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reason to manage forests.
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1) Why “carbon forestry” is the new hot topic in 
climate mitigation

2) Why carbon, forestry, and climate are deeply 
entwined

[or, an Overview of Forest Carbon Cycling]

3) Carbon & Climate-Smart Forestry: some numbers



Why “carbon forestry” is the new hot topic
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We have 1.8 billion billion metric tons of Carbon on Earth 

Source:  C.A. Suarez, M. Edmonds 
and A.P. Jones/Elements 2019
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Carbon flows between the atmosphere, ecosystems, and the 
earth’s crust..
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Humans have increased the total amount of atmospheric 
carbon by burning fossil fuels
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1950’s:
first scientific evidence 

of irreversible 
atmospheric change  

1980’s: 
Vocal, global concern about 

fossil fuel emissions
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“All pathways that limit global warming to 
1.5°C with limited or no overshoot project 

the use of carbon dioxide removal (CDR) on 
the order of 100–1000 GtCO2 over the 21st 
century. CDR would be used to compensate 

for residual emissions and, in most cases, 
achieve net negative emissions to return 

global warming to 1.5°C following a peak 
(high confidence).”
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Where can we put all 
this atmospheric CO2?

[= climate mitigation]
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this atmospheric CO2?
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Where can we put all 
this atmospheric CO2?

Photo by Josh Berendes on Unsplash

https://unsplash.com/@brende?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText
https://unsplash.com/photos/2zcemW2Oy8Y?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText
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Where can we put all 
this atmospheric CO2?

BrineStans @ Wikimedia Commons
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National and international discussions are considering ‘forest 
carbon management’ as a pillar of climate mitigation

“Rapid and far-reaching transitions across all sectors and systems 
are necessary to achieve deep and sustained emissions reductions 
and secure a liveable and sustainable future for all. These system 
transitions involve a significant upscaling of a wide portfolio 
of mitigation and adaptation options. Feasible, effective, and 

low-cost options for mitigation and adaptation are already available, 
with differences across systems and regions. (high confidence)”
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Gosh – I wish we didn’t have to have these conversations…

“If we (very) aggressively cut greenhouse gas emissions over the 
next decades, we can obviate the need for large-scale carbon 

dioxide removla altogether.”
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Relative to other carbon dioxide removal strategies, 
forest carbon removal is cheap, but limited  

Diech 2014, https://carbonremoval.wordpress.com/ 
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There are strong and divergent opinions about the 
role of forests for climate mitigation



Disclaimer: Carbon should probably not be the primary 
reason to manage forests.
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When carbon is viewed as the 
primary reason to think about 

forests . . . 

it’s easy to conclude that there is no 
hope and that we should not 
expend resources on forest 

management.
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Why carbon, forests, and climate are deeply entwined.

[or, an overview of forest carbon cycling]
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Forests are highly-evolved, sophisticated ‘direct air 
capture’ facilities
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Forests are highly-evolved, sophisticated ‘direct air 
capture’ facilities

BotMultifhill @ Wikimedia Commons
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Forest vegetation removes carbon dioxide from the 
atmosphere using 100% renewable solar energy

https://bartonhillfarms.com/photosynthesis-for-kids/
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Forests transfer carbon from plant tissues into soils
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Here in the United States, we estimate that forests 
currently store 58.32 billion tonnes of carbon

US EPA. 2021. US Greenhouse Gas Reporting Program
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Forest ecosystems are 
dynamic 

carbon storage facilities
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Regardless of whether 
forests are part of the 

“carbon dioxide 
removal” portfolio –

forest carbon is a huge 
part of the carbon 

budget!
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Historically, forests are a 
net carbon sink each 

year

[CO2 removal > CO2 
emissions ]
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Historically, forests are a net carbon sink each year
[CO2 removal > CO2 emissions ]

https://www.epa.gov/ghgreporting US EPA. 2021. US Greenhouse Gas Reporting Program

https://www.epa.gov/ghgreporting
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In 2021, US forest captured ~ 593 MMT CO2e 

https://www.epa.gov/ghgreporting 

https://www.epa.gov/ghgreporting
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Forests emit carbon 
dioxide when they are 
disturbed or converted 

to other land uses 
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Forests emit carbon dioxide when they are converted to 
other land uses 

https://www.epa.gov/ghgreporting US EPA. 2021. US Greenhouse Gas Reporting Program

https://www.epa.gov/ghgreporting
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Historical annual carbon emissions from 
forest conversion range from 22-125 MMT 

