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Background 

California, along with the rest of the western seaboard of North America, is experiencing large-scale and 
rapid changes to forest ecosystems. These changes are expected to have drastic impacts on the 
provision of ecosystem services that these forests provide, like clean water and carbon storage, as well 
as on human health and safety. Successful execution of solutions to mitigate and adapt to these changes 
is complex and requires extensive planning and foresight. To broaden understanding and enable 
adaptive management given ever-changing conditions facing western forests, the “Forests in Flux: How 
Science Can Inform Policy” event was organized with the aim of strengthening the dialog between 
policy/decision makers and scientists focused on forest related issues. 

Event Organization 

The Forests in Flux event was designed to bring together some of The West’s (California, Oregon, 
Washington and British Columbia) leading scientists and state and local forest policy/decision makers. In 
total, the event, which took place on December 11, 2019, had over 80 people in attendance 
representing all states/provinces along the western seaboard from British Columbia to California. Of 
note, the States of California, Oregon and Washington and the Province of British Colombia were 
concurrently gathered as a part of a Forest and Climate Memorandum of Understanding (MOU) signed 
between the jurisdictions to discuss priorities. Attendees from the MOU contingent also attended the 
event. The event focused on seven forest science focal topics: Historical Wildfire, Cultural Burning, Fire 
impacts on Air Quality, Fire in the Wildland-Urban Interface, Forests and Water, Forest Mortality, and 
Forest Carbon. For each topic, one lab (one lead scientist and up to two collaborators) was selected to 
discuss policy and management related science issues and provide key take-home messages garnered 
through their research. In addition to the scientists from the highlighted labs, additional leading 
scientists throughout the West were invited to contribute their expertise informally. 

Each highlighted lead scientist was invited to present a lightning talk of four minutes to introduce their 
lab, research and present their take home messages. In conjunction with these lightning talks, each lab 
was invited to display three posters to explain their key messages and supporting science. Following the 
lightning talks, the majority of the evening was an informal poster session and networking event 
designed to build and/or strengthen professional relationships between policy/decision makers and 
scientists, and enable a focused exchange of ideas on solutions to the West’s forest management issues. 

  



Highlighted Scientists 

Focal Topic Area Scientist Affiliation 
Historical Wildfire Alan Taylor (Lead) Pennsylvania State University 

Lucas Harris Pennsylvania State University 
Cultural Burning Don Hankins (Lead) Cal State University, Chico 
Fire in the WUI Max Moritz (Lead) UC Cooperative Extension,  

UC Santa Barbara 
Van Butsic UC Cooperative Extension,  

UC Berkeley 
Fire Impact on Air Quality Allen Goldstein (Lead) UC Berkeley 

Kelley Barsanti UC Riverside 
Rebecca Wernis UC Berkeley 

Forest and Water Roger Bales (Lead) UC Merced 
Martha Conklin UC Merced 
Qin Ma Mississippi State University 

Forest Mortality Jodi Axelson (Lead) UC Cooperative Extension,  
UC Berkeley 

Lauren Cox UC Berkeley 
Carmen Tubbesing UC Berkeley 

Forest Carbon Beverley Law (Lead) Oregon State University 
Polly Buotte UC Berkeley 
Tara Hudiburg University of Idaho 

 

  



Event Synthesis 

The following summary reflects the messages, results and conclusions delivered by each featured 
scientist during the event and how each topic relates to one another. However, taken together, these 
messages provide interrelated insights into the state of our knowledge on the latest in forest science 
and management. The take-home messages in the boxes below are the verbatim messages given on the 
posters by the invited labs. The narrative is paraphrasing all of the information provided by the posters 
and given verbally by the scientists at the event. 

