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1
1

I, Joseph Werne, declare as follows:

SUMMARY OF QUALIFICATIONS
2
2

1. I submit this declaration in support of the Plaintiffs’ Motion for Preliminary  3

3

Injunction in this case regarding Defendants’ plans to continue logging and vegetation

4

4

management activities in the range of the Southern Sierra Nevada Pacific Fisher (SSN fisher) on

5

5

the Sierra, Sequoia, and Stanislaus National Forests. I have personal knowledge of the matters

6

6

stated herein and, if called as a witness, would and could competently testify thereto.

7

7

2. I am a research scientist with a Ph.D. in Physics (1993) from the University of  8

8

Chicago. I have a 34-year science career with a primary emphasis on high-resolution numerical

9
9

modeling and simulation of atmospheric dynamics. I have 78 scientific publications in refereed



10
10

journals, book chapters, and conference proceedings. My most-frequently cited works center on
11
11

two dominant themes: simulation and modeling of buoyant convection (which was my thesis
12
12

work), and accurate modeling of atmospheric turbulence. Both of these subjects are important for
13
13

understanding the atmospheric response and feedback to wildland fire. I have co-hosted
14
14

workshops at the National Center for Atmospheric Research (NCAR) and at the University of
15
15

Colorado at Boulder on the theory and modeling of atmospheric dynamics. I have presented
16
16

invited lectures on atmospheric turbulence theory and modeling and high-performance computing
17
17

across the U.S., in Japan, Italy, England, and elsewhere in Europe. I have served as either the
18
18

principle investigator or co-investigator on over 20 research and high-performance-computing
19
19

projects related to atmospheric simulation and modeling. A true and correct copy of my
20
20

Curriculum Vitae (CV) is attached as Exhibit A.
21
21

3. I am currently the co-lead of a working group of assembled experts in wildland-fire  22
22

theory and modeling. The group’s expertise includes fire physics, high-resolution numerical
23
23

weather-fire simulation, forest ecology, wildlife ecology, and wildfire insurance. The goals of the
24
24

working group are to: a) integrate and incorporate the current state of the art in each of these
25
25

disciplines into an improved Wildland-Fire Behavior Assessment tool to aid land-management
26
26

decision making, and b) apply the results of our wildland-fire-behavior work to improved fire



27
27

resilience assessments in California.
28
28
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1
1

4. I serve as the Chief Scientist for Unite the Parks, which is a 501(c)(3) non-profit

organization focused on nature preservation, conservation, restoration and advocacy, primarily in  2

2

the Sierra Nevada and California.
3
3

5. I am a lifelong supporter and user of our National Parks and National Monuments,  4

4

where I frequently camp, hike, climb, and mountain bike, including three times in the Sierra

5

5

Nevada in 2020. I find my greatest peace, personal clarity, and sense of wonder when outside in

6

6

nature, especially at night under the stars, far away from city lights. I have plans to return to the

7

7

Sierra National Forest as soon as this coming summer of 2021.
8
8

6. In 2020, I attended the 67th Annual Meeting of the Western Section of The Wildlife  9

9
Society (2-7 February 2020), which included presentations on the Southern Sierra Nevada Pacific

10
10

fisher. I also attended the California Fisher Working Group (2 February 2020) and the Southern
11
11

Sierra Fisher Working Group (3 February 2020) special sessions of The Wildlife Society meeting.



12
12

At the special sessions I listened to presentations on the latest studies related to the endangered
13
13

Southern Sierra Nevada Distinct Population Segment (SSN DPS) of the Pacific fisher.
14
14

STATEMENT OF OPINION
15
15

Overview
16
16

7. Old-growth trees are integral to Pacific fisher survival, and to forest fire safety.  17
17

Fishers give birth and raise babies inside the cavities of large trees, so they need them for
18
18

reproduction; and our forests need the fire-resistant microclimates that large trees create.
19
19

Unfortunately, we are increasingly losing old-growth trees to unnaturally large wildland fires that
20
20

have become more frequent in recent years. California’s 2020 fire season was the most destructive
21
21

in the state’s history, continuing a trend of ever-increasing fire size and severity; and the most
22
22

comprehensive analysis of wildland-fire data to-date suggests land-management practices may be
23
23

contributing to the problem.
24
24

8. In this declaration, my expertise speaks to atmospheric dynamics and how its  25
25

incomplete consideration in current fuels-reduction treatments can make our forests less fire
26
26

resilient, as the best-available science demonstrates. I will describe how current inconsistent
27
27

treatment of the atmosphere in operational fire models can mislead scientists into believing errant
28
28

fire-resilience predictions. Until these issues are remedied, current vegetation treatments should be
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1
1

halted until we better understand their consequences, because claimed increased fire resilience

remains unproven. In fact, current practices may be reducing the fire resilience of our forests. 2

2

9. Below I provide background information for context related to Pacific fishers and  3

3

the large trees they need. I describe the primary threat to large trees from fire, namely, crown fires,

4

4

and I detail how current land-management practices designed to protect large trees from fire can

5

5

lead to the opposite effect. Finally, I present the latest science, which shows how current fuels

6

6

reduction practices can make our forests less firesafe, and I show how operational fire models can

7

7

mislead us into believing vegetation treatments are effective, when they actually are

not. 8

8

Background
9
9

10. The Pacific fisher is a member of the weasel family with quick reflexes, excellent  10
10

climbing skills, and exceptional fur. It is a midsize forest carnivore that eats small mammals and is
11
11

eaten by cougars, bobcats, and coyote. Fisher population numbers have been decimated by historic
12
12

fur trapping and logging of its old-growth forest habitat, and on May 15, 2020 the Distinct
13
13

Population Segment (DPS) of the Pacific fisher in the Southern Sierra Nevada (SSN) was listed as
14



14
endangered by the USFWS (U.S. Fish and Wildlife Service) under the Endangered Species

Act. 15
15

11. In the forests where Pacific fishers live, fire occurs naturally; and the large trees  16
16

fishers need for reproduction also help make the forest firesafe. It is well established that large,
17
17

old-growth trees are able to resist burning because of their thick bark and large-diameter trunks;
18
18

also, their high canopies create cool microclimate environments that help protect surrounding
19
19

habitat by blocking the wind, shading the soil, retaining moisture, and significantly lowering
20
20

surface temperatures (e.g., Binkley et al. 2007, Lesmeister et al. 2019). True and correct copies of
21
21

the Binkley and Lesmeister papers are attached as Exhibits B and C, respectively. Though they
22
22

typically number less than 2% of the individual trees in a forest, trees larger than 40 inches in
23
23

diameter can account for nearly half of a forest’s biomass (Lutz et al. 2012). A true and correct
24
24

copy of this paper is attached as Exhibit D. Unfortunately, for every old-growth tree that remains
25
25

today, more than seven have already been logged. Compared to historical abundances, only 12%
26
26

of Sierra Nevada old-growth trees remain (Erman et al. 1996, Vol. II). Therefore, safeguarding our
27
27

last large trees is critically important for protecting both the fisher’s ability to reproduce and the
28
28

forest’s ability to survive wildfire.
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1
1

Crown Fires Threaten Our Remaining Large Trees



12. Major threats to large trees are overstory crown fires, which occur when treetops  2

2

ignite during severe burns. Analysis of severe-burn patches in the 2013 Rim Fire found that crown

3

3

fire disproportionately kills larger trees compared to smaller trees (Lydersen et al. 2016).

4

4

Removing “ladder fuels” that connect the ground to the overstory is therefore a common-sense

5

5

practice designed to prevent fires on the forest floor from climbing to the treetops (e.g., PSW

6

6

GTR-220). Nevertheless, recent research using detailed high-resolution numerical simulations

7

7

reports that removing ladder fuels can easily increase the likelihood of crown-fire occurrence,

8

8

despite being designed to reduce it (Banerjee et al. 2020). The reason for this seemingly counter

9
9

intuitive result involves the important role atmospheric motions play, and it demonstrates how
10
10

focusing solely on forest fuels can make matters worse, if one neglects to also consider how
11
11

vegetation treatments can increase the oxygen supply to a fire.
12
12

Accurate Fire Modeling Must Include Atmospheric Dynamics
13
13

13. Current operational fire models are incomplete, because they attempt to  14
14

characterize complex fire behavior across a landscape using limited resources. In contrast, detailed
15
15



high-resolution numerical fire simulations on high-performance supercomputers do a much better
16
16

job, but they are too slow and too expensive for operational use. This is because operational
17
17

models must rapidly obtain and compare a large number of different ignition and vegetation
18
18

treatment scenarios if they are to be useful. Nevertheless, fast models that produce unrealistic
19
19

results can have catastrophic consequences for forestland management, and below I discuss two
20
20

examples that demonstrate serious deficiencies with application of all of the USFS (U.S. Forest
21
21

Service) operational models, including BehavePlus, FARSITE, FlamMap, FVS-FFE, and
FSPro. 22
22

14. The first example concerns inadequate handling of the wind resistance associated  23
23

with ladder fuels. When ladder fuels are removed, the ground-level windspeed and turbulent
24
24

mixing both increase, leading to faster fire spread and greater oxygen-transport efficiency; this, in
25
25

turn, results in increased fire intensity. As recent high-resolution numerical fire simulations show
26
26

(e.g., Banerjee et al. 2020, Atchley et al. 2021), in many cases this aerodynamic effect is more
27
27

important than the fire-dampening effects of the fuels reduction being evaluated. Nevertheless,
28
28

comparisons using operational fire models do not predict this result because they ignore
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1
1

aerodynamic differences between model runs with and without ladder fuels, using the same

specified windspeed for both cases. For example, see the USFS tutorial, Jones et al. 2010 at page  2

2

15, where a constant 20 mph windspeed is specified. (A true and correct copy of this paper is



3

3

attached as Exhibit E.) The model results are discussed in detail for varying degrees of ladder-fuel

4

4

removal (e.g., 0, 10, 20, 25, and 100 percent), but all cases are computed with exactly the same 20

5

5

mph windspeed. In reality, increasing levels of fuels reduction will be accompanied by higher

6

6

windspeeds as the sub-canopy wind drag drops, but this is not considered by Jones et al., and this

7

7

is typical of operational fire-model use. This mistake is repeated in the next example Jones et al.

8

8

discuss, where on page 22 they state, “The fire scenario was the same,” meaning the same constant

9
9

20 mph windspeed was again used.
10
10

15. Two recent studies using high-resolution numerical fire simulations demonstrate  11
11

just how consequential neglecting canopy wind-drag effects can be, leading to potentially
12
12

disastrous results if aggressive ladder-fuel removal is applied. One study is by Atchley et al. 2021,
13
13

sponsored by the USFS (a true and correct copy of which is included as Exhibit F), and the other
14
14

is by Banerjee et al. 2020 (a true and correct copy of which is included as Exhibit G). In both
15
15

papers, separate simulations are performed to compare different fuels configurations, and both
16
16

papers demonstrate that the removal of ladder fuels reduces the sub-canopy wind drag, ultimately
17



17
leading to increased fire spread. In other words, they both show how fuels-reduction treatments

18
18

can increase fire spread, which is the opposite of what the operational model studies predict.
19
19

Furthermore, the Banerjee et al. 2020 paper goes further and also shows that aggressive ladder
20
20

fuel removal increases the likelihood of overstory crown fires compared to more modest ladder
21
21

fuel reductions, which is again opposite to operational model-run predictions.
22
22

16. From these results, it is clear that evaluating wildland fire resilience using current  23
23

USFS operational fire-modeling theory is suspect, especially since operational models fail to
24
24

properly include all of the important effects associated with specified fuels treatments, especially
25
25

canopy wind resistance, which both Atchley et al. (2021) and Banerjee et al. (2020) show are
26
26

extremely important. Until operational fire models are updated to include the latest and best
27
27

available science, claims of improved fire resilience should be viewed with skepticism, and
28
28
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1
1

treatments should stop until they are carefully validated against more accurate simulation methods.

Our forests and the fisher may very-well depend on it.

2
2

Missing Fire Physics Can Be More Important than Fuel Load and Severe Weather

3

3

17. In addition to the focused process studies like those of Atchley et al. 2021 and  4



4

Banerjee et al. 2020, realistic high-resolution numerical fire simulations are also used to study the

5

5

details of real-world fires. Since the simulations require significant computer time, they are done

6

6

after the fact, but they are helpful for learning aspects of fire behavior that would be otherwise

7

7

difficult to determine. For example, Coen et al. 2018, also sponsored by the USFS (a true and

8

8

correct copy of which is included here as Exhibit H) uses high-resolution simulations to

9
9

deconstruct the 2014 King Fire, and its authors show that fire-induced winds were primarily
10
10

responsible for the fire’s rapid growth and size. In their study, Coen et al. demonstrate that drought
11
11

and fuel load were secondary effects compared to fire-induced atmospheric motions, which
12
12

operational fire-behavior models neglect. Two important conclusions from the study are: 1. “…
13
13

extreme fires need not arise from extreme fire environment conditions,” and 2. “… models used in
14
14

operations do not capture fire-induced winds and dynamic feedbacks so [they] can underestimate
15
15

megafire events.” In other words, the inability of operational models to simulate plume-driven
16
16

megafires like the 2014 King Fire is not due to climate change or extreme weather events, but
17
17

instead because of known missing physics in the operational models.
18
18



18. Additional evidence that vegetation treatments may be excluding important fire  19
19

physics is suggested by the most comprehensive study to-date of wildland-fire data, which was
20
20

conducted by Bradley et al. (2016), a true and correct copy of which is included as Exhibit I. They
21
21

analyze satellite data for 1500 fires from 1984 to 2014, affecting 23.5 million acres of forestland.
22
22

Their results show that the more heavily forestland is managed, the more severely it burns, and the
23
23

least-managed land (i.e., our National Parks and Wilderness Areas) are the most firesafe
24
24

(correcting for forest type, topography, and climate variables). Other scientific studies find similar
25
25

results (e.g., Donato et al., 2006; Thompson et al., 2007; Cruz et al., 2014; Zald and Dunn, 2018).
26
26

This suggests our land-management activities may be making our forestlands less firesafe, not
27
27

more.
28
28
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1
1

Long-Term Landscape-Resilience Claims are Unproven, and Sometimes They are Wrong

19. Current vegetation treatments advocated by the USFS were defined in 2009 in  2

2

technical report PSW-GTR-220, and then later they were clarified in 2012 in PSW-GTR-237.

3

3

Their efficacy for increased long-term, i.e., 30-year, landscape resilience is therefore not directly

4

4

proven, since they were not practiced 30 years ago. Hence, claims of long-term resilience are



5

5

theoretical, and they are only as credible as the models used to predict them. Given the results of

6

6

Atchley et al. 2021, Banerjee et al. 2020, Coen et al. 2018, and Bradley et al. 2016, are we willing

7

7

to bet the Pacific fisher’s future on them?
8
8

20. Attempts to evaluate these claimed long-term benefits demonstrate that a) they are 9

9
not based on the best available science and b) they exaggerate or mischaracterize the findings in

10
10

the references used to justify them. In contrast, the most comprehensive scientific study to date
11
11

examining forestland-fire data demonstrates that land-management practices are producing
12
12

forestlands that are less firesafe, not more; see paragraphs 13-18. Though this may seem counter
13
13

intuitive, the reason is straightforward: the fire-behavior theory being used to guide vegetation
14
14

treatments is incomplete because it does not sufficiently consider atmospheric motions, neither
15
15

those induced by the fire, nor those induced by the vegetation treatments being analyzed. Until
16
16

operational fire models are updated to address these deficiencies by including the latest available
17
17

science, claims of improved long-term landscape resilience remain unproven, and the known harm
18
18

being done to the Pacific fisher is therefore not justified.
19
19

21. Unfortunately, appropriate caution when interpreting operational model results is 20
20



not apparent when long-term improvements are asserted by the Services. For example, in its June
21
21

12 addendum to its 2020 Programmatic Biological Opinion (2020 PBO), the USFWS justifies
22
22

anticipated negative impacts to the SSN DPS of the Pacific fisher, and its habitat, including its
23
23

permitted Incidental Take of twelve individuals, by asserting planned vegetation treatments would
24
24

“be beneficial for the fisher in the long-term by increased resilience of habitat” (2020 PBO
25
25

addendum at 6). Similarly, in its February 23, 2021 Amendment to the Programmatic Biological
26
26

Assessment (2020 PBA), the USFS makes similar claims, stating “Many of the management
27
27

activities analyzed here and in the May 19, 2020 PBA are designed to reduce fuels and the risk of
28
28

high-severity fires within the SSNDPS. Management activities that reduce the risk of high-severity
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1
1

fire confer a long-term benefit to the SSNDPS resilience to fire ….” (2020 PBA Amendment at

5- 6, February 23, 2021). Similar claims are repeated throughout the project documents associated  2

2

with the 45 vegetation-treatment projects approved by USFWS.
3
3

Conclusion
4
4

22. Recent high-resolution numerical fire simulations demonstrate important  5

5

deficiencies in the current USFS fire-behavior theory being used to analyze and design vegetation

6

6

treatments that are known by USFS and USFWS to be harming Pacific fisher habitat. By



omitting 7

7

atmospheric dynamics and wind-drag effects associated with vegetation treatments, fuels

8

8

reductions designed to reduce fire intensity and fire spread are undoubtedly producing the opposite

9
9

effect. Also, poorly designed ladder-fuel removal is likely increasing the incidence of crown-fire
10
10

events that are killing our last large, old-growth trees.
11
11

23. Furthermore, the most comprehensive study to-date of forestland-fire data shows  12
12

that more heavily managed forestland burns more severely, and the least-managed land (i.e., our
13
13

National Parks and Wilderness Areas) are the most firesafe (correcting for forest type, topography,
14
14

and climate variables).
15
15

24. Claims of long-term fire resilience are theoretical, and they are only as credible as  16
16

the operational models being used to predict them. Assertions of long-term landscape resilience
17
17

should be viewed with skepticism, and given the best-available science, including Atchley et al.
18
18

2021, Banerjee et al. 2020, Coen et al. 2018, and Bradley et al. 2016, are we willing to bet
the 19
19

Pacific fisher’s future on unproven assertions being made by the Services?
20
20

25. Given recent trends in California of ever-increasing fire size and severity, the desire  21
21

to take decisive action to make things better is understandable. However, if our actions are ill
22
22

informed by flawed application of operational fire-behavior models that are guiding us to make an
23
23

already dire situation worse, until we fully understand the consequences of the actions we take, no



24
24

action is preferred.
25
25

I declare, under penalty of perjury, that the foregoing is true and correct to the best of my
26
26

knowledge and recollection. Executed on April 4, 2021 in Lafayette, Colorado.
27
27

__________________
28
28

Joseph Werne
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Institutional Address:
NorthWest Research Associates
3380 Mitchell Lane, Boulder, CO 80301, 303-415-9701 x207, werne@nwra.com

Education:
Old Dominion University
B.S. (summa), Physics (1987)
B.S. (summa), Mech. Eng'g & Mechanics (1987)
The University of Chicago, Ph.D., Physics (1993)

Positions Held:
1985-

87 Engineering Co-op, Reactor Plant Planning Yard, Newport News Shipbuilding
1987-89 Teaching Assistant, Physics Department, The University of Chicago
1989-92 Research Assistant, Department of Astronomy and Astrophysics, The University of
Chicago 1992-94 Postdoctoral Fellow, Advanced Study Program, National Center for Atmospheric
Research 1994-95 Visiting Scientist, National Center for Atmospheric Research
1995-96 Research Associate, Joint Institute for Laboratory Astrophysics & Laboratory for Atmospheric and Space Physics,

Univ. of Colorado
1997-01 Research Scientist, NorthWest Research Associates
2001-08 Assistant Division Manager, NorthWest Research Associates
2006-18 Vice President, NorthWest Research Associates
1998- Affiliated Faculty, Department of Applied Mathematics, Univ. of Colorado
2001- Senior Research Scientist, NorthWest Research Associates
2003- Director on the Board, NorthWest Research Associates

Professional Societies:
American Physical Society
American Astronomical Society

Professional Activities:
Presentations: Gordon Conference on Modeling in Solar Terrestrial Physics (1990); Gordon Conference on Solar Plasma and
MHD Processes (1991); Army High Performance Computing Research Center, Workshop on Visualization and Statistical
Analysis in Hard Turbulence (1992); The James Franck Institute, The University of Chicago, Turbulence Meeting (1993);
Pittsburgh Supercomputing Center, Supercomputing Techniques: Parallel Processing/Cray T3D (1994); Woods Hole
Oceanographic Institution Summer Program in Geophysical Fluid Dynamics (1995); NCAR Geophysical and Astrophysical
Convection (1995); American Physical Society 43th, 44th, 46th, 47th, 48th, 58th, 60th & 66th Annual Meetings of the Division
of Fluid Dynamics (1990-91, 1993-95, 2005, 2007, 2013); University of California 12th Annual Conference in Nonlinear
Science  (1996); National Center for Supercomputing Applications, Parallel Computing Workshop; SGI Origin (1997); DoD
HPCMO  User Group Conference (1998, 1999, 2000, 2001, 2002, 2003, 2004, 2005, 2006, 2007, 2008, 2009, 2010, 2011);
Global Grid  Forum 2 and 3, Washington, D.C. (2001) and Frascati, Italy (2001); EUROMECH Workshop 428 "Transport by
coherent  structures in environmental and geophysical flows," Torino, Italy (2001); Department of Energy, Environmental
Meterology  Program, "Vertical Transport and Mixing," Salt Lake City (2001, 2002); Center for Turbulence Research, "30 Years
of Dynamic  Modeling," Stanford University (2002); Invited Speaker, Center for Nonlinear Studies, Los Alamos National
Laboratory (2003);  Invited Speaker, "Helio- and Asteroseismology: Towards a Golden Future," Yale University, New Haven,
Connecticut (2004); "Turbulence and Waves," Lighthill Institute of Mathematical Sciences, London, UK (2004); Visiting
Scientist Colloquium,  NASA Langley Research Center (2005); Invited Speaker, "Turbulent Mixing and Beyond," Trieste, Italy
(2007); Co-organizer,  NCAR 2008 Theme of the Year Workshop "Petascale Computing: Its Impact on Geophysical Modeling
and Simulation" (2008).  Invited Speaker, 20th DoD HPCMO User Group Conference, Schaumburg, IL (2010); Invited Speaker,
"Turbulent Mixing and  Beyond TMB-2011," Trieste, Italy (2011); Invited Speaker, Fundamental Aspects of Geophysical
Turbulence II (2015); VIII  International Symposium on Stratified Flows (2016); Invited Speaker, "McWilliams Symposium"
National Center for  Atmospheric Research, Boulder, CO (2016).