CO2 per year 

Harris et al. 2016, Carbon Balance and Management, DOI 10.1186/s13021-016-0066-5 
 

Source Area (Mha per 
year)

Forest Emissions
(MMT CO2  per 

year)

Key Regions of 
Opportunity

Harris et al. 2016 0.1 22 ± 3.67 Pacific Northwest, 
eastern urban 

population centers

US EPA 2021 -- 125.3 in 2021 ---

Avoided forest 
conversion
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Forests emit carbon dioxide when they are disturbed

@CharlVera, Pixabay @Matt Pardue, Wikimedia Commons @K Dodd, Wikimedia Commons
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Wildfire in the US is leading cause of current forest fire emissions, 
with ~ 120 MMT of forest CO2e per year (2016-2020)

https://cfpub.epa.gov/ghgdata/inventoryexplorer/

June 6, 2023

https://cfpub.epa.gov/ghgdata/inventoryexplorer/
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https://www.epa.gov/ghgreporting 
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Harris et al. 2016, Carbon Balance and Management, 
DOI 10.1186/s13021-016-0066-5 
 

Wildfire in the US is leading cause of current forest fire emissions, 
with ~ 120 MMT of forest CO2e per year (2016-2020)

https://www.epa.gov/ghgreporting
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Tree mortality from hurricanes emit an average of 18 - 
66  MMT of forest CO2 per year 

Harris et al. 2016, Carbon Balance and Management, 
DOI 10.1186/s13021-016-0066-5 
 

Dahal et al. 2014, , DOI 10.1038/srep05197 
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Tree mortality from hurricanes on the rise?

https://www.aoml.noaa.gov/hrd/hurdat/All_U.S._Hurricanes.html 

https://www.aoml.noaa.gov/hrd/hurdat/All_U.S._Hurricanes.html
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Tree mortality from forest pests and pathogens emit an 
average of 12.8 to 20.3 MMT of forest CO2 per year 

Harris et al. 2016, Carbon Balance and Management, 
DOI 10.1186/s13021-016-0066-5 
 

Fei et al. 2019, Proceedings of the National Academy of Science, DOI 10.1073/pnas.1820601116 

https://doi.org/10.1073/pnas.1820601116
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Forests emit carbon dioxide when they are disturbed.

@CharlVera, Pixabay @Matt Pardue, Wikimedia Commons @K Dodd, Wikimedia Commons

Unplanned disturbances
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Forests emit carbon dioxide when they are disturbed
Percent 
annual forest 
area harvested

Ducey 2023

Harris et al. 2016, Carbon Balance and Management, 
DOI 10.1186/s13021-016-0066-5 
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But timber harvesting is estimated to be a net carbon sink because estimated 
annual carbon storage in wood products (446 MMT CO2e) is greater than 

harvesting emissions (341 MMT CO2e).

https://www.epa.gov/ghgreporting US EPA. 2021. US Greenhouse Gas Reporting Program

https://www.epa.gov/ghgreporting


Carbon & Climate-Smart Forestry
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Carbon & Climate-Smart Forestry
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“. . . the concept of “Climate Smart Forestry” (CSF) which we see 
as a more specific (climate-oriented) form of the Sustainable Forest 
Management paradigm. The idea behind CSF is that it considers the 

whole value chain from forest to wood products and energy, and 
illustrates that a wide range of measures can be applied to provide 

positive incentives for more firmly integrating climate objectives 
into the forest and forest sector framework. CSF is more than just 

storing carbon in forest ecosystems; it builds upon three main 
objectives; 

(i) reducing and/or removing greenhouse gas emissions; 
(ii) adapting and building forest resilience to climate change; and 

(iii) sustainably increasing forest productivity and incomes. “



Forestry for reducing or removing greenhouse gas 
emission
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Forests are highly-evolved, sophisticated ‘direct air 
capture’ facilities



Forestry for reducing or removing greenhouse gas 
emission
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1. Increase the total amount of forestland

2. Increase forest carbon dioxide removal efficiency

3. Increase durability of forest carbon storage



Increase the total area of forest
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Reforestation 
& 
Afforestation

Avoiding 
deforestation



Increase the total area of forest 
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Reforestation 
& 

Afforestation

Building new 
direct air capture 

facilities

Avoiding 
deforestation

Decommissioning 
existing direct air 
capture facilities



Planting trees is highly likely to increase total 
forestland carbon storage for the United States
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Study Reforestation & Afforestation 
Considerations

Area 
(Mha)

Mitigation 
Potential
(MMT CO2  
per year)

Cost Key Regions 
of 

Opportunity

Cook-Patton 
et al. 2020

Restoring tree cover in former 
forestland

51.6 314.2 ~ 50% at 
< $20 

tCO2 -1

Southeast

Fargione et 
al. 2018

Reforesting former forestland that is 
not currently wetland, active cropland, 

or livestock pastureland.