The Fire Deficit 

Understanding the historical context of forest and wildfire conditions provides an opportunity to 
understand how divergent western forests currently are as a result of the past century’s forest 
management, policies and climate change. Forests and fire have varied widely throughout history from 
both human intervention and changes in the climate. Consistently, however, fire frequency has tended 
to closely follow temperature (e.g., rising temperatures, corresponding with increased fire activity). 
Given this correlation, it is estimated that fire suppression efforts over the last 100 years has created a 

large “fire deficit”. Given current temperature 
and based on historical patterns, in general we 
expect that western forests should be 
experiencing much more fire (with the 
exception of southern California). This fire 
deficit has resulted in altered forest structure 
and composition, and, consequently, artificially 
low fire emissions and air quality. Additionally, 
this fire deficit has resulted in up to 270% 
greater carbon stocks in our current forests 
than under historical conditions. This long 
history of fire suppression has especially 
increased the carbon in the “duff layer” or the 
bed of the forest floor. The carbon in the forest 
floor constitutes the majority of emissions 
during wildfires. When these carbon rich 
forests finally burn, burn severity has little 
influence on the overall total carbon emissions, 
because both low and high severity fires burn 
the large amount of carbon built up on the 

forest floor. This indicates that even low intensity prescribed burns will have a large impact on carbon 
emissions and that to return to historical forest conditions and fire regimes would require burning 
nearly 2/3 of our current carbon stocks. If “repaying” this fire deficit is a goal, then it will come at a cost 
in the form of more fire and smoke. 

 

 

 

Take-home Message 
Historical Wildfire: 

 
• Fire activity has followed 

socioecological change in the Sierra 
Nevada, and fire exclusion since 
1850 has caused a fire deficit. 
Modeling reference conditions can 
help guide management. 
 

• Carbon storage increased but its 
spatial pattern changed due to fire 
suppression then wildfire. Wildfire 
emissions were high but did not 
vary by fire severity 

 



 

Cultural Burning  

Additionally, the West’s forest ecosystems developed alongside historical cultural indigenous burning. In 
this way, our “historical natural” forest conditions and fire regimes can be considered a combination of 
indigenous burning and climate-driven influences. Cultural burning differs from current prescribed 
burning practices in that cultural burning is more nuanced in its co-benefit, outcome-driven, place-based 
management style, and requires specific burning seasons and fire intensities. Cultural burning projects 
are individually designed given a specific forest type and the desired co-beneficial outcomes, i.e., 
burning is explicitly designed not only to reduce 
fuels but also to promote biodiversity, maintain 
stream flows, and encourage regeneration of 
specific plant communities. To fulfill this multi-
objective design, burning must be timed 
correctly with the season, in line with the 
ecosystem life cycle. Additionally, cultural 
burning tends to be more patchy or 
heterogeneous with some areas receiving high 
intensity and severity burns while others 
receive low intensity, long-lasting, smoldering 
burns. Cultural burning practices are not widely 
utilized by government agencies because 
practitioners with the required place-based 
knowledge to effectively carryout cultural 
burning often do not have the required federal 
and state certifications to plan and perform 
large-scale burning operations. Additionally, the 
need to diversify the intensity and duration of 
fire in cultural burns runs counter to air district burn windows, which encourage fast burning high 
intensity fires, to burn as much fuel in as short amount of time as weather conditions allow. Solutions to 
these issues could include modifications to state and federal requirements on burn boss and red card 
certifications to allow more indigenous cultural burning practitioners. Additionally, cultural burning 
could be reclassified as “natural,” as it developed alongside our ecosystem. In this way, cultural burning 
could be treated differently for air quality considerations. 

 

 

 

 

 

 

Take-home Message 
Cultural Burning: 

 
• California’s fire-prone ecosystems 

evolved with Indigenous burning as 
a keystone process. This process 
mitigates climate variability, 
wildfire impacts, biodiversity 
declines, and supports fire-
dependent cultures. 
 

• Indigenous fire is place-based and 
can achieve a great range of 
beneficial outcomes  



Fire in the Wildland Urban Interface 

Fire has been and remains an essential process in our forested ecosystems. In recent years however, our 
fire deficit and our departure from a co-benefit driven fire regime, coupled with increased development 
of human population centers in forested areas, has resulted in catastrophic fire events that have killed 
numerous people and continue to threaten communities throughout the West. For this reason, it is 
necessary to understand how we can keep lives and property safe under increasing risk from wildfire. 