Software: Principle Architect & Author, Practical Supercomputing Toolkit, used by the Department of Defense (DoD) High
Performance Computing and Modernization Program (HPCMP) to define a uniform command-line interface that streamlines
use  of disparate supercomputer platforms, high-speed networks, and archival data storage systems at all of the DoD HPC
centers:  https://pstoolkit.nwra.com. Principle Architect & Author, Werne-NWRA Triple Code, a highly accurate
pseudo-spectral fluid dynamics solver designed to run efficiently on modern massively parallel supercomputer platforms:
https://cora.nwra.com/~werne/triple/.

1
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Teaching: Instructor, Summer MCAT Program, The University of Chicago, Biological Sciences Division and the Pritzker
School  of Medicine (1989-92). Principal Lecturer, NCAR 2008 Summer School: Geophysical Turbulence. Instructor,
University of  Colorado at Boulder 2009 Supercomputing Workshop, Fluid Instabilities, Waves, and Turbulence, as part of
Professor Juri  Toomre's ASTR/ATOC 5410 Graduate Course

Awards: A.D. Morgan Scholarship (1986-87); Faculty Award in Mechanical Engineering and Mechanics (1987);
Outstanding  Senior Award in Physics (1987); Gregor Wentzel Prize for Excellence as Graduate Student Tutor (1988).

Societies: Phi Kappa Phi; Pi Tau Sigma; Tau Beta Pi.

General Fields of Investigation:
Theoretical and numerical turbulence process, dynamics, and transport mechanisms in geophysical and astrophysical
applications, including both stable and unstable stratification. Specific research areas include high-Rayleigh-number convection,
penetrative convection, rotating convection, stratified sheer turbulence, gravity-wave breaking, wave-wave interactions, multi
scale shear and wave dynamics, magnetohydrodynamic instability and turbulence processes, and optimal-perturbation theory.
Applications have included ocean- and atmosphere-dynamics modeling, aircraft-wakes evolution and ground interactions,
plasma  dynamics for space-weather applications, solar-interior modeling, helioseismic analysis of the solar interior, and
Bayesian hierarchical turbulence-process modeling in the troposphere and stratosphere. A primary emphasis has been on
efficient and  accurate spectral numerical methods, large-scale and high-performance computing, and massively parallel
computing on a wide  range of architectures, starting with the Cray XMP and YMP vector machines, the modestly parallel Cray
C90, and then larger scale and massively parallel platforms, including the Cray T3D, T3E, XT3, XT4, XT5, XE6, XC40; IBM
SP, P4+, P5+, P6; SGI  O2k, O3k, Altix; Compaq SC40/45.

Business Development:
Developed, analyzed, and helped implement the 2000 NWRA Business Model, which encourages Research Scientists to
become  Principal-Investigator (PI) Partners in a successful research-science company. This model is novel, maximizes PI
compensation,  minimizes corporate taxes, has proven to be an invaluable recruiting tool for NWRA, and has worked
successfully since 2000.

Publications:
1. Design of a Mars Oxygen Processor: Ash, R., J. Werne and M. B. Haywood 1989, in The Case for Mars III edited by C. Stoker,

AAS Science and Technology Series, 75, 479-487.
2. Numerical Simluatins of Soft and Hard Turbulence: Preliminary Results for Two-Dimensional Convection: DeLuca, E. E., J.

Werne, R. Rosner, and F. Cattaneo 1990, Phys. Rev. Letters, 64(20), 2370-3.
3. The Development of Hard-Turbulent Convection in Two Dimensions: Numerical Evidence: Werne, J., E. E. DeLuca, R. Rosner

and F. Cattaneo 1991, Phys. Rev. Letters, 67(25), 3519.
4. The Structure of Hard-Turbulent Convection in Two Dimensions: Numerical Evidence: Werne, J. 1993, Phys. Rev. E, 48, 1020.
5. Plume Model for the Boundary-Layer Dynamics in Hard Turbulence : Werne, J. 1994, Phys. Rev. E, 49, 4072. 6.
Incompressibility and No-Slip Boundaries in the Chebyshev-Tau Approximation: Correction to Kleiser and Schumann's
Influence-Matrix Solution: Werne, J. 1995, J. Comput. Phys., 120, 260.
7. Penetrative Convection in Rapidly Rotating Flows: Preliminary Results from Numerical Simulation: Julien, K., S. Legg, J.

McWilliams, and J. Werne 1996, Dyn. Atmos. Oceans, 24, 237.
8. Turbulent Rotating Rayleigh-Benard Convection with Comments on 2/7: Werne, J. 1995, Woods Hole Oceanog. Inst. Tech.

Rept. WHOI-95-27.
9. Hard turbulence in rotating Rayleigh-Benard convection: Julien, K., S. Legg, J. McWilliams, and J. Werne 1996, Phys. Rev. E,

53, 5557R.
10. Rapidly Rotating Turbulent Rayleigh-Benard Convection: Julien, K., S. Legg, J. McWilliams and J. Werne 1996, J. Fluid Mech.,

322, 243.
11. Dynamics and Scaling in Quasi Two-Dimneionsal Turbulent Convection: Bizon, C., A. A. Predtechensky, J. Werne, K. Julien,

W. D. McCormick, J. B. Swift and H. Swinney 1997, Physica A., 239, 204.
12. Plume Dynamics in Quasi 2D Turbulent Convection: Bizon, C., J. Werne, A. A. Predtechensky, K. Julien, W. D. McCormick, J.

B. Swift and H. L. Swinney 1997, Chaos, 7, 1.
13. Turbulent convection: what has rotation taught us?: Werne, J. 2000 in

Geophysical and Astrophysical Convection, Eds. P. A. Fox and R. M. Kerr. Gordon and Breach Science Publishers, 221.  14.
The effects of rotation on the global dynamics of turbulent convection: Julien, K., J. Werne, S. Legg and J. McWilliams 1997 in
SCORe'96: Solar Convection and Oscillations and their Relationship. Eds. J. Christensen-Dalsgaasrd and F. P. Pijpers. Kluwer
Academic Publ., 227-230.
15. The effect of rotation on convective overshoot: Julien, K., J. Werne, S. Legg and J. McWilliams 1996, in SCORe'96: Solar

Convection and Oscillations and their Relationships. Eds. J. Christensen-Dalsgaasrd and F. P. Pijpers. Kluwer Academic
Publ.,  231-234.

16. Comment on "There is no Error in the Kleiser-Schumann Influence-Matrix Method": Werne, J. 1998, J. Comput. Phys. 141, 88.

2
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17. Turbulence in Stratified and Shear Fluids: T3E Simulations: Werne, J. and D. C. Fritts 1998, 8th DoD HPC User Group
Conference, Houston, TX.

18. 2-D Convection in Tall, Narrow Containers: Implications for Theories of Heat Transport in Hard Turbulence: Werne, J. 1996,
(in preparation).

19. High Rayleigh number convective transport: testing theories by modifying boundary conditions: Brummell, N., K. Julien, and J.
Werne 1996, (in preparation).

20. Plumes in rotating convection: Part 1. Ensemble statistics and dynamical balances: Julien, K., S. Legg, J. McWilliams, and J.
Werne 1999, J. Fluid Mech. 391, 151-187.

21. Statistical Analysis of the Influence of Rotation in Rayleigh-Benard Convection: Julien, K., S. Legg, J. McWilliams, and J.
Werne 1996, (in preparation).

22. On the linear stability of Hele-Shaw Convection: Julien, K. and J. Werne 1996, Int. J. Heat and Mass Transfer, (to be submitted).
23. A new class of equations for rotationally constrained flows: Julien, K., E. Knobloch and J. Werne 1998, Theoret. and Comput.
Fluid Dynamics, 11, 251-261.
24. Reduced Equations for Rotationally Constrained Convection: Julien, K., E. Knobloch and J. Werne 1999, In the International

Symposium on Turbulence and Shear Flow Phenomena, v.1, pp. 101-106, Begel House.
25. A Reduced Description for Rapidly Rotating Turbulent Convection: Julien, K., E. Knobloch and J. Werne 1998, In Advances in

Turbulence VII, Eds U. Frisch, pp. 472-482, Klumer Academic Publishers.
26. Dynamics of counter-rotating vortex pairs in stratified and sheared environments: Garten, J. F., S. Arendt, D. C. Fritts and J.

Werne 1998, J. Fluid Mech. 361, 189-236.
27. Anisotropy in Stratified Shear Turbulence: Werne, J. and D. C. Fritts 1999, 9th DoD HPC User Group Conference, Monterey,

CA.
28. Stratified shear turbulence: Evolution and statistics: Werne, J. and D. C. Fritts 1999, Geophys. Res. Letters 26, 439. 29.
Turbulence-induced fluctuations in ionization and application to PMSE: Hill, R. J., D. Gibson-Wilde, J. Werne and D. C.
Fritts 1999, Earth Planets Space, 51, 499.
30. Structure Functions in Stratified Shear Turbulence: Werne, J. and D. C. Fritts 2000, 10th DoD HPC User Group Conference,

Albuquerque, NM.
31. Turbulence Dynamics and Mixing due to Gravity Waves in the Lower and Middle Atmosphere: Fritts, D. C. and J. Werne 2000,

in
Atmospheric Science across the Stratopause, Geophysical Monograph 123, American Geophys. Union, 143-159. 32.

Hierarchical Data Structuring: an MPP I/O How-to: Werne, J., P. Adams and D. Sanders 2000, Scientific Computing at
NPACI, June 14, Volume 4 Issue 12.
33. Linear scaling during production runs: conquering the I/O bottleneck: Werne, J., P. Adams and D. Sanders 2000, in

ARSC CRAY T3E Users' Group Newsletter 193, April 14, eds. T. Baring & G. Robinson.
34. Numerical modeling of turbulent zero momentum late wakes in density stratified fluids: Gourlay, M. J., S.C. Arendt, D.C. Fritts,

and J. Werne 2000, 10th DoD HPC User Group Conference, June 5-9, Albuquerque, NM.
35. Numerical modeling of turbulent non-zero momentum late wakes in density stratified fluids: Gourlay, M. J., S.C. Arendt, D.C.
Fritts, and J. Werne 2000, Fifth International Sypmosium on Stratified Flows, July 10-13, Vancouver, Canada. 36. Numerical
modeling of initially turbulent wakes with net momentum: Gourlay, M. J., S.C. Arendt, D.C. Fritts, and J. Werne 2001, Phys.
Fluids 13, 3783.
37. Numerical simulation of late wakes in stratified and sheard flows: Fritts, D., M. Gourlay, W. Orlando, C. Meyer, J. Werne, and

T. Lund 2003, 13th DoD HPC User Group Conference, DOI:10.1109/DODUGC.2001.1253394
38. Direct numerical simulation of VHF radar measurements of turbulence in the mesosphere: Gibson-Wilde, D., J. Werne, D. C.

Fritts and R. J. Hill 2000, Radio Science 35, 783.
39. Anisotropy in a stratified shear layer: Werne, J. and D. C. Fritts 2001, Physics and Chemistry of the Earth, 26, 263.  40.
Direct numerical simulations of the Crow instability and subsequent vortex reconnection in a stratified fluid: Garten, J. F., J.
Werne, D. C. Fritts, and S. Arendt 2001, J. Fluid Mech. 426, 1.
41. Wave-breaking and shear turbulence simulations in support of the Airborne Laser: Werne, J., C. Bizon, C. Meyer, and D. C.

Fritts 2001, 11th DoD HPC User Group Conference, June, Biloxi, MS.
42. Vertical transport by convection plumes: Modificiation by rotation: Legg, S., K. Julien, J. McWilliams, and J. Werne 2001,

Phys. Chem. of the Earth, B, 26 (4), 259-262.
43. The Effects of Ambient Stratification on the Crow Instability and Subsequent Vortex Reconnection: Garten, J. F., J. Werne, D. C.

Fritts and S. Arendt 1999 in
European Series in Applied and Industrial Mathematics, ESAIM Proceedings, Third International Workshop on Vortex Flow

and  Related Numerical Methods, Vol 7 Eds: A. Giovannini, G. H. Cottet, Y. Gagnon, A. Ghoniem, E. Meiburg. 44. Application of
turbulence simulations to the meesosphere: Gibson-Wilde, D., J. Werne, D. C. Fritts, and R. Hill 2000, Proc. MST 9 Radar
Workshop, Toulouse, France.
45. A new dynamical subgrid model for the planetary surface layer. I. The model and a priori tests: Dubrulle, B., J.-P. Laval, P. P.

Sullivan and J. Werne 2002, J. Atmos. Sci. 59, 857.
46. Entrainment-zone restratification and flow structures in stratified shear turbulence: Pettersson-Reif, B.A., J. Werne, \O.

Andreassen, C. Meyer, M. Davis-Mansour 2002, Studying Turbulence Using Numerical Simulation Databases -IX,
Proceedings  of the 2002 Summer Program, Center for Turbulence Research, ed. P. Bradshaw, 245-256.
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47. Layering accompanying turbulence generation due to shear instability and gravity wave breaking: Fritts, D.C., C. Bizon, J.A.
Werne, and C.K. Meyer 2003, J. Geophys. Res. 108, D8, 8452, doi:10.1029/2002JD002406.

48. The Need for Control Experiments in Local Helioseismology: Werne, J., A. Birch, and K. Julien 2004, SOHO 14/GONG 2004,
Helio- and Asteroseismology: Towards a Golden Future, New Haven, CT., Es. D. Danesy, European Space Agency SP-559. 49.
Visualization of the Energy-Containing Turbulent Scales: Helgeland, A., \O. Andreassen, A. Ommundsen, B.A. Pettersson-Reif,  J.
Werne, T. Gaarder 2004, 2004 IEEE Symposium on Volume Visualization and Graphics (VV'04) 103-109.,
DOI:10.1109/SVVG.2004.15
50. Persistence of a Kelvin-Helmholtz instability complex in the upper troposphere: M.C. Kelley, C.Y. Chen, R.R. Beland, R.
Woodman, J.L. Chau, and J. Werne 2005, J. Geophys. Res. 110, D14, 106, doi:10.1029/2004JD005345. 51. CAP Phase II
Simulations for the Air Force HEL-JTO Project: Atmospheric Turbulence Simulations on NAVO's 3000-Processor IBM P4+ and
ARL's 2000-Processor Intel Xeon EM64T Cluster: Werne, J., T. Lund, B.A. Pettersson-Reif, P. Sullivan, and D.C.  Fritts 2005, 15th
DoD HPC User Group Conference, June, Nashville, TN., DOI:10.1109/DODUGC.2005.16 52. Characterization of high altitude
turbulence for Air Force platforms: Ruggiero, F.H., J. Werne, T.S. Lund, D.C. Fritts, K. Wan,  L. Wang, A. Mahalov, and B. Nichols
2005, 15th DoD HPC User Group Conference, June, Nashville, TN. 53. Generalized quasi-geostrophy for spatially anisotropic
rotationally constrained flows: K. Julien, E. Knobloch, R. Milliff & J.  Werne 2006, J. Fluid Mech., 555, 233-274.
54. Mean and variable forcing of the middle atmosphere by gravity waves: Fritts, D.C., S.L. Vadas, K. Wan, and J. Werne 2006, J.

Atmos. Solar-Terres. Phys., 68, 247-265.
55. Characterization of High Altitude Turbulence for Air Force Platforms: Ruggiero, F.H., J. Werne, A. Mahalov, B. Nichols, and

D.E. Wroblewski 2006, 16th DoD HPC User Group Conference, June, Denver, CO.
56. Numerical simulation of an asymptotically reduced system for rotationally constrained convection: Sprague, M., K. Julien, E.

Knobloch, and J. Werne 2006, J. Fluid Mech., 551, 141-174.
57. Characterization of High Altitude Turbulence for Air Force Platforms: Ruggiero, F.H., A. Mahalov, B. Nichols, J. Werne, and
D.E. Wroblewski 2007, 17th DoD HPC User Group Conference, June, Pittsburgh, PA., DOI:10.1109/HPCMP-UGC.2007.15 58.
High-Resolution Simulations and Atmospheric Turbulence Forecating: Werne, J., D.C. Fritts, L. Wang, T. Lund, and K.  Wan
2008, 18th DoD HPC User Group Conference, July, Seattle, WA.
59. Gravity Wave Instability Dynamics at High Reynolds Numbers. Part II: Turbulence Evolution, Structure, and Anisotropy: D.C.

Fritts, L. Wang, J. Werne, T. Lund, and K. Wan 2009, J. Atmos. Sci., DOI:10.1175/2008JAS2727.1
60. Gravity wave instability dynamics at high Reynolds numbers, 1: Wave field evolution at large amplitudes and high frequencies:
Fritts, D.C., L. Wang, J. Werne, T. Lund, and K. Wan 2009, J. Atmos. Sci. 66, 1126-1148, doi:10.1175/2008JAS2726.1. 61. Gravity
wave instability dynamics at high Reynolds numbers, 2: Turbulence evolution, structure, and anisotropy: Fritts, D.C., L.  Wang, J.
Werne, T. Lund, and K. Wan 2009, J. Atmos. Sci. 661149-1171, doi:10.1175/2008JAS2727.1. 62. High-Resolution Simulations of
Internal Gravity-Wave Fine Structure Interactions and Implications for Atmospheric Turbulence  Forecasting: Werne, J., Fritts,
D.C., L. Wang, T. Lund and K. Wan 2009, 19th DoD HPC User Group Conference, 15-19 June,  San Diego, CA, DOI:
10.1109/HPCMP-UGC.2009.43
63. Gravity wave fine-structure interactions: A reservoir of small-scale and large-scale turbulence energy: Fritts, D.C., L. Wang and

J. Werne 2009, Geophys. Res. Lett. 36, L19805, doi:10.1029/2009GL039501.
64. Numerical simulation of the linking of Kelvin-Helmholtz instabilities at adjacent shear layers: Fritts, D.C., B. Laughman, J.

Werne, D. Simkhada and M.J. Taylor 2009, J. Geophys., Res. (to be submitted).
65. Numerical simulation of bore generation and morphology in thermal and Doppler ducts: Laughman, B., D.C. Fritts, and J.

Werne 2009, Ann. Geophys., SpreadFEx special issue, 27, 511-523.
66. Atmospheric Turbulence Forecasts for Air Force and Missile Defense Applications: Werne, J., D.C. Fritts, L. Wang, T. Lund,

and K. Wan 2010, Invited Paper, 20th DoD HPC User Group Conference, 14-17 June, Schaumburg, IL, DOI:10.1109/HPCMP
UGC.2010.75

67. Temperature and velocity structure functions in the upper troposhere and lower stratosphere from aircraft measurements
(invited): Wroblewski, D.E., J. Werne, O. Cote, J. Hacker, and R. Dobosy 2010, J. Geophys. Res., DOI:10.1029/2010JD014618 68.
Comparisons of predicted bore evolutions by the Benjamin-Davis-Ono and Navier-Stokes equations for idealized mesopause
thermal ducts: Laughman, B., D.C. Fritts, and J. Werne 2011, J. Geophys., Res., DOI:10.1029/2010JD014409 69. Computation of
clear-air radar backscatter from numerical simulations of turbulence: 1. Numerical methods and evaluation biases: Franke, P.M.,
S. Mahmoud, K. Raizada, K. Wan, D.C. Fritts, T. Lund, and J. Werne 2011, J. Geophys. Res.,  DOI:10.1029/2011JD015895
70. Computation of clear-air radar backscatter from numerical simulations of turbulence: 2. Backscatter moments throughout the

lifecycle of a Kelvin-Helmholtz instability: Fritt, D.C., P.M. Franke, K. Wan, T. Lund and J. Werne 2011, J. Geophys. Res.,
DOI:10.1029/2010JD014618

71. Interpretation of apparent simultaneous occurrences of Kelvin-Helmholtz instability in two airglow layers: Observations:
Simkhada, D., B. Laughman, D.C. Fritts, J. Werne, and A. Liu 2013, J. Geophys., Res. (submitted).