62.9 306.6 ~ 80% < 
$50 USD 
Mg CO2e-

1

Northeast 
and south 

central 

Haight et al. 
2020

Incentivizing private landowners in 
the eastern US to plant trees and 
planting trees in federal forests in the 
west.

15.1
107

6.5 Billion South

Wear and 
Coulston 
2015

Incentivizing private landowners in 
the eastern US to retire croplands and 

plant trees and planting trees in 
federal forests in the west.

7.73 27.6 -- South and 
Pacific 

Northwest

Zhang et al. 
2023

Planting pine trees in the 
southeastern United States for 

pineland restoration

2.1 71.14 $1.22 per 
tonne

Southeast

Reforestation & 
Afforestation



Future projections estimate that avoiding forest 
conversion could protect ~39 MMT CO2e
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Avoided forest 
conversion

Haight et al. 2020, Agricultural and Resource Economics Review, DOI 10.1017/age.2019.20
 

Source Forest C 
Protection

(MMT CO2  per 
year)

Key Regions of 
Opportunity

Fargione et al. 2018 38 Southern, Pacific 
Northwest

Haight et al. 2020 39 Rocky Mountains



Forestry for reducing or removing greenhouse gas 
emission
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1. Increase the total amount of forest

2. Increase forest carbon dioxide removal efficiency
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In 2021, US forest captured ~ 593 MMT CO2e 

https://www.epa.gov/ghgreporting US EPA. 2021. US Greenhouse Gas Reporting Program

https://www.epa.gov/ghgreporting


Increase forest carbon dioxide removal efficiency
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Increasing # trees 
(stocking density) 

within existing 
forestlands

Increasing the 
number of fans and 
filters at an existing 

DAC facilities

“Improved Forest 
Management” to 

promote tree 
health

Maintenance of 
broken fans and 

filters



Understocked US timberlands sequester 20% 
less carbon dioxide and store 30% less carbon 

in trees than fully stocked forests
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Increasing # trees 
(stocking density)  
within existing 
forestlands

Domke et al. 2020, Proceedings of the National Academy of Science, DOI 10.1073/pnas.2010840117
 



Fully stocking understocked timberland could 
increase forest CO2 removals by 20% 

(187.7 ± 9.1 MMT CO2) per year
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Increasing # trees 
(stocking density)  
within existing 
forestlands

Domke et al. 2020, Proceedings of the National Academy of Science, DOI 10.1073/pnas.2010840117
 



What is IFM?
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“Improved Forest  
Management”

Kaarakka et al. 2021, Ecological Solutions and Evidence, DOI 10.1002/2688-8319.12090
 



What is IFM?
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“Improved Forest  
Management”

Kaarakka et al. 2021, Ecological Solutions and Evidence, DOI 10.1002/2688-8319.12090
 



Extended rotations of private, commercial 
forestland estimated to avoid 267 MMT forest 

CO2 emissions per year  

Yale Applied Science Synthesis Program
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“Improved Forest  
Management”

Fargione et al. 2018, Scientific Advances, DOI 10.1126/sciadv.aat1869 

Zuckerman 2021, Northwest Natural Resource Group



Limited empirical or modeling work on the 
direct effects of IFM on forest carbon stocks 

and sequestration at regional or national scales
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“Improved Forest  
Management”

Kaarakka et al. 2021, Ecological Solutions and Evidence, DOI 10.1002/2688-8319.12090
 



Ecological theory and local studies support 
IFM as a tool
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“Improved Forest  
Management”

Avoiding logging damage 
(aka “reduced impact logging”)



Ecological theory and local studies support 
IFM as a tool
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“Improved Forest  
Management”

Avoiding soil disturbance

https://news.wisc.edu/muddy-forests-shorter-winters-present-challenges-for-loggers/



Forestry for reducing or removing greenhouse gas 
emission
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1. Increase the total amount of forest

2. Increase forest carbon dioxide removal efficiency

3. Increase durability of forest carbon storage
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Forests emit carbon dioxide when they are disturbed.