Human development drives many of the fires 
seen on the landscape, with proximity to a 
community being a strong predictor of fire 
frequency, making forests and other lands 
around communities more likely to burn than 
wilderness areas. Once a wildfire reaches a 
community, however, the fire stops being a 
forest management issue and becomes a 
product of planning, zoning and building codes. 
Building codes may help create fire resistance 
on the individual home level, but on the 
community level, planning and zoning influence 
the large-scale loss experienced. For example, 
higher home losses are consistently observed in 
lower housing density wildland urban interface 
(WUI) developments. A synthesis of new 
guidelines has been produced to help 
policy/decision makers reduce fire risk to 

communities. These guidelines combine landscape-level planning, separating communities from wildfire 
sources, housing density management, and infrastructure concerns. In this way, protecting lives and 
property from wildfire involves forest management, especially proximate to communities, but cannot 
only rest on the forest manager/policy maker and must include local planners, developers and elected 
officials. 

Prescribed Fire and Air Quality  

To protect lives and property, and bring forests back to health, one consistent tool identified is to 
introduce more and safer fire to the landscape through prescribed burning. As more fire is introduced to 
the forest, it is essential to consider the air quality impacts of this increase. The air quality implications 
of fire can vary widely depending on the intensity of the burn and fuels in which it occurs. Fires can 
range from a low intensity smoldering burn to a high intensity flaming fire, delivering different emissions 
and air quality implications. Typically, the hotter the fire, detrimental air quality impacts decrease, but 
greenhouse gas emissions increase. Dependent on the fuel source in which a fire burns, resultant air 
quality impacts differ. Terpenes are chemical compounds emitted from fires in large quantities that lead 
to ozone and particulate matter formation (both of which are deleterious to human health). Terpene 
emissions vary by fuel species (e.g. pine and fir tree, shrubs, grasses) and fuel component (e.g. canopies, 
forest floor, trunk and branches, dead down wood). When fires burn tree canopies, typically, high levels 
of terpenes are emitted. The fuels targeted by prescribed fires, e.g. forest floor and down dead wood, 
have lower terpene emissions and likely lower particulate matter formation in plumes. In general, to 

Take-home Message 
Protecting Communities: 

 
• Where and how we build affects 

future fire activity AND future home 
losses 
 

• New guidance for urban design and 
land use planning in the WUI is 
available (see poster “Building to 
Coexist with Fire: Community Risk 
Reduction Measures for New 
Development”) 

 



decrease the air quality impact from fire, prescriptions 
should minimize the smoldering phase of fire, should 
not allow large amounts of fuel to build on the forest 
floor and should consider the types of fuels that will 
be burned. However, more, hotter fires will increase 
climate-warming emissions. This climate warming 
could result in hotter burning wildfires reducing 
detrimental impacts to air quality from future fires on 
a per fuel burned basis. Confounding this guidance, 
recall from the previous cultural burning talk that to 
maximize burning intensity goes against cultural 
burning guidance which would call for varied intensity 
burns depending on the co-benefit outcome 
objective(s). This makes balancing air quality and ecosystem outcome objectives a complex task. 

Forests and Water 

Fire, however, is but one aspect of forest ecosystems that must be considered as we develop policy and 
decide on management strategies going forward. Water is one of the most critical resources that the 
West receives from forested ecosystems. Our current fire deficit, high amount of carbon on the 
landscape and warming climate has resulted in: 1) more water taken up by plants (and unavailable for 
other uses); 2) more precipitation in the form of rain instead of snow (less long-term storage of water in 
the form of snow disrupts the gradual provision of water supply to downstream rivers/reservoirs); and 