72. Kelvin-Helmholtz instability in two airglow layers: Observations: Simkhada, D., B. Laughman, D.C. Fritts, J. Werne, and A.
Liu 2013, J. Geophys., Res. (submitted).

73. Modeling the implications of Kelvin-Helmholtz instability dynamics for airglow observations: Fritts, D.C., K. Wan, J. Werne, T.
Lund, J.H. Hecht 2014, J. Geophys. Res. Atmos., 119, 8858-8871. doi:10.1002/2014JD021737.
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74. Gravity Wave-Fine Structure Interactions. Part I: Influences of Fine Structure Form and Orientation on Flow Evolution and
Instability: Fritts, D.C., L. Wang, and J.A. Werne 2013, J. Atmos. Sci. 70:12, 3710-3734, DOI:10.1175/JAS-D-13-055.1 75.
Coupled small scale mesospheric dynamics in a dual shear environment over Hawaii II: Modeling and interpretation:
Laughman, B., D.C. Fritts, J. Werne, D.B. Simkhada, M.J. Taylor, and A.Z. Liu 2013, J. Geophys. Res. (submitted). 76.
Quantifying Kelvin-Helmholtz Instability Dynamics Observed in Noctilucent Clouds: 2. Modeling and Interpretation of
Observations: Fritts, D.C., G. Baumgarten, K. Wan, J. Werne, T. Lund 2014, J. Geophys. Res., 119, 9359-9375,
doi:10.1002/2014JD021833
77. Numerial Modeling of Multiscale Dynamics at a High Reynolds Number: Instabilities, Turbulence, and an Assessment of

Ozmidov and Thorpe Scales: Fritts, D.C., L. Wang, M.A. Geller, D.A. Lawrence, J. Werne, B.B. Balsley 2016, J. Atmos. Sci.,
73(2), 555-578, doi:10.1175/JAS-D-14-0343.1

78. Fine Structure, Instabilities, and Turbulence in the Lower Atmosphere: High-Resolution in Situ Slant-Path Measurements with
the DataHawk UAV and Comparisons with Numerical ModelingBalsley, B.B., D.A. Lawrence, D.C. Fritts, L. Wang, K. Wan, J.
Werne, 2018, J. Atmos. and Oceanic Tech., 35(3), 619-642, doi:10.1175/JTECH-D-16-0037.1
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Binkley, D., T. Sisk, C. Chambers, J. Springer, and W. Block. 2007. The role of old-growth forests in
frequent-fire landscapes. Ecology and Society 12(2): 18. [online] URL: http://www.ecologyandsociety.org/vol12/
iss2/art18/

Synthesis, part of a Special Feature on The Conservation and Restoration of Old Growth in Frequent-fire
Forests of the American West

The Role of Old-growth Forests in Frequent-fire

Landscapes Daniel Binkley
1
, Tom Sisk

2,3
, Carol Chambers

4
, Judy Springer

5
,

and William Block 6

ABSTRACT. Classic ecological concepts and forestry language regarding old growth are not well suited
to frequent-fire landscapes. In frequent-fire, old-growth landscapes, there is a symbiotic relationship
between the trees, the understory graminoids, and fire that results in a healthy ecosystem. Patches of old
growth interspersed with younger growth and open, grassy areas provide a wide variety of habitats for
animals, and have a higher level of biodiversity. Fire suppression is detrimental to these forests, and
eventually destroys all old growth. The reintroduction of fire into degraded frequent-fire, old-growth
forests, accompanied by appropriate thinning, can restore a balance to these ecosystems. Several areas
require further research and study: 1) the ability of the understory to respond to restoration treatments, 2)
the rate of ecosystem recovery following wildfires whose level of severity is beyond the historic or
natural range of variation, 3) the effects of climate change, and 4) the role of the microbial community.
In addition, it is important to recognize that much of our knowledge about these old-growth systems
comes from a few frequent-fire forest types.

Key Words: ecological processes; evolutionary adaptations; historic range of variation (HRV); human
values; knowledge gaps; resilience; understory vegetation

INTRODUCTION

Traditional forestry took decades to understand
the unique features of frequent-fire forests. Early
foresters in the Southwest were very concerned
about the near-absence of young trees in forests
dominated by older, widely spaced ponderosa
pine (Pinus ponderosa) trees, and they realized

that
frequent fires prevented the development of

closed
canopy, high-wood-producing forests. A

young Aldo Leopold (1920) wrote:

...the prevention of light burning during
the past 10 years... has brought in growth
on large areas where reproduction was
hitherto largely lacking. Actual counts
show that the 1919 seedling crop runs as

high as 100 000 per acre. It does not
require any very elaborate argument to
show that these tiny trees, averaging only
2 inches high, would be completely
destroyed by even a light ground fire.

Leopold did not yet have the insight to understand
the profound consequences of 100 000 seedlings
per acre, although he later came to see the more
subtle argument that fire prevention thwarted the
processes necessary for the long-term health of
the forest ecosystem.

Frequent fires challenge the survival of new tree
seedlings and strongly shape the long-term
development of all the components of a forest.
Young trees often establish in clumps, as a legacy
of patchy fuels and fire behavior; and this
structural legacy may last for centuries. Gaps
between clumps may result from a combination of
competition with grasses and shrubs, from uneven
distribution of seeds, and also the pattern of fire



that interacts with the pattern of soils, vegetation,
and fine fuels. The intimate mixture of shady
clumps of trees and small open meadows provides
a local-scale diversity that would be found only at

much larger scales in landscapes without frequent
fire. Indeed, some classic vocabulary in forestry is
not well suited for frequent-fire forests. As noted
by Kaufmann et al.
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in this issue, old-growth characteristics in dry,
frequent-fire forests are remarkably different from
the old-growth images developed in wetter areas.
Even the concept of the forest “stand” as a part of
a forest landscape with relatively uniform
conditions and somewhat distinct boundaries may
not be suitable for frequent-fire forests (Long and
Smith 2000). The important details about the
spatial arrangement of trees in the landscape relate
to the clumping of trees into small groups, and to
clusters of these groups, rather than to extensive,
uniform areas of similar-size trees stretching
across hundreds or thousands of hectares (Fig. 1).

The frequent recurrence of fires reinforces a

spatial
heterogeneity, promoting a forest with

high, small
scale variety in plant species

composition, animal habitat, and ecological
processes. This pattern of local variety is a key
defining feature of old-growth forests in
frequent-fire landscapes. In this chapter, we
consider some of the crucial ecological roles that
might depend partially on the spatial
arrangements of trees, and those that relate to the
fully developed old-growth conditions.

EVOLUTIONARY ADAPTATIONS TO FIRE

The adaptations of large trees to surviving fire are
fundamental in the ecology of old-growth forests
in frequent-fire landscapes. Depending on the
species, trees in these forests have developed a
number of characteristics to withstand and survive
fire. Although fire typically kills small conifers
with thin bark by overheating or destroying the
cambium layer (van Mantgem and Schwartz
2003), most coniferous tree species in the mature
state have thick, insulating bark that is relatively
nonflammable, long needles, self-pruning lower
branches, and deep roots. Giant sequoia
(Sequoiadendron giganteum) also experiences

rapid growth that raises canopies off the ground
quickly, as well as latent buds and serotinous
cones (Stephenson 1999). Jeffrey pine (Pinus
jeffreyi) develops buds with thick scales that help
withstand heat. Sugar pine (Pinus lambertiana)
has thick, fire-resistant bark and an open canopy
that retards the spread of fire through the canopy.
Gray pine (Pinus sabiniana) has thick bark and is
self pruning. Arizona pine (Pinus arizonica) has
insulated buds, a high capacity to recover from
crown scorch and an open crown. Ponderosa pine
has thick bud scales; tight needle bunches that
enclose and protect the meristems, then open into
a loose arrangement that does not favor
combustion

or propagation of flames; high foliar moisture;
and a deep rooting habit. The foliage and buds are
also usually elevated away from the flame zone.
With its high foliar moisture content, ponderosa
pine can withstand extensive scorching as long as
the buds and twigs, which tolerate higher
temperatures than needles, are not badly scorched.

USING PAST CONDITIONS AS A GUIDE

Historic range of variability (HRV) or natural
range of variability are interchangeable terms
along with natural variability, historical variation,
and natural range of variability. These terms
suggest that past conditions and processes can be
used as guidance for managing present-day
ecosystems, and that disturbance (and resultant
variety) is a vital attribute of nearly every
ecosystem (Landres et al. 1999). The HRV
approach is just a first step in pondering possible
future forests and landscapes, because it is
difficult to deduce details about HRV (especially
across large areas and long times), and because
future climate conditions may not track historical
trends. Because of changes in fire regimes,
particularly caused by grazing and fire
suppression, many frequent-fire forests now
function well outside the HRV (see Moore et al.
1999, Veblen et al. 2000, Allen et al. 2002, Arno
and Fiedler 2005, Zier and Baker 2006). For



example, Sierra Nevada forests currently are
undergoing fire-free periods that are much longer
than at any time in the past two centuries (Keeley
and Stephenson 2000).

Determining the Historic Structure
and Function of Old-growth Forests

Almost all of the frequent-fire landscapes of the
western United States have changed dramatically
as a result of livestock grazing, timber harvesting,
and fire suppression. Given the near absence of
fully functioning, old-growth forests in

frequent-fire landscapes, scientists have to use a
variety of approaches to determine the structure
and processes that characterize these forests
(Swetnam et al. 1999, Egan and Howell 2001,
Friederici 2003). Historical journals, photographs,
and records provide information from some
forests on the number and sizes of trees before
major changes in land use, and the most detailed
records even provide information on other
features, such as downed logs and bunchgrass
locations (Moore et al. 2004). In the absence of
historical records, detailed characterizations
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Fig. 1. A cartoon description of the key features of old-growth forests in frequent-fire landscapes (left),
in contrast to younger forests lacking fire (right).

of tree ages, stump ages, and other field evidence
can provide solid descriptions of previous
conditions. A very few sites, such as the Powell
Plateau in the Grand Canyon and some regions of
northern Mexico, may have experienced so little
change in land use and fire regimes that

contemporary measurements are possible (Fulé et
al. 2005). Some of the most detailed insights
about the structure and function of old-growth
forests come from intensive experiments that have
reestablished historic forest structure. These
treatments include harvesting (and removing) the



excessive young trees, retaining most old trees,
and reintroducing fire at intervals that match the
frequency of historical fires (Bailey and
Covington 2002, Fulé et al. 2002, 2006). Forest
restoration

treatments may not redevelop historical
old-growth conditions perfectly for a variety of
reasons: 1) the seedbanks of native species may be
depleted after decades without fire, 2) exotic
species may invade, and 3) the animal
communities may not be the same as in past
centuries.

We know that historic frequent-fire, old-growth
forests were not all alike. For example, Moore and
her colleagues (2004), after studying a set of 11
research plots established in the early 1900s in
Arizona and New Mexico, found that basal area
ranged from 9 to 27 m2/ha, with an average of 15
m2/ha. By the end of the century, basal area had
doubled on average, although some sites had
changed little and others had tripled. Similarly,
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Arno et al. (1995), using dendrochronological
reconstructions of six old-growth ponderosa–
Douglas-fir (Pseudotsuga menziesii) stands in
Montana, found basal densities in 1900 ranging
from 15 to 35 m2/ha. The variety of old-growth
forest structures probably varied with
environmental factors that influence tree
establishment, growth, and mortality, including the
interacting effects of fires. We also know that the
return intervals for fires were longer for most of
the ponderosa pine forests in eastern Montana
(Morgan et al. 2002) and the Front Range of
Colorado—and modestly longer for forests in
western Montana (Arno 1980), eastern Oregon
(Youngblood et al. 2004), and eastern Washington
(Everett et al. 2000)—than for similar forests in
Arizona and New Mexico. However, we don’t
know how this difference in fire regime led to
differences in stand structure and function (for
example, see Kaufmann et al. 2006)

PROCESSES

The most essential process in the development of
old-growth conditions is time. Frequent-fire
forests occur under relatively dry conditions, and
the lack of abundant water limits the growth rates
of trees. Forests with slow-growing trees take
100–200 years to begin to show the full spectrum
of old-growth structure and processes.

However, time alone is not sufficient to encourage
old growth in frequent-fire forests. Fundamental
to the development of old-growth conditions is the
interaction of forest processes with repeated fires.
In the absence of repeated fire, tree density tends
to remain high, and the fuel structure develops to

the point where a very intense fire kills most of
the trees. As a result, old-growth conditions are
never reached.

Frequent surface fires allow larger trees to persist,
limit the success of new trees, and foster the
spatial pattern of open meadows mixed with tree
clumps. Surface fires that recur every few years or
decades kill most of the small trees that managed
to establish during years with favorable
precipitation and seed crops. The trees that
survive the fires experience less competition for
light and soil moisture, leading to higher rates of
individual growth, thicker bark, and higher
canopy base heights—all of which makes these
trees more resistant to subsequent surface fires.
The grasses, forbs, and shrubs that thrive between
clumps of trees are typically burned

by surface fires, but these plants often resprout
from surviving roots or reseed.

Without the recurring cultivation of the forest by
fire, old-growth conditions may not develop. Fire
suppression allows tree seedlings to recruit in
large numbers, forming denser stands. Wildfire
spreads more easily into the canopies of smaller
trees with low branches, and from smaller trees
into the crowns of previously fire-resistant old
trees. With abundant small trees established
among the more scattered old growth, fire may
spread rapidly across large areas, with high
mortality in all age and size classes.

Productivity, Hydrology, and Nutrient Cycling

One of the most distinctive features of
frequent-fire, old-growth forests is the major
contribution that the understory vegetation
(grasses, forbs, shrubs) makes to ecosystem
diversity and productivity. In the absence of fire,
the density of overstory trees increases, which



reduces the diversity of understory vegetation
10–30% (Fig. 2, Laughlin and Grace 2006). This
relationship between the density of trees and
understory diversity is further influenced by the
number of years between fires (the fire return
interval). For example, a ponderosa pine forest on
the Kaibab Plateau that burned in the past 10
years might have 35 species in the understory,
compared with 28 species after 70 years without a
fire, and 22 species after 120 years without a fire
(Laughlin et al. 2005).

Restoration treatments reduce tree density and
lower the total growth of trees in a forest, but
increase the growth of residual (retained) trees
and the biomass and productivity of the
understory. In Montana, understory plant diversity
declined the first year after a thinning and burning

restoration treatment in a ponderosa
pine–Douglas-fir forest, but increased
significantly 2 years after treatment (Metlen and
Fiedler 2006). Experiments around northern
Arizona typically show understory biomass and
growth increases of more than two-fold in
response to thinning and prescribed burning (Fig.
3; Abella 2004, Gildar et al. 2004, Moore et al.
2004). Restoration treatments appear to have little
effect on the total productivity of the forests, but
they shift how the growth is allocated between the
overstory and understory. A restoration
experiment at Fort Valley near Flagstaff, Arizona
showed that total production did not change, but
the proportion accounted for by the understory
rose from 10% to
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Fig. 2. The richness of understory plant species declines with increasing density of overstory pine trees,
on the Kaibab Plateau in northern Arizona (after Laughlin and Grace 2006). Typical historic conditions
would have had about 35 species per 0.1-ha plot, but with changing land use and fire regimes, the most
common species richness has declined to 25 to 30 species per 0.1-ha plot.



about 25%. The benefit of restoration treatments
also differs among plant types. For example, the
restoration responses at Fort Valley were greater
for grasses than forbs (Moore et al. 2006), greater
for leguminous forbs than other types, and greater
for C3 grasses (e.g., bottlebrush squirreltail
(Elymus elymoides subsp. elymoides)) than C4

grasses (e.g., mountain muhly (Muhlenbergia
montana)). All of these trends might differ in
response to major or minor differences in
restoration prescriptions, site history, and current
weather.

The higher productivity of understory plants in

old
growth (and restored) forests in frequent-fire

landscapes results in part from the low canopy
leaf area of the overstory trees. Tree canopies
cover less than half of the ground area (and
commonly as little as 25%). Despite this patchy
distribution of trees, the total amount of leaves in
the tree canopy on 1 ha would still provide 2 or 3
ha of leaf surface area to intercept light. Forests in
landscapes with higher supplies of water
commonly have canopy surface areas of 4 to 6 ha
displayed for each hectare of ground area.
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Fig. 3. Understory biomass and growth were much higher in forests with restoration treatments than in
control forests (from summary of Abella 2004, Gildar et al. 2004, Moore et al. 2006). The greatest
proportional increases occur when the biomass in the unrestored forests is particularly low.



The amount of tree leaf area in a forest may have
important effects on the supply of water in the soil
that is available for both trees and understory
vegetation. Precipitation falling on tree canopies
may be intercepted, accumulating briefly on the
needles before evaporating back to the
atmosphere, never reaching the soil. Forests with
high leaf area not only lose more precipitation
from this interception loss, but they also have
higher rates of water use by trees, with lower
amounts of soil water available for use by
understory plants. In wetter landscapes, changes
in the amount of tree leaf area influence the
amount of water reaching streams. For example,
reducing tree cover in higher-elevation forests in
the Rocky Mountains commonly increases

stream flow by 15 to 30% (MacDonald and
Stednick 2003). The amount of water flowing in
streams in frequent-fire landscapes depends less
on the density and size of trees (and canopies)
than in wetter areas, because drier conditions
mean that water not used by trees will be used by
understory plants. Restoring old-growth structure
to forests in frequent-fire landscapes may lead to
increased streamflow during wet periods and,
perhaps, to some recharge of subsurface aquifers.

Forest restoration treatments generally improve
the water status of large trees, reducing water
stress, and increasing the volume of resin in stems
(Wallin et al. 2004, Zausen et al. 2005). Improved
water
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status may enhance the overall vigor of trees,
leading to lower rates of mortality from bark
beetles and other insects and diseases.

Nutrient cycles in forests are influenced directly
by fire, including losses (such as nitrogen

converted to
gas as biomass is consumed) and

probably short
term increases in availability of

some nutrients (including nitrogen). In the longer
run, differences between old-growth and
non-old-growth conditions may derive from the
indirect effects of changes in vegetation
composition than from the direct, cumulative
effects of fires (Hart et al. 2005a).



EVOLUTION AND ADAPTATION

The biotic processes in forests develop from
interactions between genes, organisms, and
environmental factors. The genetics of a forest
include those of trees, understory plants, wildlife,
and the unimaginably diverse organisms in the
soil. Although the interactions among genes,
organisms, and environmental factors in a
ponderosa pine forest are beyond the scope of this
article (and indeed, beyond human
comprehension!), we provide a few examples to
illustrate the complexity and resilience of this
system.

Bark Beetles

Bark beetles are an important, natural component
of many conifer ecosystems. Bark beetles (and
their fungal symbionts) routinely kill small
numbers of pine trees and, occasionally, extremely
high beetle populations lead to massive pine
mortality across very large areas. A number of
factors—drought, lightning strikes, root
pathogens, large fire scars, severe defoliation, tree
senescence, excessive competition—make an
individual old tree or stand more susceptible to
bark beetle outbreaks. Recent thinning may also
contribute to increased wind turbulence in a stand,
leading to root damage and, perhaps, making
individual trees susceptible to attack (Christiansen
et al. 1987).

Coniferous trees have developed two main
mechanisms to counter beetle attacks. First, they
have a system of resin ducts in the phloem and
xylem that can pitch-out invading beetles. Second,
they have developed a hypersensitive reaction to
invasion by microorganisms (including fungi,
bacteria, and viruses) that enter the tree along with

the beetles. A necrotic area, impregnated with
resinous and phenolic compounds that prevent
beetle gallery construction and fungal
proliferation, then forms around the point of
infection. This wound resin is highly toxic to
beetle eggs and larvae and also inhibits fungal
growth (Christiansen et al. 1987).

The ability of a large, old tree to resist an attack

depends on its genetic makeup and physiological
status (Franceschi et al. 2005). Independent of
age, ponderosa pine trees grow slowly when
stressed by competition. However, because most
old trees are large in size and stature, they may
have higher maintenance respiration demands
because of the amount of living,
non-photosynthetic tissue they maintain compared
with younger trees (Skov et al. 2004). Another
factor that may limit photosynthetic rate is that
these large trees also tend to have more branch
junctions and a longer root-leaf hydraulic path
length that may decrease hydraulic conductance
(Skov et al. 2004). Together, these factors may all
contribute to slow growth of old ponderosa pine
trees.

Bark beetles are only one of many potential
threats to ponderosa pine trees, and the
susceptibility to each threat differs among trees.
For example, ponderosa pine trees may be
attacked by bark beetles and infected by dwarf
mistletoe (Arceuthobium spp.), but the success of
each of these varies among individual ponderosa
pines (Fig. 4). Trees that appear susceptible to
beetles appear to be resistant to dwarf mistletoe,
and vice versa. The continued survival, growth,
and seed production of individual pine trees may
depend in part on the local prevalence of
parasites, which depends in turn on the local
genotypes of pines and local environmental
conditions.

