нлнмΣ Ƴŀƴȅ ƻǘƘŜǊǎΧ



Does allowing forests to 
age increase resilience 
to climate change?
Å

ÅIt depends on the risk of future 
forest decline or disturbance.

Potential priorities:

ÅForests that already have a high 
carbon density

ÅForests that have low vulnerability 
(low exposure or sensitivity to climate impacts, 
high adaptive capacity/resilience)