3) less seasonal water storage and 
increased forest mortality.  Forest 
management can play a role in 
mitigating the impact of some of these 
changes. For example, strategic 
reduction of excess biomass in forests 
can result in increased water availability 
for human use. Actions such as thinning 
of overstocked forest stands, up to 68% 
of the extent of the Sierra Nevada, from 
3000-6000 feet in elevation, could 
provide additional available water to 
Californians equivalent to the capacities 
of Folsom Reservoir and Millerton Lake 
combined annually. That said, 
maintenance of biomass reduction 
projects is crucial over time. In the 
Sierra, fire or thinning impacts on 
available water typically last 5 to 15 
years. This means that these treatments 
should be maintained on approximately 
a 15-year interval to maintain enhanced 

Take-home Message 
Provision of Water: 

 
• Thinning treatments can reduce forest 

water use, increasing runoff and 
benefitting downstream water users, and 
monetizing those benefits can help fund 
forest restoration 
 

• Wildfire generally reduces forest water use 
(evapotranspiration), and water use 
gradually increases as vegetation grows 
back after disturbance.  

 
• Mapping of water use by vegetation 

(evapotranspiration) provides predictions 
of drought-related resistance versus 
vulnerability to forest mortality  

 

Take-home Message 
Air Quality and Prescribed Fire: 

 
• Prescribed Fires Can Have Co-

Benefits for Air Quality    
 

• Flaming Prescribed Fires 
Result in Better Air Quality 
Than Smoldering Fires 

 



water availability. To develop and execute such complex repeated projects, new financing and 
implementation pathways can be developed, such as the Yuba County Resilience Bond. In addition to 
improving water available for human consumption, treatments will increase water available to the 
remaining trees, increasing their drought resilience. However, as droughts continue to increase in 
severity, we expect more forest mortality on the order of 15-20% tree death per degree Celsius (1.8 
degree Fahrenheit) warming.  

Forest Mortality 

Forest mortality has had a dramatic impact on 
The West’s forest ecosystems and all of the 
ecosystem services these forests provide. 
Droughts and increasing temperatures in 
general have increased native beetle 
populations to epidemic levels resulting in 147 
million dead trees in California across 9.7 
million acres, or about 5% of all live tree 
biomass. This demonstrates one example of the 
vulnerability our forest ecosystems have to 
climate change. The extent and impact of forest 
mortality varies by elevation and latitude, with 
greater mortality seen in the southerly reaches 
along the western seaboard. Additionally, lower 
elevation pine forests die more quickly in 
response drought than higher elevation fir 
forests. The resulting excess of dead trees will 
build up on the forest floor, increasing fire risk 
and altering tree regeneration. In general, as temperatures increase and droughts exacerbate, we can 
expect fewer pines trees and more, smaller fir tree species, with increased quantities of fuels on the 
forest floor. This will most likely augment the fire prone status of forests, producing more high severity 
fires. Additionally, these changes will continue to alter our forest ecosystems in general, and the services 
they provide (water supply, biological diversity, flood control, etc.). One solution cited to combat the 
effects from increase in dead wood in the forest, is to utilize it in the form of bioenergy. Though this 
solution could produce nearly 14% of California’s energy for one year, only 1/3 of the existing dead 
biomass meets minimum criteria for cost-effective bioenergy feedstock.  

 

 

 

 

 

 

Take-home Message 
Forest Mortality: 

 
• Understanding how bark beetle 

outbreaks drive mortality patterns 
and duration is essential to develop 
predictions of future tree mortality 

• Future forests will have fewer large 
pines, more small shade tolerant 
trees, and higher levels of large 
surface fuels 

• Combating tree die-off requires 
increasing the pace and scale of 
thinning and dead tree removal, but 
bioenergy isn’t a silver bullet 

 

https://www.yubawater.org/256/Blue-Forest-Resilience-Bond


 