Abert’s Squirrels

Abert’s squirrels (Sciurus aberti) are also highly
dependent on ponderosa pine trees. Ponderosa
pines provide them with places to live, nest, rest,
and hide from predators as well as food in the
form of bark, buds, flowers, and seeds
(Hoffmeister 1986). Squirrels choose individual
trees based on the (heritable) chemistry of tree
phloem. As a result, different populations of
Abert’s squirrels are adapted to different
populations of ponderosa pine (Snyder 1992,
1993; Snyder and Linhart 1994).
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Fig. 4. Some ponderosa pine trees were heavily attacked by bark beetles, some heavily infected by
dwarf mistletoe parasites, and some were unaffected—but no trees were heavily attacked by both bark
beetles and dwarf mistletoe (after Linhart et al. 1994).

Yet another ecological interaction connects
ponderosa pines and Abert’s squirrels. Squirrels
eat mycorrhizal fungi and help disperse it through
their fecal pellets. Mycorrhizal fungi are very
important to plant productivity, so if the fungi
were rare, then squirrels could, perhaps, enhance

forest productivity (Vireday 1982, Kotter and
Farentinos 1984a, b).

Mooney and Linhart (2006) have recently
developed an even more interwoven story about
pines, growth, birds, ants, spiders, aphids, wasps,
and dwarf mistletoe.
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Genetics and Old Trees

The genotypes of pine trees are influenced by both

selective pressures (Abert’s squirrels, beetles, and
dwarf mistletoes), and by the flow of genes in the
neighborhood. The genes of paternal trees flood
the local landscape as pollen drifts on the wind,
but maternal genes disperse only as far as seeds



can fall from a tree or be carried by animals (Latta
et al. 1998). Old trees may be particularly
important in a forest, as they have (by definition)
survived centuries of changing environmental and
biotic challenges. The presence of these trees in a
landscape is critical for contributing both seeds
and pollen to later generations of trees.

Resilience and Fire at the Landscape Scale

Just as individual trees have mechanisms that
make them resistant to bark beetles and fire, a
healthy, functioning forest will exhibit resilience
on a large scale. Persistence, resilience, and
resistance are all terms applied to the stability of
an ecosystem (Holling 1973, Gunderson et al.
1995, Gunderson and Holling 2002). Ecosystem
fragility is the opposite of stability and is
expediently defined as “...the degree of change in
species abundances and in species composition,
following disturbance” (Nilsson and Grelsson
1995). Frequent-fire forests are highly stable in
the long term, as long as fire is maintained in the
system. However, they may be considered fragile
in the short term following a fire. Moreover, many
of these forests are now considered fragile in the
long term, particularly following the catastrophic
fires that result from long periods of fire
suppression.

OLD-GROWTH FOREST COMPOSITION

Although processes are the driving forces behind
any ecosystem, those processes are reflected and
supported by the composition of the ecosystem,
that is by the living and non-living entities that
exist in the ecosystem. Old-growth forests, by
definition, have old trees, but the presence of old
trees is just the beginning of a description of the
composition of an old-growth forest. The frequent
return of fires provides the opportunity for a great
range of plants, animals, and microbes to coexist
in the same landscape.

Plant Composition and Structure

In frequent-fire landscapes, the diversity of plant
species in the forest understory is much greater
than the diversity of overstory species. Moreover,
frequent fires strongly influence the composition
of understory plant communities. The most
striking feature of old-growth patches of

ponderosa pine
may be the towering

“yellow-bellies”—the large
diameter giants with

the yellowish, fire-resistant bark. However, these
forests are characterized as much by the
understory that develops in the diverse range of
habitat conditions: near clumps of big trees, in
small openings between clumps, and in the open
meadows between groups of large trees. Native
perennial graminoids, including several species of
fescue (Festuca spp.) and sedges (Carex spp.),
dropseed (Blepharoneuron tricholepsis,
Sporobolus spp.), Indian ricegrass (Oryzopsis
spp.), and galleta (Pleuraphis spp.), as well as
grazing-tolerant squirreltail and western
wheatgrass (Pascopyrum smithii) and the
ubiquitous grama grasses (Bouteloua spp.), form
diverse understory communities that account for a
large portion (more than half) of the net annual
primary production in many old-growth
ponderosa pine stands (Moore et al. 2004).

In addition to the native grasses, many annual and
perennial forbs occur, usually as subdominants or
rare components of the understory plant
community. Native penstemon (Penstemon spp.),
evening primrose (Oenothera spp.), and low

growing sages (Artemesia spp.) are complemented
by diverse composites that flower throughout the
growing season. Fire-resilient or -adapted shrubs,
such as kinnikinnick (Arctostaphylos uva-ursi)
and serviceberry (Amelanchier spp.) in the Inland
Northwest, and cliffrose (Purshia spp.) and
ceanothus in the Southwest, are characteristic of
open-growing, old-growth pine forests. In many
Southwest locations, Gambel oak (Quercus
gambelii), which can be found from a
low-growing shrub to subdominant tree, is the
second most abundant woody plant.

This heterogeneity in species composition and
structural types is characteristic of most types of
old-growth forests that develop in frequent-fire
landscapes. Large overstory trees typically occur
in scattered clumps of several to several dozen
individuals sometimes in a dense matrix of
younger trees, and other times intermixed with
grassland openings of several acres. In terms of
species
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composition, structural diversity, and ecological
function, such old-growth forests contrast sharply
with the dense stands that commonly develop
when fires are suppressed. For example, Gambel
oak and ceanothus are common shrubs in most
Southwest ponderosa pine forests, but they
typically are more common, and individual plants
are larger and more developed, in open forests
dominated by large pines. This diversity in the
woody plant community has far-reaching
implications, in part because these species support
insect communities that are more diverse and
abundant than those found in pure stands of
ponderosa pine. Insect abundance, in turn,
influences bird and bat populations, pollination
rates, and the amount of wildlife forage. In this
way, the composition and structural attributes of
the ponderosa pine trees set the template for a
potentially diverse plant community whose
composition and function vary widely.

Animal Communities

Wildlife species respond in a host of ways to the
structure of forests, and to boundaries between
forests with different structures. Old-growth
forests provide habitat for many wildlife species,
but the critical habitat characteristics vary
tremendously among species in both time and
space. Some species are year-round residents, and
others use old-growth forests only for breeding,
wintering, or migration. Similarly, some species
(e.g., pygmy nuthatch (Sitta pygmaea)) rely on
specific old-growth structural components, such as
large trees, whereas others (e. g., Abert’s squirrel)
need the structure of a whole patch of old-growth
trees to facilitate their movements and provide

food. Some species (e.g.,
northern goshawk

(Accipiter gentilis)) require old
growth forest

conditions within an entire landscape matrix that
contains non-old-growth forests to meet all their
ecological needs.

Starting at the small end of the scale, standing
dead trees (snags) and partially dead trees (living
snags) are an important part of a living forest
ecosystem (Waskiewicz 2003, Chambers and
Mast 2005). Dozens of species of birds and bats
rely on living and dead trees for habitat, and many
of these species in turn may influence the success

(or failure) of other organisms (e.g., defoliating
caterpillars). Resource managers are commonly
required to provide a minimum number of snags,
but more recent insights have indicated snags
alone may not be the key to providing habitat for
species such as bats,

nuthatches, and bluebirds because the longevity
and number of dead snags is limited in
frequent-fire forest. For instance, Saab et al.
(2006) tested prescribed fire on more than 130
plots in the southwestern United States, and found
an average loss of 35% of the downed wood and
half of the standing snags (Saab et al. 2006).
Boucher et al. (2000) pointed out that snags may
not last long in frequent-fire forests because
surface fires either ignite snags or topple them by
burning the roots. The best long-term habitat may
be provided by living snags, which are live trees
with large dead limbs or tops. These living snags
often develop after lightning strikes, beetle
infestations, pathogen attack, or a combination of
these factors.

Moving up to the scale of patches or stands, forest
structure influences survival and population
persistence of a variety of wildlife species. Very
uniform spacing of trees, which is the typical
result of traditional silvicultural thinning
treatments, degrades habitats for Abert’s squirrels
(Dodd et al. 2003). Information on characteristics
and sizes of patches needed by the squirrel and the
spatial arrangement of these patches are necessary
parts of silvicultural prescriptions that ensure
viable populations of these squirrels. Similar
silvicultural and management decisions are
required for other old-growth-dependent species,
including spotted owls (Strix occidentalis).

At the scale of entire landscapes, old-growth
forests will likely be part of a landscape mosaic
that includes forests that lack old-growth
characteristics. These non-old-growth habitats

(ranging from
meadows to dense young stands to

maturing second
growth stands) might support

some aspect of an animal species’ needs. For
example, northern goshawks are habitat
generalists and their populations are often limited
by the availability of food, which causes them to
move between different habitat types. Reynolds et
al. (1992) developed a landscape model of
goshawk habitat that identifies a landscape-scale
mosaic of six vegetation structural stages, which
provide habitat for a suite of northern goshawk
prey species. These vegetation structural stages



range from grass-forb regeneration conditions to
old-growth forest. Although northern goshawks
need old-growth forests, particularly for nesting,
they also benefit from a diverse mosaic across the

landscape.

There are also symbiotic, co-evoluntionary
relationships that animals have throughout old
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growth forests. As noted in the discussion above
about Abert’s squirrels, there is almost no limit to
the nature of interactions in forests, and we are far
from having a clear understanding of which
interactions have major, cascading effects. Some
wildlife species are considered keystone species in
that other species depend on them to provide
necessary conditions. For example, populations of
hairy woodpeckers (Picoides villosus) increase

after
fire, just as populations of beetles increase

(Covert
Bratland et al. 2006). In ponderosa pine

forests in the Southwest, half of the species that

nest in tree
cavities cannot excavate cavities

(secondary cavity
nesting species), so hairy

woodpeckers may be critical in supporting a
diversity of animals. The feedback cycle turns yet
again because, without fires, the population of
hairy woodpeckers may be low, reducing the
habitat opportunities for other species, further
changing the complex forest ecosystem.

Management activities that move a forest away
from old-growth conditions change the
opportunities for many species. For example,
Szaro and Balda (1979) compared four treatments
with an uncut control plot that had some
characteristics of old-growth forests. Pygmy
nuthatches, red-faced warblers (Cardellina
rubrifrons), hermit thrushes (Catharus guttatus),
cordilleran flycatchers (Empidonax occidentalis),
and violet-green swallows (Tachycineta
thalassina) lost habitat with treatments that moved
the forests away from old-growth forest
conditions.

Grazing alters herbaceous plant composition and
structure, affecting habitat for species such as
Mogollon voles (Microtus mogollonensis)
(Chambers and Doucett 2008). Using a
stable-isotope approach, these scientists found
that herbivorous voles rely on grass and herbs for
food, and that C3 plants (e.g., yarrow (Achillea
millefolium), lupine (Lupinus spp.), fescue,

mulleins (Verbascum spp.), snakeweed
(Gutierrezia spp.)) were a more important food
source than C4 plants (e.g., species of muhly
(Muhlenbergia spp.) and grama grasses).
Excessive ungulate grazing and introduction of
invasive plant species that lead to changes in plant
species composition or reductions in C3 plants in
montane grasslands and forests would reduce
habitat quality for Mogollon voles. Mogollon
voles are also important food for the threatened
Mexican spotted owl (Strix occidentalis lucida)
(Ward 2001). Recent research indicates that vole
populations are reduced in pine–oak forests as the
result of past logging and grazing practices (Block
et al. 2005).

As noted throughout this special issue, the loss of
old-growth structure in frequent-fire landscapes
commonly leads to uncharacteristically severe
wildfires, which, in turn, benefit some animal
species and harm others. Bock and Block (2005),
for instance, compared the bird communities in
unburned and moderately and severely burned
forests. Three years after the fires, the unburned
forest had 31 species in the breeding season and
26 in the non-breeding season. Both levels of burn
intensity increased the diversity of birds, with
more than 40 species of breeding birds and 33
species of non-breeders. Species groups that
increased in response to fire included
woodpeckers, flycatchers, and thrushes.

Restoration treatments that move forests toward
old-growth structure and composition appear to be
effective in restoring bird habitat. Germaine and
Germaine (2002) found that the fledgling rate
(i.e., number of young to leave the nest) for
western bluebirds (Sialia mexicana) in restored
stands was 1.6 times greater than in dense,

untreated stands.
Converse et al. (2006a, b)

evaluated effects of fuel
reduction treatments on

small mammals and found that total biomass and
population sizes of small mammals generally

increased following thinning
and fire. The most

thorough assessments of post restoration animal

responses come from landscape
scale treatments



near Mt. Trumball in the Grand
Canyon–Parashant National Monument in
northern Arizona (Covington et al. 2005). Various
aspects of wildlife habitat and populations were

examined for
up to 9 years, and demonstrated that

restoring old
growth forest structure generally

favored species or
had much lower negative

effects than stand
replacing fire. Mule deer

(Odocoileus hemionus) tended to use restored
portions of the landscape at night, although they
used restored and control areas about equally
during the day. Abert’s squirrel populations

declined in response to the lower density of pine
trees, but the squirrels did continue living in trees
in the restored areas. Breeding pairs of northern
goshawks were found in control and restored
areas, and fledglings were successful in both
forest types. The densities of butterflies doubled in
restored areas.

Microbial Communities

Given that microbial interactions and processes
are the foundation of much of the forest
ecosystem, surprisingly little is known about the
differences in
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microbial communities between old-growth
forests and post-fire-cessation forests. The two

microbial
communities that we know the most

about are wood
decaying fungi and mycorrhizal

fungi.

A number of wood-decaying fungi infect
primarily old trees, roots, and large branches.
Several species of wood-decaying fungi found in
unmanaged older forests are rare in younger
stands (Romme et al. 1992). Aging trees tend to
become increasingly vulnerable to wood-decaying
fungi because fungi can enter through dead branch
stubs, knots, broken tops, fire scars, and wounds
such as those caused by bark beetles or
woodpeckers (Farris et al. 2004). In addition to
the vital role these pathogens play in the carbon
cycle and in recycling nutrients for plants, they
also create valuable habitat for numerous wildlife
species (Marcot 2002).

Mycorrhizal fungi form symbiotic associations
with tree roots, providing water and nutrients to
roots in exchange for sugar. Experiments by
various researchers have shown that fire may
substantially affect these fungal associations,
particularly near the soil surface. For example, a
study by Pattinson et al. (1999) that simulated the
effect of fire showed a decline in numbers of
mycorrhizal propagules and a reduction in the
hyphal network (the tiny, networked strands of
fungus). Korb et al. (2003) found a rapid increase
in arbuscular mycorrhizae following restoration
treatments in northern Arizona, whereas Smith et

al. (2005) reported a short-term reduction in
ectomycorrhizal fungi (EMF) following
prescribed fire in Oregon.

Researchers have also studied the effects of
seasonal burning on the mycorrhizal community.
Smith et al. (2004) detected that fall burning in
dry ponderosa pine stands significantly reduced
duff depth, live root biomass, and EMF species
richness compared with spring burning. The
probability of mature tree mortality was also
greater after fall burning. Meyer et al. (2005)
found that burning reduced litter depth and log
volume as well as the frequency, biomass, and
species richness of mycorrhizal truffles in an area
of the Sierra Nevada. The authors posit that
decaying woody debris forms an important
reservoir of moisture and nutrients, especially in
dry forests, for fruiting fungi. It also appears that
mycorrhizal fungi are more likely to survive when
the duff layer is thin or moist.

Hart et al. (2005a) report that repeated burning
(every 2 years during a 20-year period) reduced
fine

root length, fine root biomass, and mycorrhizal
root biomass, as well as the amount of nitrogen
and phosphorous stored in the belowground pools.
The authors speculate that the change in these
pools most likely occurred during the first few
prescribed burns when the fuel loads and fire
intensities would have been highest. Their results
suggest that such frequent burning may have
negative long-term effects on belowground
biomass pools and nutrient cycling. They also
postulate that these negative effects may be
avoided by mechanically removing some of the
accumulated fuel before prescribed burning.



Despite these descriptive studies and experiments,
we essentially know very little about the critical
changes that may (or may not) follow the loss of
old-growth characteristics in a forest. A recent
study (Hart et al. 2005b) found that a fire
following a long, fire-free period reduced the
diversity of the bacterial community by more than
half, yet more than doubled the diversity of the
fungal community. We do not know if these
dramatic changes have important cascading
effects in the forest.

HUMAN VALUES

Although this is covered in more depth by other
authors in this special issue, we also want to say
that old-growth forests in frequent-fire landscapes

provide a host of human values that go beyond the
list of species present, or economic and ecological
functions. For instance, old-growth forests carry a
legacy of information from earlier times. They can
tell us a great deal about how climates have varied
in past epochs, and how the forests (and fires)
responded. Without the information held in tree
rings, we would not know how the landscapes of
the southwestern United States were influenced by
patterns of El Niño/Southern Oscillation
precipitation (Grissino-Mayer and Swetnam 2000)
or to what degree the rise and fall of dryland
civilizations related (or not) to climate (Dean
1988). We also recognize that many people see an
inherent beauty in old-growth forests (Huckaby et
al. 2003), and find personal sustenance from these
“wilderness” or wild landscapes.
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KNOWLEDGE GAPS

All forests are complicated ecosystems, making
the potential list of gaps in our knowledge almost
unbounded. Nevertheless, we can identify several
key areas where studies and experiments are
needed to fill major gaps that hinder restoration
efforts of old growth in the frequent-fire forests of
the American West.

Ability of Understory Vegetation to Respond
to Restoration Treatments

How well can we recover the historical understory
(and related animal habitat features) that
characterized old-growth conditions? The absence
of fire for a century has been coupled in many
forests with a host of other land-use impacts,
including intensive livestock grazing and logging.
Long-term plots from northern Arizona have
shown not only declines in total understory
production and species diversity, but also shifts
among vegetation types (such as greater losses of
C4 grasses than C3 grasses). How well can the
understory recover its former productivity and
species composition in response to thinning or
thinning plus fire? Does the season and/ or
frequency of burning have an effect on the
understory? Will adding native seed from nearby
areas be critical? How did use by Native
Americans affect the understory of

pre-European-settlement, old-growth forest
understories? More experiments across a variety
of landscape conditions are needed to answer
these and other questions related to understory
vegetation.

Ability of Frequent-fire Forests to
Recover Following Catastrophic Wildfires

How does ecosystem recovery progress after
severe wildfires that exceed the historical range of
fire behavior in frequent-fire landscapes? We
expect that recovery will be slow, but will
recovery eventually occur or will the forests be
converted to other vegetation types (grasslands or
shrublands)? What restoration treatments would
be most effective for recovering natural forest
composition, structure, and function after large,
severe fires? Which treatments can move forests
toward old-growth conditions and also reduce
risks of severe fires?

Ability to Extrapolate Knowledge of
Certain Forests to Other Places and Forest
Types

Much of our knowledge about old-growth
conditions in frequent-fire landscapes comes from
a very limited range of forest types, and detailed
information comes from an even more restricted
set of intensive study sites. How representative are
the ponderosa pine landscapes of northern
Arizona for ponderosa pine in other areas? How
different are dry mixed-conifer forests from
ponderosa pine forests, and how do they vary with



landscape position locally and throughout the
West? We have a good general understanding the

key questions and
the important processes, but

restoration of old
growth conditions in any local

forest will depend on locally appropriate details.

The Uncertainty of Climate Change and
its Effects on Forested Ecosystems

Climates have changed dramatically in the past 10
000 years, and the 21st century will likely differ
from the 19th century. What do we need to know
to foster old-growth forest conditions under
various climate scenarios? If managers can only
afford to restore a portion of a landscape (which is
almost always the case), should restoration focus
on lower-elevation sites (with the risk that climate
changes would shift the ecotone upward)? This
knowledge gap will probably not be filled by data
collection or experimentation, but the potential

effects of climate change need to be kept in mind.

Responses to this article can be read online at:
http://www.ecologyandsociety.org/vol12/iss2/art18/responses
/

LITERATURE CITED

Abella, S. R. 2004. Tree thinning and prescribed
burning effects on ground flora in Arizona
ponderosa pine forests: a review. Journal of the
Arizona-Nevada Academy of Science 36:68–76.

Allen, C. D., M. Savage, D. A. Falk, K. F.
Suckling, T. W. Swetnam, T. Schulke, P. B.
Stacey, P. Morgan, M. Hoffman, and J. T.
Klingel. 2002. Ecological restoration of
southwestern ponderosa pine ecosystems: a broad
perspective. Ecological Applications
12:1418–1433.

Case 1:21-cv-00518-DAD-HBK Document 9-6 Filed 04/20/21 Page 32 of 166
Ecology and Society 12(2): 18

http://www.ecologyandsociety.org/vol12/iss2/art18/

Arno, S. F. 1980. Forest fire history in the
northern Rockies. Journal of Forestry
78:460–465.

Arno, S. F., and C. E. Fiedler. 2005. Mimicking
nature’s fire: restoring fire-prone forests in the
West. Island Press, Washington, D.C., USA.

Arno, S. F., J. Scott, and M. Hartwell. 1995.

Age
class structure of old growth ponderosa pine/

Douglas-fir stands and its relationship to fire
history. U.S. Forest Service Research Paper 481.

Bailey, J. D., and W. W. Covington. 2002.
Evaluating ponderosa pine regeneration rates
following ecological restoration treatments in
northern Arizona, USA. Forest Ecology and
Management 155:271–278.

Block, W. M., J. L. Ganey, P. E. Scott, and R.
King. 2005. Prey ecology of Mexican spotted
owls in pine-oak forests of northern Arizona.
Journal of Wildlife Management 69:618–629.