Unplanned disturbances Planned disturbances
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Forests emit carbon dioxide when they are disturbed.

Unplanned disturbances = 
Less direct control

- Impossible to predict over space and time;
- impact of disturbance on forest varies locally; 

Planned disturbances =
More control



Unplanned disturbances are projected to increase with 
increasing atmospheric CO2
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Anderegg et al. 2022, Ecology Letters, DOI 10.1111/ele.14018
 



Forests are part of our carbon accounting budget –whether we choose to 
manage or not
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https://www.epa.gov/ghgreporting 

US EPA. 2021. US Greenhouse Gas Reporting Program

https://www.epa.gov/ghgreporting
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ALL climate mitigation facilities can be disturbed by hurricanes 
and wildfires

Kilo Fire. Photo credit, Los Angeles County Fire Department.



Yale Applied Science Synthesis Program
https://synthesis.yale.edu

ALL carbon storage facilities can be ‘leaky’

Li and Liu 2016, Geological Carbon Sequestration, DOI 10.1007/978-3-319-27019-7_13



Increase durability of forest carbon
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Increase forest 
resilience to 
unplanned 

disturbances

Increase 
infrastructure 
resilience to 
unplanned 

disturbances.

Increase climate 
benefits 

harvested wood 
products 

?



‘Improved forest management’ practices likely 
to increase forest resilience, but empirical data 

is local and limited 
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Increase forest 
resilience to 
unplanned 
disturbances

Kaarakka et al. 2021, Ecological Solutions and Evidence, DOI 10.1002/2688-8319.12090
 



. . .  But data is coming . . .
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Increase forest 
resilience to 
unplanned 
disturbances



Managing for forest resilience 
to wildfire and pests and pathogens 
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Increase forest 
resilience to 
unplanned 
disturbances



Thinning overstocked forests can reduce 
wildfire impact
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Increase forest 
resilience to 
unplanned 
disturbances

© Erika Sloniker, The Nature Conservancy, 



But because we do not know when or where 
fire will occur, fire resilience treatments may 

opt to prioritize human and ecological 
communities…not carbon
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Increase forest 
resilience to 
unplanned 
disturbances

Lewis 2023.
 



Protecting forests from introduced pests and 
pathogens: the old
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Increase forest 
resilience to 
unplanned 
disturbances

© Wikimedia© Kevin Potter

Laurel wilt disease, Georgia Balsalm Wooly Adelgid, Tennessee Mountain Pine Beetle, Colorado



Protecting forests from introduced pests and 
pathogens: the NEW
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Increase forest 
resilience to 
unplanned 
disturbances

Aukema et al. 2010, BioScience, DOI 10.1525/bio.2010.60.11.5
 

© Kevin Lynch

Beech Bark Disease

Beech Leaf Disease
© Michigan Dept. of 
Nature Resources



We need more robust policies to prevent 
accidental introduction of forest pests
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Increase forest 
resilience to 
unplanned 
disturbances

Aukema et al. 2010, BioScience, DOI 10.1525/bio.2010.60.11.5
 



Wood products may have additional climate benefits 
through energy & product substitution

Yale Applied Science Synthesis Program
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Increase climate 
benefits of 
harvested wood 
products

Planned disturbances



Wood products may have additional climate benefits 
through energy & product substitution

Yale Applied Science Synthesis Program
https://synthesis.yale.edu

Increase climate 
benefits of 
harvested wood 
products

Planned disturbances



Innovative, commercial pine planting could mitigate 
~ 3-4 billion metric tonnes CO2e over 100 years
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Increase climate 
benefits of 
harvested wood 
products



Conclusions
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1) Land managers and policy makers are actively discussing “Carbon 
forestry” for climate mitigation

2) Carbon, forestry, and climate are deeply entwined and whether we 
chose to act or not – forest carbon is part of the globe’s carbon budget.

3) There are a a host of Climate-Smart Forestry practices that hold 
promise for climate adaptation and mitigation



Photos by Katy Wilkens, Mike Arney, Erik Karits, Sebastian Pichler, Karsten Winegart, Alex Reynolds on Unsplash.

Disclaimer: Carbon should probably not be the primary reason to manage forests.

https://unsplash.com/photos/P129qZsV1ng?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText
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