Forest Carbon 

To stem the tide of even more forest die-off, western forests must work to regulate and minimize 
increasing temperature as both wildfires and forest mortality follow increasing temperatures. Western 
forests can play a large role in helping mitigate global climate change by maximizing carbon storage 
while balancing other ecosystem services. For example, prioritizing protection of current carbon stores, 
rather than enhancing sequestration, is critical to mitigating climate change, with the added benefit of 
preserving biodiversity and critical habitat. Once current stocks are stabilized and preserved, 

afforestation and reforestation (i.e., enhancing 
sequestration) efforts should occur where 
appropriate. However, the most effective way 
to increase carbon uptake is to restrict harvests 
and/or increase harvesting rotation lengths. 
This is because harvesting and wood products 
are the largest emitters of carbon in western 
forests. Though fire is often pointed to as the 
largest contributor to climate change from 
forests, 21st century fire CO2 emissions in 
western forests are only 20% of wood product 
emissions and less than 5% of fossil fuel 
emissions. This is promising as fire is hard to 
control and is a natural process, while policy 
and management can influence harvesting, thus 
providing a powerful tool in the fight against 
climate change. Carbon storage, however, must 
be balanced with fire risk to communities, 
water availability, and forest health. Forest 
inventory and life cycle analysis-based 
estimates indicate that western forests are 
currently a net sink, but this sink is likely to 
decline as forest vulnerability to drought and 

fire is increasing across the West. Thus, preservation of current stocks is of critical importance, that can 
be bolstered by increased carbon uptake through changes to forestry practices (e.g., lengthened harvest 
cycles). The forests with the greatest carbon storage potential are the wet forests near the coast. 
Increased carbon stocks, however, must be balanced with other important factors such as fire risk and 
water availability. Continued improvements to greenhouse gas inventories are essential to track and 
monitor western states’ climate related efforts, the effect those efforts are having on forest ecosystems, 
and the impact that climate change is having on these forests. 

Take-home Message 
Carbon: 

 
• Protecting temperate wet forests 

along the West Coast is critical for 
mitigating unwanted climate 
change effects and preserving 
biodiversity 

• Effective climate mitigation 
strategies under future climate 
conditions are to preserve more 
forests with high carbon storage 
potential, lengthen harvest cycles, 
and reforest and afforest where 
appropriate 

• 21st century CO₂ emissions fire in 
WA, OR, and CA are only 20% of 
wood product emissions and less 
than 5% of fossil fuel emissions 

 



Posters 

   



 









Prescribed Fires Can Have Co-Benefits for Air Quality   

Fingerprinting Fires to Improve Predictions of Air Pollutants
Kelley Barsanti, Lindsay Hatch, Avi Lavi, Christos Stamatis, Paul van Rooy1/Allen Goldstein2

1Department of Chemical & Environmental Engineering, Center for Environmental Research & Technology (CE-CERT), University of California at Riverside
2Department of Environmental Science, Policy, & Management; Department of Civil & Environmental Engineering, University of California at Berkeley

Methods Outline 
Smoke samples were collected onto dual-bed 
absorbent cartridges and then analyzed in lab 
using two-dimensional gas chromatography with 
time-of-flight mass spectrometry. Data analysis 
proceeded using traditional and statistical 
approaches. Gas phase chemical mechanisms 
were developed using the SAPRC model and 
published data. Pollutant predictions rely on a 
range of chemical models with varying complexity.

Acknowledgements
Funding: NOAA AC4 NA16OAR4310103, NA17OAR4310007, NSF ATM 
1753364
FIREX-AQ: Goldstein Group UCB, Steve Brown NOAA, Scott Herdon 
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References
1 Liu, X., Huey, G.* et al., 2017. Airborne measurements of western US 
wildfire emissions: Comparison with prescribed burning and air quality 
implications. J. Geophysical Research
2Hatch, L., Barsanti, K.* et al., 2019. Highly speciated measurements of 
terpenoids emitted from laboratory and mixed-conifer forest prescribed 
fire. Environmental Science & Technology

Background and Rationale
-Particulate matter (PM) from 
wildfires leads to severe 
degradation of air quality
-PM is emitted from fires and 
formed in fire plumes
-PM emissions (“white/brown” + 
“black“ carbon) are greater from 
wildfires than prescribed fires

-In-plume/down-wind PM 
formation also may be lower for 
prescribed fires than wildfires

Main Results
- Reactive compound 
emissions, like terpenes shown 
here, are strongly dependent on 
fuel species and fuel 
component
- The amount and composition 

of emissions directly affects 
how much air pollution 
(particulate matter, PM) is 
formed in fire plumes
- Fuel components targeted in 
prescribed burns have lower 
terpene emissions, and likely 
lower in-plume PM formation