Bock, C. E., and W. M. Block. 2005. Response
of birds to fire in the American southwest. Pages
1093– 1099 in C. J. Ralph and T. D. Rich, editors.

Bird conservation implementation and integration
in the Americas: Proceedings of the third
international Partners in Flight conference.
Volume 2. U.S. Forest Service General Technical
Report PSW-GTR-191.

Boucher, P. F., W. M. Block, G. V. Benavidez,
and L. W. Wiebe. 2000. Implementing the
expanded prescribed fire program on the Gila
National Forest, New Mexico: implications for
snag management. Proceedings of the Tall
Timbers Fire Ecology Conference 21:104–113.

Chambers, C. L., and R. R. Doucett. 2008. Diet
of the Mogollon vole as indicated by stable
isotope analysis (13 C and 15 N). Western North
American Naturalist (In press).

Chambers, C. L., and J. N. Mast. 2005.
Ponderosa pine snag dynamics and cavity
excavation following wildfire in northern Arizona.
Forest Ecology and Management 216:227–240.

Christiansen, E., R. H. Waring, and A. A.
Berryman. 1987. Resistance of conifers to bark
beetle attack: searching for general relationships.
Forest Ecology and Management 22:89–106.

Converse, S. J., W. M. Block, and D. C. White.
2006a. Small mammal population and habitat
responses to forest thinning and prescribed fire.



Forest Ecology and Management 228:263–273.

Converse, S. J., G. C. White, and W. M. Block.
2006b. Small mammal response to thinning and
wildfire in ponderosa pine-dominated forests of
the southwestern USA. Journal of Wildlife
Management 70(6):1711–1722.

Covert-Bratland, K. A., W. M. Block, and T.
Theimer. 2006. Hairy woodpecker winter ecology
in ponderosa pine forests representing different
ages since wildfire. Journal of Wildlife
Management 70 (5):1379–1392.

Covington, W. W., D. Vosick, and K. A. Lowe.
2005. Southwest fire initiative final report.
Submitted to the Bureau of Land Management by
the Ecological Restoration Institute, Flagstaff,
Arizona, USA.

Dean, J. S. 1988. Dendrochronology and
paleoenvironmental reconstruction on the
Colorado Plateaus. Pages 119–167 in G.J.
Gumerman, editor. The Anasazi in a changing
environment. School of American Research Book,
Cambridge University Press, New York, New
York, USA.

Dodd, N. L., J. S. States, and S. S. Rosenstock.
2003. Tassel-eared squirrel population, habitat
condition, and dietary relationships in
north-central Arizona. Journal of Wildlife
Management 67:622– 633.

Egan, D. and E. A. Howell, editors. 2001. The
historical ecology handbook: a restorationist’s
guide to reference ecosystems. Island Press,
Washington, D.C., USA.

Everett, R. L., R. Schellhaas, D. Keenum, D.
Spurbeck, and P. Ohlson. 2000. Fire history in
the ponderosa pine/Douglas-fir forests on the east
slope of the Washington Cascades. Fire Ecology
and Management 129:207–225.

Farris, K. L., M. J. Huss, and S. Zack. 2004.
The role of foraging woodpeckers in the
decomposition of ponderosa pine snags. The
Condor 106:50–59.

Franceschi, V. R., P. Krokene, E. Christiansen,
and T. Krekling. 2005. Anatomical and chemical
defenses of conifer bark against bark beetles and
other pests. The New Phytologist 167:353–376.

Case 1:21-cv-00518-DAD-HBK Document 9-6 Filed 04/20/21 Page 33 of 166
Ecology and Society 12(2): 18

http://www.ecologyandsociety.org/vol12/iss2/art18/

Friederici, P., editor. 2003. Ecological restoration
of southwestern ponderosa pine forests. Island
Press, Washington, D.C., USA.

Fulé, P. Z., W. W. Covington, H. B. Smith, J. D.
Springer, T. A. Heinlein, K. D. Huisinga, and
M. M. Moore. 2002. Comparing ecological
restoration alternatives at Grand Canyon, Arizona.
Forest Ecology and Management 170:19–41.

Fulé, P. Z., W. W. Covington, M. T. Stoddard,
and D. Bertolette. 2006. Minimal impact
restoration treatments have limited effects on
forest structure and fuels at Grand Canyon, USA.
Restoration Ecology 14(3):357–368.

Fulé, P. Z., J. Villanueva-Díaz, and M. Ramos

Gómez. 2005. Fire regime in a conservation
reserve in Chihuahua, Mexico. Canadian Journal
of Forest Research 35:320–330.

Germaine, H. L., and S. S. Germaine. 2002.
Forest restoration treatment effects on the nesting

success of western bluebirds. Restoration Ecology
10:362– 367.

Gildar, C. N., P. Z. Fulé, and W. W. Covington.
2004. Plant community variability in ponderosa
pine forest has implications for reference
conditions. Natural Areas Journal 24(2):101–111.

Grissino-Mayer, H. D., and T. W. Swetnam.
2000. Century-scale climate forcing of fire
regimes in the American Southwest. Holocene
10:213–220.

Gunderson, L., and C. S. Holling, editors.
2002. Panarchy: understanding transformations
in human and natural systems. Island Press,
Washington, D. C, USA.

Gunderson, L., C. S. Holling, and S. Light,
editors. 1995. Barriers and bridges to the renewal
of ecosystems and institutions. Columbia
University Press, New York, New York, USA.

Hart, S. C., A. T. Classen, and R. J. Wright.
2005a. Long-term interval burning alters fine root
and mycorrhizal dynamics in a ponderosa pine
forest. Journal of Applied Ecology 42:752–761.



Hart, S. C., T. H. DeLuca, G. S. Newman, M.
D. MacKenzie, and S. I. Boyle. 2005b. Post-fire
vegetative dynamics as drivers of microbial
community structure and function in forest soils.

Forest Ecology and Management 220:166–184.

Hoffmeister, D. F. 1986. Mammals of Arizona.
University of Arizona Press and Arizona Game
and Fish Department, Tucson and Phoenix,
Arizona, USA.

Holling, C. S. 1973. Resilience and stability of
ecological systems. Annual Review of Ecology
and Systematics 4:1–23.

Huckaby, L. S., M. R. Kaufmann, P. J.
Fornwalt, J. M. Stoker, and C. Dennis. 2003.
Identification and ecology of old ponderosa pine
trees in the Colorado Front Range. U.S. Forest
Service General Technical Report
RMRS-GTR-110.

Kaufmann, M. R., T. T. Veblen, and W. H.
Romme. 2006. Historical fire regimes in
ponderosa pine forests of the Colorado Front
Range, and recommendations for ecological
restoration and fuels management. Colorado
Forest Restoration Institute, Colorado State
University, and The Nature Conservancy, Fort
Collins, Colorado, USA.

Keeley, J. E., and N. L. Stephenson. 2000.
Restoring natural fire regimes to the Sierra
Nevada in an era of global change. Pages 255–265
in D. N. Cole, S. F. McCool, W. T. Borrie, and J.
O’Loughlin, compilers. Wilderness science in a
time of change conference–Volume 5: Wilderness
ecosystems, threats, and management. U.S. Forest
Service Proceedings RMRS-P-15-VOL-5.

Korb, J. E., N. C. Johnson, and W. W.
Covington. 2003. Arbuscular mycorrhizal
propagule densities respond rapidly to ponderosa
pine restoration treatments. Journal of Applied
Ecology 40:101– 110.

Kotter, M. M., and R. C. Farentinos. 1984a.
Formation of ponderosa pine ectomychorrhizae
after inoculation with feces of tassel-eared
squirrels. Mycologia 76:758–760.

———. 1984b. Tassel-eared squirrels as spore
dispersal agents of hypogeous mycorrhizal fungi.
Journal of Mammalogy 65:684–667.

Landres, P. B., P. M. Morgan, and F. J.
Swanson. 1999. Overview of the use of natural
variability concepts in managing ecological
systems. Ecological Applications 9(4):1179–1188.

Case 1:21-cv-00518-DAD-HBK Document 9-6 Filed 04/20/21 Page 34 of 166
Ecology and Society 12(2): 18

http://www.ecologyandsociety.org/vol12/iss2/art18/

Latta, R. G., Y. B. Linhart, D. Fleck, and M.
Elliot. 1998. Direct and indirect estimates of seed
versus pollen movement within a population of
ponderosa pine. Evolution 52:61–67.

Laughlin, D. C., J. D. Bakker, and P. Z. Fulé.
2005. Understory plant community structure in
lower montane and subalpine forests, Grand
Canyon National Park, USA. Journal of
Biogeography 32:2083–2102.

Laughlin, D. C., and J. B. Grace. 2006. A
multivariate model of plant species richness in
forested systems: old-growth montane forests
with a long history of fire. Oikos 114:60–70.

Leopold, A. 1920. Piute forestry vs. forest fire
prevention. Southwestern Magazine 2:12–13.
(Reprinted as: Paiute forestry. 1990. Pages
139–142 in D.E. Brown and N.B. Carmony,

editors. Aldo Leopold’s southwest. University of
New Mexico Press, Albuquerque, New Mexico,
USA.

Long, J. N., and F. W. Smith. 2000.
Restructuring the forest: goshawks and the
restoration of southwestern ponderosa pine.
Journal of Forestry 98:25–30.

MacDonald, L. H., and J. D. Stednick. 2003.
Forests and water: a state-of-the-art review for
Colorado. Colorado Water Resources Research
Institute Report No. 196.

Marcot, B. G. 2002. An ecological functional
basis for managing decaying wood for wildlife.
Pages 895–910 in W. F. Laudenslayer, Jr., P. J.
Shea, B. E. Valentine, C. P. Weatherspoon, and T.
E. Lisle, editors. Proceedings of the symposium on
the ecology and management of dead wood in
western forests. U.S. Forest Service General
Technical Report PSW-GTR-181.



Metlen, K. L., and C. E. Fiedler. 2006.
Restoration treatment effects on understory of
ponderosa pine/ Douglas-fir forests in western
Montana. Forest Ecology and Management
222:355–369.

Meyer, M. D., M. P. North, and D. A. Kelt.
2005. Short-term effects of fire and forest thinning
on truffle abundance and consumption by
Neotamias speciosus in the Sierra Nevada of
California. Canadian Journal of Forest Research
35:1061– 1070.

Mooney, K. A., and Y. B. Linhart. 2006.
Contrasting cascades: insectivorous birds increase
pine but not parasitic mistletoe growth. Journal of
Animal Ecology 75:350–357.

Moore, M. M., C. A. Casey, J. D. Bakker, J. D.
Springer, P. Z. Fulé, W. W. Covington, and D.
C. Laughlin. 2006. Herbaceous vegetation
responses (1992–2004) to restoration treatments
in a ponderosa pine forest. Rangeland Ecology
and Management 59:135–144.

Moore, M. M., W. W. Covington, and P. Z.
Fulé. 1999. Reference conditions and ecological
restoration: a southwestern ponderosa pine
perspective. Ecological Applications 9(4):1266–
1277.

Moore, M. M., D. W. Huffman, P. Z. Fulé, W.
W. Covington, and J. E. Crouse. 2004.
Comparison of historical and contemporary forest
structure and composition of permanent plots in

southwestern ponderosa pine forests. Forest
Science 50:162–176.

Morgan, T. A., C. E. Fiedler, and C. W.
Woodall. 2002. Characteristics of dry site
old-growth ponderosa pine in the Bull Mountains
of Montana, USA. Natural Areas Journal
22(1):11–19.

Nilsson, C., and G. Grelsson. 1995. The fragility
of ecosystems: a review. Journal of Applied
Ecology 32: 677–692.

Pattinson, G. S., K. A. Hammill, B. G. Sutton,
and P. A. McGee. 1999. Simulated fire reduces
the density of arbuscular mycorrhizal fungi at the
soil surface. Mycological Research
103(4):491–496.

Reynolds, R. T., T. G. Russel, M. H. Reiser, R.
L. Bassett, P. L. Kennedy, D. A. Boyce, Jr., G.
Goodwin, R. Smith, and E. L. Fisher. 1992.
Management recommendations for the northern
goshawk in the southwestern United States. U.S.
Forest Service General Technical Report RM-217.

Romme, W. H., D. W. Jamieson, J. S. Redder,
G. Bigsby, J. P. Lindsey, D. Kendall, R. Cowen,
T. Kreykes, A. W. Spencer, and J. C. Ortega.
1992. Old-growth forests of the San Juan National
Forest in southwestern Colorado. Pages 154–165
in M. R. Kaufmann, W. H. Moir, and R. L.
Bassett, editors. Old-growth forests in the
southwest and Rocky Mountain regions:
Proceedings of a workshop. U.

Case 1:21-cv-00518-DAD-HBK Document 9-6 Filed 04/20/21 Page 35 of 166
Ecology and Society 12(2): 18

http://www.ecologyandsociety.org/vol12/iss2/art18/

S. Forest Service General Technical Report
RM-213.

Saab, V., L. Bate, J. Lehmkuhl, B. Dickson, S.
Story, S. Jentsch, and W. Block. 2006. Changes
in downed wood and forest structure after
prescribed fire in ponderosa pine forests. U.S.
Forest Service Proceedings RMRS-P-41.

Skov, K. R., T. E. Kolb, and K. F. Wallin. 2004.
Tree size and drought affect ponderosa pine
physiological response to thinning and burning
treatments. Forest Science 50(1):81–91.

Smith, J. E., D. McKay, G. Brenner, J.
McIvers, and J. W. Spatafora. 2005. Early

impacts of forest restoration treatments on the
ectomycorrhizal fungal community and fine root
biomass in a mixed conifer forest. Journal of
Applied Ecology 42:526– 535.

Smith, J. E., D. McKay, C. G. Niwa, W. G.
Thies, G. Brenner, and J. W. Spatafora. 2004.
Short-term effects of seasonal prescribed burning
on the ectomycorrhizal fungal community and
fine root biomass in ponderosa pine stands in the
Blue Mountains of Oregon. Canadian Journal of
Forest Research 34:2477–2491.

Snyder, M. A. 1992. Selective herbivory by
Abert’s squirrel mediated by chemical variability
in ponderosa pine. Ecology 73:1730–1741.

———. 1993. Interactions between Abert’s
squirrel and ponderosa pine: the relationship



between selective herbivory and host plant fitness.
American Naturalist 141:866–879.

Snyder, M. A., and Y. B. Linhart. 1994.
Nest-site selection by Abert’s squirrel: chemical
characteristics of nest trees. Journal of
Mammalogy 75:136–141.

Stephenson, N. L. 1999. Reference conditions for
giant sequoia forest restoration: structure, process,
and precision. Ecological Applications 9:1253–
1265.

Swetnam, T. W, C. D. Allen, and J. L.
Betancourt. 1999. Applied historical ecology:
using the past to manage for the future.
Ecological Applications 9 (4):1189–1206.

Szaro, R. C., and R. P. Balda. 1979. Bird
community dynamics in a ponderosa pine forest.

Studies in Avian Biology 3.

van Mantgem, P., and M. Schwartz. 2003. Bark
heat resistance of small trees in Californian mixed
conifer forests: testing some model assumptions.
Forest Ecology and Management 178: 341–352.

Veblen, T. T., T. Kitzberger, and J. Donnegan.
2000. Climatic and human influences on fire
regimes in ponderosa pine forests in the Colorado
Front Range. Ecological Applications
10(4):1178– 1195.

Vireday, C. C. 1982. Mycophagy in tassel-eared
squirrels (Sciurus aberti aberti and S. a.
kaibabensis) in northern Arizona. Thesis.
Northern Arizona University, Flagstaff, Arizona,

USA.

Wallin, K. F., T. E. Kolb, K. R. Skov, and M. R.
Wagner. 2004. Seven-year results of thinning and
burning restoration treatments on old growth
ponderosa pines at the Gus Pearson Natural Area.
Restoration Ecology 12:239–247.

Ward, J. P., Jr. 2001. Ecological responses by
Mexican spotted owls to environmental variation
in the Sacramento Mountains, New Mexico.
Dissertation. Colorado State University, Fort
Collins, Colorado, USA.

Waskiewicz, J.D. 2003. Snags and partial snags
in managed, relict, and restored ponderosa pine
forests of the Southwest. Thesis. Northern Arizona
University, Flagstaff, Arizona, USA .

Youngblood, A., T. Max, and K. Coe. 2004.
Stand structure in eastside old-growth ponderosa
pine forests of Oregon and northern California.
Forest Ecology and Management 228:191–217.

Zausen, G. L, T. E. Kolb, J. D. Bailey, and M.
R. Wagner. 2005. Long-term impacts of stand
management on ponderosa pine physiology and
bark beetle abundance in northern Arizona: a
replicated landscape study. Forest Ecology and
Management 218:291–305.

Zier, J. L., and W. L. Baker. 2006. A century of
vegetation change in the San Juan Mountains,
Colorado: an analysis using repeat photography.
Forest Ecology and Management 228:251–262.



Case 1:21-cv-00518-DAD-HBK Document 9-6 Filed 04/20/21 Page 36 of



166EXHIBIT C



Case 1:21-cv-00518-DAD-HBK Document 9-6 Filed 04/20/21 Page 37 of 166

Mixed-severity wildfire and habitat of an old-forest obligate
DAMON B. LESMEISTER ,1,2,! STAN G. SOVERN,2 RAYMOND J. DAVIS,3 DAVID M. BELL,1

MATTHEW J. GREGORY,4 AND JODY C. VOGELER4,5

1USDA Forest Service, Pacific Northwest Research Station, Corvallis, Oregon 97331 USA
2Department of Fisheries and Wildlife, Oregon State University, Corvallis, Oregon 97331 USA

3USDA Forest Service, Pacific Northwest Region, Corvallis, Oregon 97331 USA
4Department of Forest Ecosystems and Society, Oregon State University, Corvallis, Oregon 97331 USA

5Natural Resources Ecology Lab, Colorado State University, Fort Collins, Colorado 80523 USA

Citation: Lesmeister, D. B., S. G. Sovern, R. J. Davis, D. M. Bell, M. J. Gregory, and J. C. Vogeler. 2019.
Mixed-severity wildfire and habitat of an old-forest obligate. Ecosphere 10(4):e02696. 10.1002/ecs2.2696

Abstract. The frequency, extent, and severity of wildfire strongly influence the structure and function of
ecosystems. Mixed-severity fire regimes are the most complex and least understood fire regimes, and
vari ability of fire severity can occur at fine spatial and temporal scales, depending on previous
disturbance his tory, topography, fuel continuity, vegetation type, and weather. During high fire weather in
2013, a complex of mixed-severity wildfires burned across multiple ownerships within the
Klamath-Siskiyou ecoregion of southwestern Oregon where northern spotted owl (Strix occidentalis
caurina) demographics were studied since 1990. A year prior to these wildfires, high-resolution, remotely
sensed forest structural information derived from light detection and ranging (lidar) data was acquired for
an area that fully cov ered the extent of these fires. To quantify wildfire impact on northern spotted owl
nesting/roosting habitat, we fit a relative habitat suitability model based on pre-fire locations used for
nesting and roosting, and for est structure variables developed from 2012 lidar data. Our pre-fire habitat
suitability model predicted nesting/roosting locations well, and variable response functions followed
known resource selection pat terns. These forests had typical characteristics of old-growth forest, with
high density of large live trees, high canopy cover, and complex structure in canopy height. We projected
the pre-fire model onto lidar data collected two months post-fire to produce a post-fire suitability map,
which indicated that >93% of pre-fire habitat that burned at high severity was no longer suitable forest for
nesting and roosting. We also quantified the probability that pre-fire nesting/roosting habitat would burn at
each severity class (unburned/low, low, moderate, high). Pre-fire nesting/roosting habitat had lower
probability of burning at moderate or high severity compared to other forest types under high burning
conditions. Our results indi cate that northern spotted owl habitat can buffer the negative effects of
climate change by enhancing biodi versity and resistance to high-severity fires, which are predicted to
increase in frequency and extent with climate change. Within this region, protecting large blocks of old
forests could be an integral component of management plans that successfully maintain variability of
forests in this mixed-ownership and mixed severity fire regime landscape and enhance conservation of
many species.

Key words: forest structure; habitat; lidar; mixed-severity fire regime; northern spotted owl; old forest; pre-fire
vegetation condition; Strix occidentalis caurina.
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INTRODUCTION

Climate and land-use patterns are strong pre
dictors of disturbance regimes that ultimately
influence the structure and function of an ecosys
tem (Sousa 1984). Globally, forest ecosystems
are at risk of large disturbance regime shifts (fre
quency and severity) and ultimately a range of
possible alternative stable states due to climate
change-induced drought and heat stress, and
associated interactions with insect disease out
breaks and wildfire (Dale et al. 2001, Allen et al.
2010, Kitzberger et al. 2012). In the case of fire
regimes, their frequency and severity are typi
cally negatively correlated, such that frequent
fires are of lower severity, and strongly influence
community dynamics and successional path
ways (Agee 2005). Fire regimes play a key role
in species adaptations as well as community
struc ture and distribution of ecosystems,
including the availability of several key
components of wildlife habitat (Bunnell 1995,
Noss et al. 2006, Pausas and Keeley 2009).
Persistence of native wildlife species that are
adapted to historical fire regimes may be at risk
given climate change and land management
practices that alter patterns in fire frequency and
intensity relative to historical patterns. For
example, in many dry forests the extent of areas
impacted by high-severity fire is increasing, with
concern for sensitive wildlife species that rely on
forest types altered by fire (Westerling et al.
2006, Miller et al. 2008, Miller and Safford 2012,
Reilly et al. 2017, Rockweit et al. 2017).

The fire regime of an ecosystem is defined as
the natural patterns of wildfire in a given area
including fire frequency, seasonality, extent,
severity, and synergistic effects with other distur
bances (Agee 1993, Halofsky et al. 2011).
Forest successional theory suggests that in
most areas, the interval length between
disturbances should influence outcomes of
succession, such that early-seral stands, low
stature, and open micro climates are common in
ecosystems with short interval fires, whereas
those with long-interval fires generally are
dominated by mature forests with relatively
closed canopies (Donato et al. 2009, Halofsky et
al. 2011). Low-severity regimes are most often
associated with dry forest types which
experience frequent and predominantly
low-severity fires where loss of biomass due to

fire is low, and <30% mortality of trees is typical

(Agee 1993). This disturbance regime results in
stands with open canopies and an understory
dominated by sprouting and rhizomatous shrubs
and herbaceous plants, which are described in
historical accounts as open, parklike forests
(Agee 2013). The extent of these forest types
was often overrepresented in historical records
due to the ease of traveling through them and
the opportunities for pleasing photographs (Van
Pelt 2008). In truth, these open, parklike forest
condi tions do not represent many forests in
western North America (Odion et al. 2014).
Forests in high-severity fire regimes experience
infrequent (>200-yr return intervals) but
high-severity fires. Large patches of total
mortality occur within the fire events and overall
mortality is high (>70%), though areas of low-
and moderate-severity fire are also common
(Agee 1993, Turner and Romme 1994). In
western North America, these forest types
associated with high-severity fire regimes are
characteristic of high-elevation, lodgepole pine
(Pinus contorta)-dominated stands, some
spruce (Picea spp.)-dominated forests, and
moist Douglas-fir (Pseudotsuga
menziesii)/western hem lock (Tsuga
heterophylla) forests of the Pacific Northwest
(Agee 1993).

Within mixed-severity fires, 30–70% tree mor
tality is common; however, the mixed-severity
regime is not simply intermediate between low
and high-severity fire regimes (Agee 1993, Perry
et al. 2011). The resulting pattern of low-, moder
ate-, and high-severity fire patches within a
given area is highly variable and difficult to
predict (Agee 2005), although at a large enough
spatial scale (e.g., watersheds), nearly all fires
are mixed-severity (Turner and Romme 1994,
Baker et al. 2007, Halofsky et al. 2011). This
variability can occur at fine spatial and temporal
scales dependent on previous fire history,
topography, fuel continuity, vegetation type, and
weather (Heyerdahl et al. 2001, Donato et al.
2009, Thompson and Spies 2009, Krawchuk et
al. 2016). Because of the spatiotemporal
variability across the landscape, mixed-severity
fire regimes are the most complex and least
understood fire regimes, unique in terms of
patch metrics and the life history attributes of
native species (Schoennagel et al. 2004, Agee
2005, Halofsky et al. 2011). Fire histories in
mixed-severity regimes, in particular, are difficult
to determine
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because most fire history techniques have been
developed to study either the low- or high
severity extremes in fire regimes (Agee 2005).
Short-interval severe fires are an important char
acteristic of mixed-severity fire regimes and are
typically considered extreme events and
expected to be deleterious to forest succession
and diver sity (Donato et al. 2009). However,
many native plants within these forests possess
functional traits (e.g., persistent seed banks,
vegetative sprouting, rapid maturation) lending
to resilience to short-interval severe fires that
result in distinct vegetation assemblages that
enhance landscape heterogeneity inherent to
mixed-severity fire regimes (Donato et al. 2009).
Furthermore, high diversity of vegetation types,
driven by short interval repeat fires in a
mixed-severity fire regime landscapes, plays an
important role in conservation and the structure
of avian commu nities (Fontaine et al. 2009).

Fire behavior is most strongly influenced by
weather, topography, and fuels (i.e., above
ground vegetation biomass) interacting through
multiple pathways and at multiple spatial scales
(Agee 1993). Weather is perhaps the most impor
tant factor controlling fire behavior and severity,
especially in mixed-severity regimes (Bessie and
Johnson 1995, Collins et al. 2007, Thompson
and Spies 2009, Bradstock et al. 2010). In
moderate fire weather, topographical complexity
and posi tion (east- and south-facing, upper- and
mid slopes) have been shown to strongly
influence fire intensity, with pre-fire vegetation
condition and fire history also important
predictors of severity (Estes et al. 2017). Under
these condi tions, shrubs and younger forests
were more likely to burn at higher intensity than
mature for ests. In very high and severe fire
weather, the amount (fuel loads), type (e.g.,
younger vs. older forest), and vertical and
horizontal spatial arrangement of fuels
(contiguous vs. uncon nected) can be the
primary driver of spatial pat terns in
mixed-severity fire (Zald and Dunn 2018).
Furthermore, previous fires and post-fire
management can set up the landscape for pat
terns of self-perpetuating high-severity fire in
mixed-severity regimes (Donato et al. 2009,
Thompson and Spies 2010). Even in drier forest
types with high frequency of fire, certain topo
graphic settings have lower fire frequencies
where patches of dense, old forest can develop

and persist as islands in a matrix of open, older
forests (Camp et al. 1997, Krawchuk et al.
2016). With changing climates and land
management practices, the size of patches of
high-severity fire is increasing relative to
historical patterns, with concern for sensitive
species that rely on forests dramatically altered
by fire (Westerling et al. 2006, Miller et al. 2008,
Miller and Safford 2012, Reilly et al. 2017,
Rockweit et al. 2017).

Northern spotted owls (Strix occidentalis cau
rina) are an obligate species of old forests in the
Pacific Northwest of the United States and south
west Canada and typically nest in large old coni
fer trees (Wilk et al. 2018). The subspecies was
listed as threatened under the U.S. Endangered
Species Act because populations declined pri
marily as result of habitat loss due to large-scale
harvest of late-successional forests (USFWS
1990). A variety of forest types are used by
north ern spotted owls for foraging, but nesting
and roosting primarily occur in forests older than
125 yr of age. These older forests have average
tree diameters above 50 cm and many trees
exceed 75 cm diameter, canopy cover is usually
>60%, and the forest has multiple canopy layers
(Davis et al. 2016). The Northwest Forest Plan
(NWFP) was designed to protect most
remaining old forest and, after several decades,
provide enough habitat on federal lands for
viable popu lations of several old-forest species,
primarily through a network of late-successional
forest reserves (USDA and USDI 1994). On
federal lands, loss of northern spotted owl
habitat due to timber harvest has declined, but
losses due to wildfires have increased in recent
decades (Davis et al. 2016). Studies focused on
the subspecies of northern spotted owls suggest
that occupancy and survival generally decline
after fire, espe cially if post-fire logging occurs
(Clark et al. 2011, 2013, Rockweit et al. 2017).
The effects of fire on individual northern spotted
owls and habitat quality are complex and not
fully under stood (Lesmeister et al. 2018), but
clearly suit ability of forests for nesting and
roosting decreases if canopy cover is reduced
and with spatial aggregation of high-severity fire
(Davis et al. 2016, Rockweit et al. 2017, Sovern
et al. 2019).

Fire regimes within the range of northern spot
ted owls range from infrequent/high severity in
the northern and coastal regions to frequent/low
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severity in the eastern and southern regions
(Spies et al. 2018). In between these two
extremes is a broad area of mixed-severity
regimes, includ ing the Oregon Klamath, where
recent wildfires have caused high rates of loss of
old forests and threaten species associated with
them (Spies et al. 2006, 2018). Wildfires within
this regime are comprised of a mix of burn
severities, with low-severity ranging from 45% to
54% of the burned area, moderate-severity from
24% to 36%, and high-severity fire from 23% to
26% (Reilly et al. 2017). While the frequency
and extent of high-severity fire have been
increasing due to a general increase in large
wildfires within the owls range, there is no strong
evidence that high-severity wildfire comprises a
higher propor tion of burned areas than it did
historically (Miller and Safford 2012, Reilly et al.
2017).

Within the Klamath-Siskiyou ecoregion of
southwestern Oregon, an area characterized as
moderate-frequency, mixed-severity fire regime
(Spies et al. 2018), northern spotted owl demo
graphics have been studied on the Klamath
demographic study area since 1990 (Dugger et
al. 2016). In and near the study area, lightning
from a thunderstorm on 26 July 2013 started 54
fires that burned under very high fire weather
conditions and were managed as the Douglas
Complex and Big Windy Fires (Zald and Dunn
2018). Most of the fires joined into several large
fires that burned with mixed severity over an
area of about 38,000 ha. Within the fire
perimeter were large patches of high-severity
fire and sub sequent salvage logging, primarily
on private lands and along roads on federal
lands. The non overlapping—but nearby—large
mixed-severity wildfires burning simultaneously
in a mixed ownership and management
landscape pre sented a unique landscape
experiment to evaluate interactions between
severity classes (unburned/ low, low, moderate,
and high) and vegetation condition (e.g., suitable
or unsuitable forest for nesting and roosting by
northern spotted owls). Further, the study area
provided an exceptional opportunity to study
responses of vegetation to fire because
high-resolution remote sensing data of
vegetation height provided by aerial light
detection and ranging (lidar) were available pre
and post-fire, which provided an unprecedented
ability to measure forest attributes before and
immediately following the fires.

Our objectives were to (1) quantify the immedi

ate impact of various wildfire severities on north
ern spotted owl nesting/roosting habitat, which
has typical characteristics of old-growth forests
in the Pacific Northwest; and (2) analyze the
relative susceptibility of northern spotted owl
nesting/ roosting habitat to higher or lower
severity fire. We hypothesized that northern
spotted owl nest ing/roosting habitat would be
degraded as severity increased, but the
relationship would be non-linear where habitat
would not be degraded at low severity, only
slightly degraded with mod erate severity, and
highly degraded with high severity. Because the
area was in drought and fire weather was very
high to severe, we expected the high fuel
loading of northern spotted owl nesting/ roosting
habitat may cause these stands to burn at
higher or equal severity than other forest types
with less fuel (Weatherspoon et al. 1992). How
ever, several lines of evidence suggest older for
ests with dense, multi-storied canopies are more
resistant to high-severity wildfire during severe
fire weather (e.g., Countryman 1955).

METHODS

Study site
The study was conducted in the Klamath-Sis

kiyou ecoregion, which extends from northwest
ern California into southwestern Oregon (Fig. 1).
The Douglas Complex and Big Windy Fires
burned mostly within the boundary of the Kla
math northern spotted owl demography study
area (1422 km2; Fig. 1) with elevations ranging
from 610 to 1680 m. Annual precipitation ranged
from 1500 to 3000 mm over the study area
(http://prism.oregonstate.edu/), with <15% fall
ing from May to September. The region is
among the top global hotspots of species rarity
and rich ness, identified as a global center of
biodiversity, a World Wildlife Fund globally
outstanding ecoregion
(www.worldwildlife.org/publications/ global-200),
and an IUCN area of global botani cal
significance (Olson and Dinerstein 1998, Noss
2000). The complexities of climate, topography,
biogeographic patterns, geology, and mixed
severity fire regime in the Klamath and Siskiyou
Mountains create one of the four richest temper
ate coniferous forests in the world with high
ende mism, species richness, and unique
community assemblages (Noss et al. 1999,
Vance-Borland
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1999). Forests were dominated by Douglas fir,
ponderosa pine (P. ponderosa), sugar pine (P.
lambertiana), and incense cedar (Calocedrus
decurrens) and mixed with a variety of other
conifers (Pinus spp. and grand fir Abies grandis)
and hardwoods (e.g., Pacific madrone Arbutus
menziesii, golden chinquapin Castanopsis
chryso phylla, and oak Quercus spp.).

Within the Klamath-Siskiyou ecoregion, a
complex and variable fire regime prevails, domi
nated by frequent mixed-severity and very fre
quent mixed-severity fires (Fig. 1; Spies et al.
2018). Historical fire severity varied in spatial
scale, patchiness, and fire-return intervals (c. 5–
75 yr), but overall exhibiting mixed severity over

time and space (Agee 1993, Taylor and Skinner
1998, Perry et al. 2011). When a stand-replacing
fire occurs, rapid recovery of vegetation and fuel
continuity, coupled with dry summers and fre
quent lightning, create the potential for recurrent
high-severity fires over decadal timescales
(Thompson et al. 2007). Thus, short-interval sev
ere fires have likely been a component of the
complex fire regime and a factor structuring veg
etation in the region (Agee 1993, Donato et al.
2009).

Fire data
We used daily fire perimeter map data for the

Douglas Complex Fires that burned with mixed

Fig. 1. Maps showing (a) the Klamath-Siskiyou ecoregion of California and Oregon, USA (hatched area); (b)
historical fire regimes in the Klamath-Siskiyou ecoregion (Spies et al. 2018), Klamath northern spotted owl
demography study area (1422 km2; center = 123.315° W, 42.782° N, heavy black border); and (c)
landownership (federal land, gray; private land, white) and the 2013 Douglas Complex and Big Windy Fires
(cross-hatched area).
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severity: Dads Creek (final perimeter = 9890 ha),
Rabbit Mountain (9706 ha), and Brimstone (928
ha); and for the Big Windy Fire (10,799 ha; Fig.
2). Low precipitation in 2013 resulted in
moderate-to-severe drought conditions in south
ern Oregon (NDMC 2018) and contributed to
active fire behavior in the early burning period of
these fires. Zald and Dunn (2018; and unpub
lished data) summarized weather data for the
first 4 d of the Douglas and Big Windy Com
plexes (see Fig. 2 for fourth-day fire perimeters)
from three Remote Automatic Weather Stations

near fires and found maximum temperature was
25–32°C, minimum relative humidity was 17–
30%, and maximum wind speed was 19–29
kmh. After the fourth day of the fire, a
temperature inversion developed—a common
occurrence in this region (Estes et al.
2017)—which dramati cally changed fire
behavior and greatly improved the effectiveness
of suppression efforts. Mean daily burning index
(BI) for the first 4 d of the fire was 52–76, which
was above the

Fig. 2. Map of monitoring trends in burn severity (Eidenshink et al. 2007) data for the Big Windy and Douglas
Complex Fires in southwest Oregon, USA, 2013. Severity is based on change in normalized burn ratio (dNBR)
from Landsat-8 images from pre- and post-fire. The perimeter of the fires after the fourth day is outlined in
black.
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historic (1991–2017 1 June–30 September) 90th
percentile for this period (Zald and Dunn 2018).
Mean daily energy release component (ERC) val

ues ranged from 49 to 67, also above the 90th
percentile for this area (Dalton et al. 2015) for 3
of 4 d. Burning index is a fire behavior index
proportional to flame length that incorporates



wind speed estimates, and ERC is an index of
fire energy that includes the cumulative drying
effect of weather in the days prior to the estimate
and measures live and dead fuel moisture
(Bradshaw et al. 1983, Cohen and Deeming
1985). Post-fire logging occurred over much of
the high-severity portions of the private lands,
but most federal land was unlogged post-fire
because the area was designated as a
late-successional reserve under the NWFP. The
areas of the Douglas Com plex Fires were
primarily composed of Oregon and California
Railroad Lands with federal lands, managed by
the U.S. Bureau of Land Man agement, in a
checkerboard pattern with private lands (Fig. 1;
Zald and Dunn 2018). The Big Windy Fire
burned within an intact landscape of federally
managed forest lands (Fig. 1).

Pre- and post-fire habitat suitability
We used program MaxEnt version 3.3.3k (Phil

lips et al. 2006) to produce a pre-fire relative
nesting/roosting habitat suitability model of for
ests used by northern spotted owls and applied
the model algorithm to post-fire forest conditions
to map post-fire suitability. MaxEnt is based on
the maximum information entropy theory and is
widely used to develop resource selection func
tions through the use of machine learning
applied to known species locations (i.e., model
training data) and relevant environmental pre
dictor variables (Harte and Newman 2014). Pre
vious efforts also used machine learning to
develop nesting/roosting cover type models in
several northern spotted owl studies and moni
toring reports (Davis et al. 2011, 2016, Glenn et
al. 2017). We followed Ackers et al. (2015) by
using lidar-derived forest structure variables to
develop a model of suitable forest for northern
spotted owl nesting and roosting.

We used site locations where northern spotted
owls nested and roosted within the demographic
study area as training and testing data for rela
tive habitat suitability models. These location
data were collected during long-term research of
northern spotted owl demography, including
survival rates, reproductive rates, and annual
rate of population change. The protocol used to
determine site occupancy, nesting, and reproduc

tive status for this study followed the guidelines
specified by monitoring effectiveness of the
NWFP (Franklin et al. 1996, Dugger et al. 2016).

We derived our pre- and post-fire model pre
dictor variables from multiple-return discrete
lidar data acquired in 2012 (1 yr pre-fire) and
2013 (2 months post-fire) by Quantum Spatial
(previously Watershed Sciences, Corvallis, Ore
gon, USA) using aircraft-mounted Leica ALS 50
and/or Leica ALS 60 sensors with an average
point density of ≥10 points per square meter.
The 2012 data were collected as part of the
Oregon Lidar Consortium (OLC) Rogue River
lidar acquisition, covering an area of ~567,000
ha. Within this OLC Rogue River collection area,
~50,000 ha of lidar data were acquired again in
2013 post-wildfire, encompassing the Douglas
complex and Big Windy Fires. We processed all
lidar metrics from delivered point clouds, creat
ing 1-m-resolution models of highest (i.e., first)
return and bare earth digital elevation models
(DEMs) with FUSION/LDV software
(McGaughey 2015).

Following Ackers et al. (2015), we derived
four metrics from the lidar data known to be
impor tant drivers in northern spotted owl
nesting and roosting ecology: percentage
overstory canopy cover (CANOPY), mean
overstory canopy height (HEIGHT), density of
large live trees (LARGE TREES), and rumple
index (RUMPLE; Parker et al. 2004). We
calculated the percent CANOPY taller than 2 m
and the mean vegetation height using only first
returns at 30 m resolution. We calculated
RUMPLE, a measure of stand struc ture
diversity where higher values represent stands
with more horizontal and vertical com plexity,
using a 3 9 3 window focal mean of the 1-m
canopy height model (CHM; Ackers et al. 2015).
We matched the resolution of the HEIGHT and
CANOPY metrics using a cell multiplier of 30
and then derived RUMPLE from the surface
area ratio output. We calculated LARGE TREES
from point files representing large live tree (≥31
m tall) locations from the 1-m CHM and
CanopyMaxima in FUSION/LDV (McGaughey
2015). The tree height threshold of 31 m was the
average height of 80-yr-old trees based on a
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height–age relationship of trees in forest inven
tory plots from the study area. To minimize the
chance of having multiple points for the same
tree, we created 10 m radius buffers around all
points in ArcGIS 10.1 (ESRI, Redlands, Califor
nia, USA), dissolved overlapping buffers, and
then created a new point layer from the centers

of the dissolved buffers. Any trees that were
mapped only in the post-fire LARGE TREES
map were added to the pre-fire model (with the
assumption that large trees present after the fire
were present prior to fires).

Northern spotted owl presence data for model
training and testing were based on 107 nesting
or roosting locations from 27 territories. Given



that presence data originated from a long-term
north ern spotted owl study area, we were
confident that we met sampling assumptions of
minimal sampling bias and high probability of
detecting owls when they were present. We
followed stan dard procedures for presence-only
modeling to avoid multi-collinearity between
model variables by restricting modeling
response functions that were overly complex,
using stepwise calibration, and testing of
bootstrapped model replicates (O’Brien 2007,
Phillips and Elith 2013, Merow et al. 2014). We
followed the model selection method used by
Ackers et al. (2015) by using a random subset of
our owl location data (75%) and 10,000 random
modeling region locations to develop
bootstrapped replicate models that related
location data to random environmental
conditions. We used the held-out 25% of north
ern spotted owl locations to test model predic
tions. We made stepwise adjustments to the
model regularization multipliers that serve as a
penalty parameter in machine learning by elimi
nating model coefficients and keeping only those
that increase model gain, which relates to the
likelihood ratio of an average species location to
average background environmental conditions.
Higher gains produce better differentiation of
species locations from background conditions.
The best model was based on balancing two cri
teria: (1) minimizing the difference between reg
ularized training gain and test gain to avoid
over-fitting the models, while (2) maximizing
model test statistics (area under the curve [AUC]
and Spearman rank correlation [Rs]). Once the
best model was selected, we used the predicted
vs. expected (P/E) curve to classify the model

into a binary map of suitable and unsuitable
nesting/roosting habitat (Hirzel et al. 2006).