Conclusions
- Fuels species and fuel 
components have unique 
chemical fingerprints
- “Fingerprints” can be used to 
identify fuels and link specific 
fuels with adverse air quality 
effects
- Models need to include this 
diversity in emissions as a 
function of fuel type and fuel 
component to evaluate co-
benefits of prescribed fires for 
fuels reduction and air quality 
mitigation

collect 
smoke 

samples

analyze 
samples in 

lab

run data 
analyses 

(statistical 
methods)

develop 
simple to 
detailed 
chemical 
models

Terpenes are 
chemical compounds 
emitted from fires in 
large quantities that 
lead to ozone and 
particulate matter 
formation; they are 
highly variable by fuel 
species and fuel 
component. This 
variability influences 
how much and where 
pollution is formed.How can observed 

differences in fuel 
species/components 
inform fuel management 
strategies?

What are the local to 
regional air quality 
impacts of an active 
prescribed (Rx) burning 
management strategy? 

Conifers, particularly canopy fuels, emit the highest levels of terpenes, which can form 
air pollutants. Surface fuels emit lower levels of terpenes. Mapping the composition of 

emissions allows source fingerprinting and better air quality predictions.

 





Thinning treatments can reduce forest water use, increasing runoff and benefitting 
downstream water users, and monetizing those benefits can help fund forest restoration.

Forest Restoration: A Water-Resources Perspective
Roger Bales1, Martha Conklin1 and Qin (Christine) Ma1,2

1Sierra Nevada Research Institute, University of California, Merced
2Department of Forestry, Mississippi State University

Methods Outline 
Annual evapotranspiration 
(ET) measured at index sites 
is highly correlated with 
satellite greenness (NDVI). 
This relationship is used to 
map evapotranspiration 
across the landscape. 
Medium-intensity wildfire is a 
proxy for the amount of 
biomass removed from 
forest-restoration treatments, 
providing an index of 
potential water benefits from 
widespread fuels treatments.

Acknowledgements
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Thinning 
lowers forest 

water use

Water use 
increases 

with regrowth

Forests are at a tipping 
point, affecting water 
security & requiring large-
scale intervention

Background and Rationale
Water-supply & hydropower 

providers benefit from fuels 
treatments: more water, 
lower fire & erosion risks.

Changes in runoff from forest 
treatments are site specific, 
highly variable & seldom 
measured accurately.

Much, but not all, mountain 
forest terrain can be 
thinned and provide 
downstream benefits.

Water quantity benefits Conclusions
Forest water use is superior 
to runoff estimates from 
paired-catchment studies 
as a metric for water 
benefits of forest 
treatments. 

Our evapotranspiration 
modeling approach 
provides robust projections 
& verification of water 
benefits from thinning.

R2 = 0.9

High 
Sierra

Mixed 
conifer

Oak

Kings River basin

Stanislaus-Tuolumne Experimental 
Forest: Variable Thinning Project, 2011,

central Sierra Nevada

Basal-area decrease of 40-50% reduced forest 
water (ET) use by over 25% 

Engaging water sector to help increase the pace & scale of forest restoration 
requires a whole-watershed, multi-benefit, participatory framework

Reduce biomass density: 
drought resiliency, lower 
wildfire, better water quality, 
and more runoff, carbon 
sequestration, health & jobs

Enhance groundwater 
recharge & storage

Less water storage in 
headwater forests &
less seasonal 
storage behind dams

Challenge Solution

Fire suppression

Framing

Warmer climate

More biomass: 
overstocked 
forests

Rain instead of 
snow & earlier 
snowmelt

Develop financing & 
implementation pathways

More wildfire &
More water 
use by forest

Empower trusted 
brokers & champions:
State, NGO, finance, 
local, UC 

Activities

overstocked

thinned/treated

Wildfire has 
water-quality 

& quantity 
impacts

Establish multi-benefit 
framework:  
Verify water-balance & 
carbon-balance 
outcomes, establish 
other benefits

Communicate & engage, 
forge partnerships, 
develop risk-sharing 
mechanisms
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Wildfire generally reduces forest water use (evapotranspiration), and water use gradually 
increases as vegetation grows back after disturbance.

Forest Disturbance: Wildfire and Management Effects on Water Balance
Qin (Christine) Ma1,2, Roger Bales1, and Martha Conklin1

1Sierra Nevada Research Institute, University of California, Merced
2Department of Forestry, Mississippi State University
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Brandon Collins (UC Berkeley)

Wildfire 
lowers 

forest water 
use

Forest water 
use increases 
with regrowth

Satellites + site
observations 

capture water use 
changes 

Forest thinning to reduce fuels also 
reduces forest water use – similar 
to medium-intensity wildfire.

Background and Rationale
Reduction in forest water use 

from wildfire or treatments 
is highly variable over the 
landscape.

Historical wildfires indicate 
potential effects of fuel 
treatments on water use.

Basal-area reduction by 
medium-intensity wildfire 
approximates forest-
restoration treatments. 

Main Results
Water-use reduction in first 

year after wildfire averaged 
80-200 thousand acre-ft/yr
across Sierra.

Thinning 68% of Sierra 
forest, mainly overstocked 
areas at elevation 3000-
6000 ft, could reduce 
average forest water use 
by amount equivalent to 
storage capacity behind 
Folsom plus Friant Dams.

Conclusions
Wildfire effects on forest 

water use last 5-15 years, 
or more.

Realizing water (and other) 
benefits will require 
sustained thinning, on 
average every 15 yr.

Methods Outline
Wildfire effect on water use is 
estimated as annual 
evapotranspiration changes from 
pre- to post-fire, using satellites + 
site observation method. 

Analyze all wildfires over 1000 ac in 
size for period 1985-present 
(available Landsat data)

Management effect on water 
balance is simulated from wildfires at 
various severities in 1985-2015 
period over Sierra, providing a 
prediction on potential water benefits 
from widespread fuel treatments.

Prescribed fire Managed wildfire



Mapping of water use by vegetation (evapotranspiration) provides predictions of drought-
related resistance versus vulnerability to forest mortality. 

Forest Resilience: Mapping Tree Mortality and Drought Vulnerability
, Martha Conklin1 Roger Bales1and Qin (Christine) Ma1,2

1Sierra Nevada Research Institute, University of California, Merced
2Department of Forestry, Mississippi State University

Methods Outline 
Precipitation is from the gridded data, and evapotranspiration 
from scaling of eddy-covariance flux tower data using Landsat 
NDVI. Water deficit for the 2012-16 drought is the cumulative 
drawdown of subsurface water storage, calculated from P – ET 
deficit, and verified with subsurface measurements. 
For future droughts, projections of cumulative P – ET deficit 
can come from historical precipitation data, with temperature 
projected from climate models. Mapping of water deficit then 
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Satellite data 
match aerial 

survey of dead 
trees

We can 
project P – ET 

for future 
droughts

Satellite index of 
mortality correlated 

with P – ET

The difference between 
precipitation & evapotranspiration 
(P – ET) is correlated with post-
drought tree mortality.

Background and Rationale
The 2012-15 Calif. drought 

resulted in over 200 million 
trees suffering mortality.

Resilient forests have 
subsurface water storage 
to sustain water use during 
dry periods.

Water stress results when 
annual water demand by 
the forest exceeds annual 
precipitation plus water 
available in storage.

Main Results 
Roots can draw water from 

as deep as 5-15 m down, 
providing historical drought 
resilience.

Hot drought of 2012-15 
exceeded safety margin, 
due to less precipitation & 
higher water demand by 
trees.

Overstocked forests also key 
factor in drought stress.

Conclusions
Combination of dense 

vegetation, prolonged 
drought and warmer 
temperatures is not 
sustainable.

Project 15-20% increase in 
tree death for each 
additional oC of warming.