Burn severity and change in suitability
We assumed most of the negative effects of

wildfire on northern spotted owl nesting/roost ing
habitat would result from loss of canopy cover
and mortality of large trees. To capture changes
in the large, live tree component (LARGE

TREES), we needed to estimate the pro portion
of LARGE TREES that suffered mortality by fire
severity to adjust our post-fire LARGE TREES
variable for the post-fire nesting/roosting habitat
model. However, initial examination of the lidar
data indicated that the post-fire lidar data could
not differentiate live vs. dead trees ≥31 m height,
leading to a bias in the lidar-based LARGE
TREES variable. Previous research has
indicated that lidar variables are better
predictors for live and total basal area while
multispectral imagery variables (e.g., Landsat
data) are better predictors for dead and percent
dead basal area (Bright et al. 2014). For
example, changes in nor malized burn ratio
(NBR) are commonly used for mapping forest
disturbance, especially timber harvest and
wildfire (Miller and Thode 2007, Kennedy et al.
2010, 2012, Schroeder et al. 2011). In particular,
changes in NBR have been widely used to
assess fire severity (Miller et al. 2009, 2012,
Cansler and McKenzie 2012, Lydersen et al.
2016). Furthermore, changes in NBR have been
effectively related to changes in canopy cover
(Miller et al. 2009) and basal area (Reilly et al.
2017). In this study, we used changes in
satellite-based NBR from Landsat-8 to assess
changes in canopy cover, and thus tree
mortality, in live trees ≥31 m height to avoid
biases pro duced by directly calculating changes
in LARGE TREES from pre- and post-fire lidar
data.

To assess canopy cover losses, and thus
large live tree mortality associated with the fire,
we acquired two spatial datasets to be used for
map ping vegetation change within the fire
perime ters: (1) We used Google Earth Engine
(Google Earth Engine Team 2015, Gorelick et al.
2017) to collect 30-m-resolution Landsat-8
LaSRC ima gery for the study area from 1 May
to 1 August of 2013 and 2014 to generate pre-
and post-fire NBR maps; and (2) we used
post-fire high-reso lution (7.62 cm) imagery
acquired concurrently with lidar acquisition to
estimate tree canopy
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cover. For all 30 9 30 m (900 m2) pixels in the
study area, we calculated NBR in 2013 (pre-fire)
and 2014 (post-fire) as the normalized
differences between near-infrared and
shortwave-infrared bands (bands 5 and 7,
respectively; Li et al. 2013) for each Landsat-8
image. For our study area, no single image was
optimal (e.g., cloud cover over part of the area
on a given date), so we created a median
composite image of NBR for each grow ing

season (May–August; Kennedy et al. 2012).
Large, live trees represented by LARGE TREES
were only located in older forests; therefore, we
measured live tree canopy cover visible in the
high-resolution aerial photographs at 200 ran
domly generated 30 9 30 m (900 m2) plots within
older forests (95th percentile lidar return height
≥30.8 m) inside the study area snapped to the
2014 Landsat-8 pixel boundaries. Within each
plot, 36 systematically distributed sampling
points were established and tree canopy cover



was measured as the proportion of sampling
points where we observed live tree crowns in the
high-resolution imagery. Plots co-located with
roads, timber salvage, young plantations, or lack
ing clear imagery (e.g., steep slope in shadow)
were excluded from our analysis, resulting in a
final sample size of n = 181 that included post
fire canopy cover in forests experiencing a vari
ety of fire severity conditions. Note that canopy
cover measurements collected at these sample
locations represent only live tree canopy cover
and were independent from lidar-based canopy
cover estimates that include both live and dead
trees.

Statistical models relating NBR change and
forest change (e.g., basal area mortality; Reilly
et al. 2017) are available, but we did not have
reliable measurements of canopy cover change
based on both pre- and post-fire aerial pho
tographs upon which we could parameterize a
model. Pre-fire aerial imagery could not be used
in conjunction with post-fire aerial imagery to
calculate change in canopy cover directly
because of the lower resolution images and dif
fering parallax (i.e., an apparent shift in the posi
tion of objects as viewed from differing vantage
points) between pre- and post-fire images.
There fore, an accurate assessment of cover
change between photographs was unreliable.
Addition ally, published models were not
parameterized for our landscape, but rather
broad regional

datasets for California (Miller et al. 2009) or Ore
gon and Washington (Reilly et al. 2017).
Because only post-fire reference data for
canopy cover (high-resolution aerial
photographs) were avail able, we developed a
mortality algorithm based on changes in forest
canopy cover predicted from NBR data. The
algorithm (1) predicted live canopy cover based
on post-fire NBR and canopy cover
measurements from aerial photog raphy, (2)
calculated the change in predicted canopy cover

from the pre-fire to post-fire condi tions, and (3)
assigned mortality to LARGE TREES with
probability proportional to the change in
Landsat-based canopy cover.

Because tree canopy cover data were non
negative, we modeled tree canopy cover as a
function of NBR with a zero-truncated
regression model (Fig. 3). The model was fit to
the 2014 NBR (post-fire) and tree canopy cover
data in the R statistical environment version
3.3.1 (R Core Team 2016) with the function tobit
(AER pack age; Kleiber and Zeileis 2009). For
each 30-m Landsat pixel, tree canopy cover
predictions for pre- and post-fire were generated
by applying the fitted model to 2013 (before fire
ignition) and

Fig. 3. Mean (solid line) and 95% confidence inter
vals (dashed lines) for predicted live tree canopy
cover as a function of normalized burn ratio within the
Dou glas Complex and Big Windy Fires in southwest
Ore gon, USA, in 2013 based on the zero-truncated
regression model.
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2014 NBR data, respectively. To minimize differ
ences between 2013 and 2014 canopy cover
maps, we normalized the 2013 NBR data so that
the differences between 2013 and 2014 NBR out
side the fire perimeter were minimized. We
transformed the 2013 NBR image by creating a
mask of high NBR (stable forest, both 2013 and
2014 NBR were >0.75) outside the fire bound
aries, and within the study area, which served as
the population for creating a normalization
between the two image dates. We then created
a simple least-squares linear fit between NBR
2013 and NBR 2014 based on all pixels in the

mask population, with a slope of 0.845 and
intercept of 0.119 based on estimated
coefficients. We created the transformed NBR
2013 by applying slope/in tercept from linear fit,
thereby transforming the 2013 image calibrated
to the values in the 2014 image and quantified
differences.

Pre- and post-fire predictions of canopy cover
were differenced and divided by the predicted
pre-fire canopy cover to calculate the propor
tional change in canopy cover (DC). The proba
bility of mortality for a given 30-m pixel on the
landscape was taken to be 1 – DC (i.e., canopy
cover-weighted tree mortality). Areas with



canopy cover increases (i.e., DC > 0) were
assumed to have no tree mortality. We assessed
the performance of the canopy cover-weighted
mortality by comparing our predictions for each
pixel with a large live tree with an independent
basal area-weighted mortality prediction gener
ated using existing models (Appendix S1; Reilly
et al. 2017). We use these data for validation
because the models produced by Reilly et al.
(2017) predict basal area-weighted tree mortality
from a regional forest inventory network based
on RdNBR (r2 = 0.68) and perform particularly
well in identifying patches of forest experiencing
basal area-weighted mortality >75% (classifica
tion accuracy = 82.8%).

Large tree mortality within each pixel was
assigned proportional to 1 – DC. For a given
pixel with n canopy dominant trees identified
based on lidar imagery, a sample n 9 (1 – DC)
trees, rounded to the nearest integer, was taken
and recorded as having died during the fire, with
the remaining n 9 DC trees surviving. This
assumes that the number of trees dying during
the fire was proportional to the canopy cover
losses and that the identity of trees dying does

not matter. For canopy dominant trees examined
in this paper, such an assumption seems reason
able. We, therefore, used the mortality algorithm
to modify our post-fire point file of tree stems to
estimate which trees mapped by lidar suffered
mortality. We then used the post-fire live tree
point file to generate our post-fire LARGE
TREES density variable for nesting/roosting
habitat modeling.

We recognize that by leveraging multiple data
sets and modeling techniques—lidar-based
LARGE TREES and satellite-based canopy
cover weighted mortality—there is the

opportunity to propagation of error from one step
to another. For example, errors in estimating
forest carbon stocks may arise from field data
collection, allo metric equations, and modeling
errors (Clough et al. 2016). In the case of this
study, errors asso ciated with canopy cover
modeling, the calcula tion of canopy
cover-weighted mortality, and the application of
that mortality to attribute tree death to individual
trees all contribute to overall errors.

Pre-fire vegetation vs. fire severity analysis
Our main interest was to examine the relation
ship between fire severity and nesting/roosting
habitat with limited confounding effects of fire
suppression activities and differences in fire
weather during the time the fire burned. Though
it is difficult to separate the confounding effects
of suppression efforts when analyzing almost all
fires, we reasoned we could minimize this effect
by examining the early days of the fire before
more extensive backfiring occurred and suppres
sion activities had limited effect. Thus, we used
the spatial extent of daily fire growth (as mapped
using aerial IR technology each night) through
out the first 4 d after ignition. Starting at approx
imately day 5 of the fire, changes in atmospheric
temperature altered fire weather conditions and
suppression efforts included igniting backfires in
some areas (K. Kosel, personal communication;
Fig. 2). Additionally, by focusing on these rapid
fire growth days we believe there is little to no
alteration of natural fire behavior or severity
across the spectrum of northern spotted owl
nesting/roosting habitat suitability. To quantify
the odds of forest types burning in 1 of 4 severity
types, we evaluated the ratios of the proportion
of suitable and unsuitable nesting/roosting
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habitat that burned (B) at each fire severity to
what was available to burn (A). Fire severity
types were taken from Monitoring Trends in Burn
Severity (MTBS 2017) data, a map product
based on changes in NBR commonly used by
for est management agencies. The types include
high severity, moderate severity, low severity,
and unburned to low severity. By using the same
fire severity classifications commonly used by
land managers, communication and application
of results from this research will be more straight
forward. A value of B/A < 1 indicates that the
forest type burned less than would have been
expected by chance, and a ratio B/A > 1
indicates it burned more than would be expected
by chance (Moreira et al. 2001, 2009, Manly et
al. 2010). While the canopy cover-weighted
mortal ity modeling we used to attribute large

tree mor tality depends on NBR and is thus likely
related to the MTBS fire severity classes, we
use the

MTBS classes for summarizing across severity
classes because of their widely accepted use in
forest planning.

RESULTS

Pre- and post-fire habitat suitability
Our best model of nesting/roosting habitat

suitability predicted nesting/roosting locations
well with an AUC statistic of 0.89 and a P/E
curve Spearman rank correlation of 0.92. The
bin ary classification of the habitat model into
suit able and unsuitable was based on P/E = 1
(0.32). Model variable response functions (Fig.
4) fol lowed known resource selection patterns
by owls (Ackers et al. 2015, Glenn et al. 2017).



Burn severity and change in suitability
Post-fire nesting/roosting habitat suitability

decreased with increasing fire severity (Table 1),

Fig. 4. Variable response functions with percent contribution (%) to pre-fire nesting/roosting habitat suitability
model for northern spotted owls in the Klamath demographic study area in southwest Oregon, USA, where the
Douglas Complex and Big Windy Fires burned in 2013. The solid line represents the mean, and the dashed
lines represent 95% confidence intervals. Variables were derived from lidar data, and the variables included
were CANOPY (percent canopy cover), LARGE TREES (large live trees per hectare), RUMPLE (rumple index),
and HEIGHT (mean tree height [m]).

❖ www.esajournals.org 11 April 2019❖ Volume 10(4)❖ Article e02696

Case 1:21-cv-00518-DAD-HBK Document 9-6 Filed 04/20/21 Page 48 of

166LESMEISTER

ET AL.

Table 1. Metrics within areas burned at four severity classes based on Monitoring Trends in Burn Severity
(MTBS) measurements.

Fire severity

Pre-fire live
trees

Trees
killed % Mort

Mean pre-fire
NBR
Mean

post-fire NBR

∆ Mean NBR

(%)
Mean pre-fire
suitability

Mean
post-fire

suitability
% Loss
suitable

habitat

Unburned to low
66,015 2830 4 0.75 0.68 !9.2 0.22 0.20 4.5

Low 251,356 49,413 20 0.74 0.56 !24.6 0.22 0.21 25.5 Moderate 71,826 40,038 56 0.72 0.30 !58.3 0.10 0.08 63.9 High
67,897 62,348 92 0.75 !0.04 !104.9 0.12 0.03 93.7

Notes: Reported are estimated number of large live trees pre-fire, estimated number large live trees killed during fire, per
centage of large live trees killed, mean normalized burn ratio (NBR) pre (2013)- and post-fire (2014), percent change in NBR,
pre (2012)- and post-fire (2013) mean nesting/roosting habitat suitability, and percent loss of suitable nesting/roosting habitat
for northern spotted owls in the Douglas Complex and Big Windy wildfires in southwest Oregon during 2013.

mainly owing to fire-caused decreases in
LARGE TREES and CANOPY. Low-severity fire
had little effect on nesting/roosting habitat
suitability. High-severity fire resulted in 75%
decrease in mean suitability and >93% loss of
suitable nest ing/roosting habitat (Table 1) and
commonly converted pre-fire suitable forests to
conditions that were unsuitable for nesting and
roosting (Fig. 5). Overall, most pre-fire habitat
was lost if it burned at moderate severity (Table

1), but depending on the pre-fire suitability,
moderate severity fire produced mixed effects on
nesting/ roosting habitat suitability and did not
consis tently result in a loss of suitability. The
forests that burned at unburned to low severities
had pre-fire suitability values approximately two
times higher than suitability of forests that
burned at moderate or high severity (Table 1);
thus, moderate- to high-severity fire had the
greatest effect on pre-fire areas with low habitat
suitability for northern spotted owls (Fig. 6).



Tree mortality and pre-fire
vegetation vs fire severity

Canopy cover-weighted mortality (Appendix
S1: Fig. S1) generated as the basis of attributing
post fire tree mortality for large trees exhibited a
slight positive bias (mean error = 2.42% mortal
ity) and root mean square deviation of 5.82%
compared to an existing basal area-weighted
mortality model based on regional forest inven
tory datasets co-located with large wildfires
(Reilly et al. 2017). Despite these errors, our
canopy cover-weighted mortality predictions
were highly correlated with the existing basal
area-weighted mortality predictions (Pearson
correlation = 0.99).

Based on lidar tree mapping and the post-fire
NBR analysis, we estimated the fires directly
killed a total of 154,629 large live trees (51.1%
of total pre-fire estimate). Tree mortality
increased with fire severity and percent change
in NBR (Table 1). There were 2.27 times more
large live trees in areas that experienced
unburned to low severity fire compared to those
areas that burned at moderate and high severity
(Table 1). The sus ceptibility of forests to
moderate- and high-sever ity fire was lower in
suitable nesting/roosting habitat and higher in

unsuitable forest than would be expected by
chance (Fig. 6). The differ ences between low
and moderate/high severity were more
pronounced in suitable nesting/roost ing habitat
than unsuitable forest. The odds that suitable
nesting/roosting habitat would burn at lower
severity was 2–3 times higher than the odds it
would burn at moderate-to-high severity. There
were significant differences (based on non
overlapping 95% confidence intervals) between
odds of burning at low severity and burning at
moderate/high severity among forest types.
There was no evidence for a difference between
the odds (i.e., B/A index) of burning at moderate
or high severity within suitable nesting/roosting
habitat or unsuitable forest types, but there were
differences between suitable and unsuitable for
est types (Fig. 6). The odds that unsuitable
forest burned at moderate-to-high severity was
about twice that of suitable nesting/roosting
habitat.

DISCUSSION

Here, we used newly developed tools and
lidar data to examine the interaction between
mixed-severity fires and northern spotted owl
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Fig. 5. Patterns of conversion from suitable habitat to unsuitable conditions for northern spotted owl nesting
and roosting in the Douglas Complex and Big Windy Fires that burned in southwestern Oregon, USA. Binary
classification of nesting/roosting habitat was based on predicted vs. expected ratio threshold of 0.32, and lidar
metrics of live vegetation height, canopy cover, stand complexity (rumple index), and large tree density. Area
shown is the perimeter of the fires 4 d after the fire ignited on 26 July 2013.

nesting/roosting habitat under high fire weather
conditions in a landscape characterized by the
interactions between land-use patterns and a
mixed-severity fire regime. Because of high site
fidelity, northern spotted owls may continue to
use areas if suitable nesting/roosting cover
remains and prey are available. However, sur
vival decreases through time in areas with a
high proportion of high-severity fire likely
because post-fire habitat quality decreases to
the point that territories are only marginally
capable of supporting northern spotted owls
(Rockweit

et al. 2017). Within a few years post-fire, areas
opened up by tree mortality change structurally
(i.e., standing dead trees transitioning to fallen
logs) and prey may be less accessible with high
density of shrubs and herbaceous understory in
high-severity burn areas. As expected, in our
study the suitability of northern spotted owl nest
ing/roosting habitat decreased with increasing
fire severity, to the degree that much of the
pre-fire habitat that burned at high severity was
no longer suitable cover for nesting or roosting.
The greatest impacts from moderate- and
high-severity fire
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due to shade, lower temperatures, lower wind
speeds, and more compact litter layers (Country

man 1955, Chen et al. 1996, Kitzberger et al.
2012, Frey et al. 2016, Spies et al. 2018). In addi



tion, as the herbaceous and shrub layer is
reduced by shading from lower to mid-layer

canopy trees, the connection between surface
fuels and the canopy declines, despite possible

increases in canopy layering (Halofsky et al.
2011, Odion et al. 2014). Alexander et al. (2006)

found that in the Klamath-Siskiyou ecoregion,
southern aspects tended to burn with greater

severity, but exogenous factors also played an
important role because areas with large trees

burned less and had less fire damage than areas
dominated by smaller trees. On the 2002 Biscuit
Fire that burned near our study area, Thompson

and Spies (2009) concluded that weather and
Fig. 6. Ratio of proportion of suitable and unsuit

able nesting/roosting habitat that burned (B) at each
fire severity to what was available (A) to burn (B/A
index) with 95% confidence intervals, Douglas
Complex and Big Windy Fires, southwestern Oregon,
USA, 2013. We used Monitoring Trends in Burn Sever
ity (MTBS 2017) to determine fire severity types (UB
LOW, unburned to low severity; LOW, low sever ity;
MOD, moderate severity; HIGH, high severity) and
separated into suitable nesting/roosting habitat for
northern spotted owls or unsuitable forest types
based on lidar metrics. B/A index < 1 indicates that
the forest type (suitable or unsuitable) burned at the
severity class less than would have been expected by
chance, and B/A index > 1 indicates forest type
burned at the class more than by chance alone.

were observed in those forests exhibiting low
habitat suitability for northern spotted owl nest
ing and roosting before the fire.

We found that the old-forest conditions associ
ated with northern spotted owl habitat burned at
lower severity despite having higher fuel loading
than other forest types on the landscape. The
microclimate and forest structure likely played a
key role in lower fire severity in nesting/roosting
habitat compared to other forest types. As suc
cession progresses and canopy cover of shade
tolerant tree species increases, forests
eventually gain old-growth characteristics and
become less likely to burn because of higher
relative humid ity in soil and air, less heating of
the forest floor

pre-fire vegetation conditions were the primary

determinants of crown damage. They found that
forests with small-stature vegetation and areas
of open tree canopies and dense shrubs
experienced the highest levels of tree crown
damage, while older, closed-canopy forests with
high levels of large conifer cover were
associated with the low est levels of tree crown
damage. The moisture content of air and soil in
a forest affects the amount of fuel moisture, and
thus the probabil ity of ignition and burning
temperature (Heyer dahl et al. 2001). In addition
to the potential to mitigate negative effects of
climate warming at local scales by creating
refugia and enhancing biodiversity (Frey et al.
2016), we suggest that northern spotted owl
nesting/roosting habitat also has the potential to
function as fire refugia (i.e., areas with higher
probability of escaping high-severity fire
compared to other areas on landscape) in areas
with mixed-severity fire regimes under most
weather conditions. Thus, in these landscapes,
management strategies to con serve old-growth
characteristics may also reduce risk of
high-severity wildfire (Bradley et al. 2016) and
serve as buffer to negative effects of climate
change (Betts et al. 2018).

Although it has long been recognized that
older forests have lower flammability than other
forest types (Countryman 1955), federal
agencies are often criticized for not extensively
managing old forests to reduce risk of
high-severity fire (OFRI 2010). The perception is
that forest succession leads to increased
flammability with age
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(Kitzberger et al. 2012, Duff et al. 2017). Where
this view may be correct is in dry forests with his
torically very frequent fire-return intervals (<10
yr), and contemporary increased fuel conti nuity
has resulted from fire exclusion and led to
increased sizes of high-severity patches when
fires burn under extreme weather (Reilly et al.

2017). In the driest forest types, fire exclusion
converts open forests with grassy understories
to dense forests with high fuel loads, and the
increased fuel continuity can result in larger
patches of high severity fire than would have
occurred histori cally. In other forest types,
succession likely decreases risk of high-severity
fire. Compared to older forest, younger forests



have lower canopies and thinner barked trees
that reduce resistance to fire, and thinned young
forests can be susceptible to high mortality from
fire unless surface fuels are treated with
prescribed fire (Raymond and Peterson 2005).
Thinned forests have more open conditions,
which are associated with higher tem peratures,
lower relative humidity, higher wind speeds, and
increasing fire intensity. Furthermore, live and
dead fuels in young forest or thinned stands with
dense saplings or shrub understory will be drier,
making ignition and high heat more likely, and
the rate of spread higher because of the relative
lack of wind breaks provided by closed canopies
with large trees.