Areas vulnerable to drought 
stress are projected to have 
more forest mortality in the 
future.
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Effective climate mitigation strategies under future climate conditions are to preserve 
more forests with high carbon storage potential, lengthen harvest cycles, and reforest 

and afforest where appropriate

How Do We Maximize Forest Carbon Storage?
Beverly Law1, Tara Hudiburg2, Polly Buotte3, Logan Berner4

1Oregon State University, Terra-PNW Research Group (terraweb.forestry.oregonstate.edu)
2University of Idaho, 3 UC-Berkeley, 4 Northern Arizona University

Methods Outline

• Quantify net ecosystem carbon balance under 
current and future climate conditions

• Assess vulnerability to mortality from drought or 
fire under future climate and atmospheric CO2

• Apply strategies to areas that have low future 
vulnerability and can support forests in the future 
and quantify change in forest carbon balance

• Life-cycle assessment to track carbon emissions 
associated with harvest, including long- and 
short-lived product decay, combustion of 
residues, recycling and land-fill decomposition.
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Figure 3: Effectiveness of future change in 
NECB with mitigation strategies compared to 
BAU management. Numbers over bars are 
cumulative change in NECB from 2015-2100.

Figure 2: Vulnerability to mortality from drought or fire
by 2050 in (a) Oregon and (b) the western US.

Background and Rationale
• Nature-based climate 

solutions for reducing 
land-use emissions are 
essential

• Feasible land use 
strategies under future 
forest conditions need to 
be assessed for 
effectiveness

• Results can aid policy and 
management decisions

Main Results
• Forests with the highest 

potential to mitigate 
climate change are in 
western portion of the 
PNW

• Restricting harvest and 
longer harvest cycles can 
increase forest carbon 
uptake the most by 2100, 
followed by reforestation 
and afforestation

Conclusions
• Reducing harvest, longer 

rotations significantly 
increase C sequestration

Policies options: 
• Create incentives for 

landowners to preserve 
and restore forest carbon

• Create preserves on public 
lands, which also protects 
watersheds and 
biodiversity

• CCC for carbon monitoring

Figure 1. Net Ecosystem Carbon Balance (NECB) 
should be monitored and accurately quantified
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21st century CO2 emissions fire in WA, OR, and CA are only 20% of wood 
product emissions and less than 5% of fossil fuel emissions.

Meeting GHG reduction targets requires accounting for all forest sector emissions
Tara Hudiburg1, Beverly Law2, and Jeffrey Stenzel1

1Department of Forest, Rangeland, and Fire Sciences, University of Idaho, Moscow, ID
2Department of Forest Ecosystems and Society, Oregon State University, Corvallis, OR

Methods Outline (Optional)
We calculated cradle-to-grave emissions for all carbon (C) 
captured in forest biomass and released through decomposition 
ecosystems and the wood products industry in Washington, 
Oregon, and California. We accounted for all C removed from 
forests through fire and harvest. C was tracked until it either 
was returned to the atmosphere through wood product 
decomposition/combustion or decomposition in landfills. This 
required calculating the C removed by harvest operations 
starting in 1900 to present day because some of that wood is 
still in-use or decomposing. In addition to C in biomass, we 
accounted for all C emissions associated with harvest 
(equipment fuel, transportation, manufacturing inputs). 
Moreover, our wood product life-cycle assessment includes 
pathways for recycling and deposition in landfills.
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Background and Rationale

- Wood product sector 
emissions are currently 
underestimated

- IPCC and state guidelines 
need to be improved

- GHG reduction goals 
depend on correct 
accounting of all sources

Main Results

- Western US forests are 
net carbon sinks despite 
losses due to harvesting, 
wood product use, and 
combustion by wildfire 

- 81% of the wood removed 
from west coast forests 
since 1900, has been 
returned to the  
atmosphere or deposited 
in landfills

Conclusions

- GHG budgets may be  
underestimated by up to 
50% in some states

- Because GHG emissions 
from forestry operations 
are underestimated, 
claimed reductions will 
be insufficient to mitigate 
climate change

 