Primarily as inputs to fire models that estimate
likely fire behavior, fuel models involve typing
forested stands according to fuel loading and
are often used to explore or inform management
directions because fuels are under the purview
of forest managers (Deeming and Brown 1975,
Anderson 1982, Bradshaw et al. 1983, Finney
2004, Scott and Burgan 2005, Andrews 2009).
Suitable nesting/roosting habitat often falls in
classes rated as highly burnable, with fast rates
of fire spread, high flame lengths, and intense
fire behavior (Anderson 1982). Thus, fire model
results can show nesting/roosting habitat has
higher burn probabilities and higher crown fire
potential than adjacent areas (Ager et al. 2007,
2012). The results of this study as well as other
recent studies show that these older forests in
mixed-conifer forest environments are less sus
ceptible to high-severity fire than other succes
sional stages, even under high fire weather
conditions and with short return intervals <15 yr
(Donato et al. 2009). Running fire models for our

study area based on conditions during the Dou
glas Complex and Big Windy Fires would be a
worthwhile exercise to evaluate model predic
tions relative to the actual behavior of those
fires. However, based on the findings of this
study and many others (see review by Duff et al.
2017), we contend that fire models that continue
to use fuel models that rate older forests with
higher relative fire behavior will likely

overestimate fire severity and inflate estimated
loss of old forests in the Pacific Northwest. An
alternative is to consider forest fuels in a more
holistic manner and alter native
age–flammability models (Kitzberger et al. 2012,
Duff et al. 2017).

Intensive management (especially on timber
industry lands) that results in reduced fuel load
ing does not always equate to less frequent or
severe fire. Results by Charnley et al. (2017) in
southcentral Oregon showed that private indus
try lands had more than three times the percent
age area of open-canopy forest compared to
U.S. Forest Service-managed lands that
included thin ning trees <53.3 cm diameter,
prescribed fire, and no active management.
Federal land man agement practices resulted in
forests with more resilience to high-severity
wildfire as opposed to management on private
lands (Charnley et al. 2017). Furthermore, Zald
and Dunn (2018) found that ownership patterns
were the best predictor for high-severity fire in
the Douglas Complex Fires, where federal
lands, with primarily older forests in
late-successional reserves, burned at lower
severity than non-federal forests that were
primarily private timber industry lands.

Gradual changes in temperature or
precipitation patterns may have little effect until
a disturbance driven threshold is reached at
which a large shift occurs that might be difficult
or impossible to reverse (Scheffer and
Carpenter 2003). Peterson (2002) described
“ecological memory” and how previous patterns
of disturbance can predispose an area to follow
a certain disturbance pathway. For example, a
landscape that experiences severe disturbance
(e.g., high-severity fire, clear-cut log ging,
post-fire salvage logging) can be predisposed to
high-severity fire in a mixed-severity fire regime
(Thompson et al. 2007, Donato et al. 2009,
Thompson and Spies 2009, Zald and Dunn
2018). High-severity wildfire can alter soil and
succes sional pathways and potentially shift the
system into an alternative stable state (Peterson
2002). A
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key component of overall ecosystem function
and sustainability occurs belowground, and with
high severity fire, changes in the soil physical,
chemical, and biological functions can be
deleterious to the entire ecosystem caused by
changes in succes sional rates and species
composition (Neary et al. 1999). Conversely,
low-severity fire effects on soil can promote
herbaceous flora, increase plant diversity,
increase available nutrients, and thin

over-crowded forests, all of which can enhance
healthy forest ecosystems (Neary et al. 1999).
The time for recovery of belowground systems is
a key driver of ecosystem processes and
depends on burning intensity and on previous
land-use prac tices. Soils are greatly altered and
degraded in young intensively managed forest
and post salvage logged sites, which are more
susceptible to repeat and short-interval
high-severity wildfire, and these forests that
experience multiple rapid successions of natural



and human-derived distur bances may cross
thresholds and be changed catastrophically
(Lindenmayer and Noss 2006).

The Klamath-Siskiyou ecoregion is currently
dominated by biodiverse temperate coniferous
forest and may be near a tipping point toward an
alternative stable state (shrub/hardwood cha
parral) with extensive loss of conifer forest, dom
inance by deciduous trees and shrubs, and
recurring early-seral and young forest conditions
(Tepley et al. 2017, Serra-Diaz et al. 2018). The
region has experienced short intervals between
recent high-severity fires coupled with intensive
timber management in this mixed-severity fire
regime area, and the likelihood of further short
ening of fire-return intervals with climate change
(Davis et al. 2017). Even where climate is
suitable to sustain dense mature forests,
early-seral and non-forest conditions may
perpetuate because of a cycle of short-interval
repeat burning and tim ber harvest and have
dramatic impacts on biodi versity and wildlife
habitats (Lindenmayer et al. 2011, Tepley et al.
2017). Under this scenario, the persistence of
old-forest associated species, including northern
spotted owls, within the Kla math-Siskiyou
ecoregion would be further threatened.

It was recognized early in the history of north
ern spotted owl conservation that fire would play
a major role in determining the success of
management plans (Agee and Edmunds 1992).
The 2011 federal northern spotted owl recovery

plan calls for increasing fire resiliency in dry for
ests with focus on active management outside
of northern spotted owl core areas to meet
project goals (USFWS 2011). For many dry
forests in the western United States that
historically experi enced frequent, low- to
moderate-severity fire regimes, prescribed fire
and mechanical treat ments have been effective
at reducing surface fuel loads, forest structure,
and potential fire severity (Stephens et al. 2009).
In mixed-severity landscapes, the fire severity

mosaic is highly variable and the effects of
topography and cli mate are strong predictors
for this regime, but forest conditions also are
important and much less predictable and stable
(Beaty and Taylor 2001), further complicating
management deci sions aimed at increasing fire
resiliency of forests. Management actions
employed in dry forest types to reduce wildfire
risk may not work equivalently in mixed-severity
regimes. Active management actions that
include mechanical treatments degrade
suitability of forests for nest ing and roosting by
northern spotted owls (Les meister et al. 2018)
and may not always decrease risk of
high-severity fire. Further, considering trends
and forecasts for earlier spring snowmelt and
longer fire seasons, climate change may
exacerbate the effects of wildfire (Dale et al.
2001, Westerling et al. 2006), and thus the
framed conundrum between northern spotted
owl habi tat and fire management in
mixed-severity regimes. Our results indicate that
older forest in late-successional reserves (i.e.,
northern spotted owl nesting/roosting habitat)
with no active management can serve as a
buffer to the effects of climate change and
associated increase in wildfire occurrence.
These multi-storied old for ests in these
environments enhance biodiversity and have the
highest probability to persist through fire even in
weather conditions associ ated with high fire
activity.

Fuel-reduction treatments such as mechanical
thinning can effectively reduce fire severity in
the short term, but these treatments, by
themselves, may not effectively mitigate
long-term dynamics of fire behavior under
severe weather conditions and may not restore
the natural complexity of his torical stand and
landscape structure (Schoen nagel et al. 2004).
On the other hand, prescribed fire that mimics
severity and return intervals of natural fire
regimes in forests that historically
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experienced fire can result in landscapes that
are both self-regulating and resilient to fire
(Parks et al. 2015). Prescribed fire is generally
considered to be the most effective way to
reduce the likeli hood of high-severity fire in
combination with mechanical treatments
(Stephens et al. 2009). The 2013 Rim Fire in the
Sierra Nevada, California, USA, burned with low
severity in areas previ ously treated with
prescribed fires, suggesting that prescribed
burning was an effective manage ment tool to
reduce fire severity (Harris and Tay lor 2017).
Many fire-prone forests will require active

management to restore ecosystem function, but
no single prescription will be appropriate for all
areas and, in some portions of the forests, mini
mal maintenance may be more sustainable in
the long term (Noss et al. 2006). Within the
Klamath Siskiyou ecoregion, flexible and
multi-scale land management approaches that
promote diversity of forest types will likely
enhance conservation of a range of species
requiring different forest condi tions for long-term
persistence. An integral com ponent of these
approaches could include resistance strategies
(i.e., no active management) to protect
high-value older forest (Millar et al. 2007) and



prescribed fire to promote and maintain a mix of
forest conditions in this landscape char acterized
by mixed-ownership and mixed-sever ity fire
regime. Ultimately, spatial heterogeneity that
includes the buffering effects of northern spotted
owl nesting/roosting habitat may serve as a
stabilizing mechanism to climate change and
reduce tendency toward large-scale catastrophic
regime shifts.
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Abstract
Large-diameter trees dominate the structure, dynamics and function of many temperate and tropical forests.
Although both scaling theory and competition theory make predictions about the relative composition and spatial
patterns of large diameter trees compared to smaller diameter trees, these predictions are rarely tested. We
established a 25.6 ha permanent plot within which we tagged and mapped all trees $1 cm dbh, all snags $10 cm
dbh, and all shrub patches $2 m2. We sampled downed woody debris, litter, and duff with line intercept transects.
Aboveground live biomass of the 23 woody species was 507.9 Mg/ha, of which 503.8 Mg/ha was trees (SD =
114.3 Mg/ha) and 4.1 Mg/ha was shrubs. Aboveground live and dead biomass was 652.0 Mg/ha. Large-diameter
trees comprised 1.4% of individuals but 49.4% of biomass, with biomass dominated by Abies concolor and Pinus
lambertiana (93.0% of tree biomass). The large-diameter component dominated the biomass of snags (59.5%)
and contributed significantly to that of woody debris (36.6%). Traditional scaling theory was not a good model for
either the relationship between tree radii and tree abundance or tree biomass. Spatial patterning of large-diameter
trees of the three most abundant species differed from that of small-diameter conspecifics. For A. concolor and P.
lambertiana, as well as all trees pooled, large-diameter and small-diameter trees were spatially segregated
through inter-tree distances ,10 m. Competition alone was insufficient to explain the spatial patterns of
large-diameter trees and spatial relationships between large-diameter and small-diameter trees. Long-term
observations may reveal regulation of forest biomass and spatial structure by fire, wind, pathogens, and insects in
Sierra Nevada mixed-conifer forests. Sustaining ecosystem functions such as carbon storage or provision of
specialist species habitat will likely require different management strategies when the functions are performed
primarily by a few large trees as opposed to many smaller trees.
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Introduction

Large-diameter trees dominate the structure, dynamics,
and function of many temperate and tropical forest
ecosystems and are of considerable scientific and social
interest. They comprise a large fraction of forest wood
volume, biomass and carbon stocks [1,2], and modulate
stand-level leaf area, transpiration, and microcli mates [3,4].
Large-diameter trees contribute disproportionately to
reproduction [5], influence the rate and pattern of tree
regener ation and forest succession [6], and originate further
disturbance by crushing or injuring neighboring trees when
they fall to the ground [7,8]. Arboreal wildlife species
preferentially occupy large trees as habitat (e.g. [9]), and the
greater structural complexity of large tree crowns [10]
supports habitat for obligate wildlife species (e.g. [11]),
unique epiphyte communities [12], and soil develop ment
and water storage within the forest canopy [13].

Large-diameter trees continue to contribute
disproportionately to forest ecosystem structure and
function after they die. Dead large-diameter trees persist as
standing snags for many years,

providing additional wildlife habitat. In temperate forests

large diameter logs may persist on the forest floor for
centuries, where they continue to provide habitat for diverse
assemblages of vertebrates and invertebrates and
microorganisms, store carbon and other nutrients, serve as
substrates for tree regeneration, and play numerous other
functional roles [14,15].

Human societies derive many non-timber values from
large diameter trees. Tree ring chronologies from large trees
provide long records of past forest development and
disturbance [16], as well as proxy records of annual climatic
variation [17]: they are an important source of the data
required to test and refine ecological theories and models.
Large trees are culturally [18] and spiritually important [19] in
many societies; individuals and organizations maintain large
tree registries (e.g., [20]), and government agencies manage
parks and preserves dedicated to the conservation of
exceptionally large trees, such as Redwood and Sequoia &
Kings Canyon National Parks in California, USA.

Populations of large-diameter trees can be intractable
study subjects. Large-diameter trees occur at low densities
and estimates
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of their abundance, spatial patterns, and contributions to
ecosystem function (e.g. biomass) are subject to high rates
of sampling error [21,22]. Consequently, descriptive
statistics and hypothesis tests for large-diameter trees
require very large sample plots [22]. The combination of low
abundance and low mortality rates [8,23,24] make detecting
changes in demographic rates or spatial patterns of
large-diameter trees even more difficult, further
underscoring the requirement for large sample plots.
Conventional studies based on small (1 ha to 4 ha) plots
often do not contain enough large-diameter trees to conduct
even community-level (i.e., pooled across species) analyses
(e.g., [24]). Consequently, despite their ecological and
cultural significance, relatively less is known – and with
greater uncertainty – about the abundance, distribution, and
dynamics of large-diameter trees.

Predictions for large-diameter trees
Scaling theory and competition theory both provide

frameworks for predictions about the relative contributions of
large-diameter structures to aboveground biomass, the
spatial distribution of large-diameter trees, and the spatial
relationships between large diameter and small-diameter
trees. Scaling theory predicts that a relatively few trees in
the largest diameter classes will dominate stand-level
aboveground biomass [25,26], and that there are continuous
relationships between tree diameter and density, and total
forest biomass. However, scaling theory has been
repeatedly shown to underpredict large tree densities and
mortality rates [27,28]. This discrepancy likely arises
because trees rarely die from competition once they reach
large sizes but rather succumb to biological agents, physical
disturbances, and combinations thereof [8,29]. Although
scaling theory predicts dominance of biomass pools by a
few large individuals, the simplifying assumptions about tree
mortality embedded in the theory may render it inadequate
to predict accurately either the aggregate large tree
contributions to stand biomass or the local-scale variation.
We were interested in quantifying the actual contribution of
large-diameter pieces to aboveground biomass
pools—which should be substantial [14]— because
predictions from scaling theory alone may not be accurate
enough to serve as inputs into ecosystem models or to
support sound natural resource policies and management.

Tree spatial patterns integrate past tree-tree interactions.
Competition theory predicts that distance and
density-dependent growth and mortality during forest
development will lead to increasingly uniform spatial
patterns in larger diameter classes [30,31]. Therefore, the
arrangement of large-diameter trees should be more
uniform than small-diameter trees, and the largest trees
should exhibit spatial regularity at the tree neighborhood
scale. Competition theory also predicts spatial relationships
between large and small-diameter trees. When large trees
compete asymmetrically with small trees their respective
spatial locations become segregated because seedlings
preferentially survive and grow into understory trees where
they are not suppressed by larger competitors [30,32,33].

Our study was motivated by three purposes: (1)
determine the degree to which predictions from ecological
theory hold for contemporary populations of large-diameter
trees; (2) establish a permanent forest research plot of
sufficient size to detect and attribute forest ecosystem
change, including for the large-diameter component, in

order to test future predictions against longitudinal data; and
(3) support current management efforts to restore large
diameter tree populations in Sierra Nevada mixed-conifer
forest, which were dramatically reduced by widespread
logging through out the range of this important forest type
during the 19th and 20th centuries [34,35]. We established
the Yosemite Forest Dynamics Plot (YFDP) in an old-growth
Sierra Nevada mixed-conifer forest

and within the plot quantified the relative contribution of
large diameter trees, snags, and down woody debris to the
aboveground biomass pools, the comparative spatial
patterns of large-diameter and small-diameter trees, and
spatial relationships between them.

Results

Species composition
In the 25.6 ha of the Yosemite Forest Dynamics Plot

(YFDP), there were 34,458 live stems $1 cm dbh of 11 tree
species (Table 1) and 3.87 ha (15.1%) of continuous shrub
cover comprising 12 shrub species that reach 1 cm in
diameter at 1.37 m height (Table 2). Eleven plant families
were represented. All woody stems were native plants. Live
tree basal area was 64.3 m2/ha and biomass was 503.8
Mg/ha (SD = 114.3 Mg/ha) (Table 3). Of the three principal
species by biomass (Pinus lambertiana, Abies concolor, and
Calocedrus decurrens), P. lambertiana had a much higher
average biomass (Fig. 1) and exhibited a rotated sigmoid
diameter distribution, possibly reflecting lower mortality of
middle-aged individuals (Fig. 2). Diameter distributions of A.
concolor and C. decurrens followed negative exponential
distributions (Fig. 2). Relative dominance of Abies concolor
declines at diameters above ,90 cm (Fig. 2). Calocedrus
decurrens exhibits almost an order of magnitude less
biomass than either P. lambertiana or A. concolor (Fig. 2).
However, some individuals do persist into large diameter
classes (Fig. 2). Live shrub biomass was 4.1 Mg/ha (Table
2). There were 2,697 snags (19.9% of living trees of this
diameter). Biomass of snags $10 cm dbh was 43.0 Mg/ha
(Table 3). Biomass of the forest floor components (Table 3,
Fig. 3) was 53.1 Mg/ha for down woody debris (SD = 102.9
Mg/ha) and 48.0 Mg/ha (SD = 22.5) for fine fuels (Table 3).
Litter and duff averaged 1.05 cm (SD = 0.38) and 1.20 cm
(SD = 0.68) in depth, respec tively. A correlogram analysis
of woody debris volumes as estimated by the 20 m line
intercept segments showed no spatial correlation in fuel
loads at any distance. Total above-ground biomass of living
and dead components was 652.0 Mg/ha.

Large-diameter composition
The large diameter component dominated most biomass

pools (Table 3). For living trees, 1.4% of individuals had dbh
$100 cm dbh (19.1 large-diameter trees ha21), but these
individuals comprised 49.4% of tree biomass. For snags,
12.4% were large diameter, comprising 59.5% of snag
biomass. Snags $100 cm dbh were about half as numerous
(42.9%) as live trees $100 cm dbh. There were 10 pieces of
woody debris $100 cm (3.8%) measured on the line
intercepts, and the large debris component comprised
36.6% of down woody debris biomass. There is, by
definition, no large-diameter component to shrubs, fine
fuels, litter or duff. Overall, large-diameter structures
constituted 44.9% of above ground live and dead biomass.

Scaling theory was informative for the relationship



between tree density and diameter class (r2= 0.84); the
theoretical relationship under-predicted the density of
medium and large trees, but over predicted the density of
trees $170 cm dbh (Fig. 2). Although informative, the
relationship between tree density and diameter class was
better explained by a negative exponential distribution (r2=
0.99). The theoretical relationship between tree radii and
biomass was not informative (r2= 0.00) (Fig. 2).

Spatial patterns
Small-diameter subpopulations of A. concolor, C.

decurrens, P. lambertiana, as well as all tree species
combined, exhibited significant aggregation relative to the
null model of complete spatial randomness (CSR) from 0–9
m (Monte Carlo goodness-of
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Table 1. Tree species within the Yosemite Forest Dynamics Plot in 2010.

Large

Tree species Family
Trees $1 cm dbh

Density

(stems/ha)
Basal area (m2/ha)

Stems $ 1 cm dbh
Stems $ 10 cm dbh

Stems $
100 cm dbh

diameter prop. (%)

Abies concolor Pinaceae 956.3 29.28 24,481 9,634 103 0.4 Pinus lambertiana Pinaceae 185.5 28.75 4,748 2,166 339 7.1 Cornus nuttallii

Cornaceae 92.5 0.26 2,368 287 - - Calocedrus decurrens Cupressaceae 62.2 4.78 1,592 685 45 2.8 Quercus kelloggii Fagaceae 43.3 1.12 1,109

735 - - Prunus spp. Rosaceae 5.0 t 128 - - - Abies magnifica Pinaceae 0.4 0.06 11 5 1 9.1 Salix scouleriana Salicaceae 0.4 t 11 - - - Pseudotsuga

menziesii Pinaceae 0.2 0.03 6 3 1 16.7 Pinus ponderosa Pinaceae t 0.01 2 1 - - Rhamnus californica Rhamnaceae t t 1 - - -

Live tree total 1,346.0 64.32 34,458 13,516 489 1.4 Snags $10 cm dbh

Abies concolor 1,971 64 3.2 Pinus lambertiana 530 133 25.1 Quercus kelloggii 127 - - Calocedrus decurrens 46 5 10.9 Pseudotsuga menziesii 1 1

100.0 Cornus nuttallii 1 -- Unknown 21 7 33.3 Dead tree total 2,697 210 7.8

t – trace; less than one tree per 10 ha; less than 0.01 m2/ha.
doi:10.1371/journal.pone.0036131.t001

Table 2. Shrub species occurring in patches of continuous cover $2 m2 within the Yosemite Forest Dynamics Plot in

2010. Species Family Cover (m2
) Demography plot data YFDP extrapolation

Densitya (stems/m2) Biomass (kg/m2)
Density

(stems/ha)
Biomass (Mg/ha)

Arctostaphylos patula Ericaceae 2,524 5.333 14.747 526 1.454 Ceanothus cordulatus Rhamnaceae 1,220 1.667 1.189 79 0.057 Ceanothus

integerrimus Rhamnaceae 194 7.875 10.427 60 0.079 Ceanothus parvifolius Rhamnaceae 187 3.250 1.527 24 0.011 Chrysolepis sempervirens

Fagaceae 13,082 3.167 1.464 1,618 0.748 Corylus cornuta var. californica Betulaceae 13,310 1.000 1.565 520 0.814 Cornus serecia Cornaceae 2,320

8.667 6.087 785 0.552 Leucothoe davisiae Ericaceae 2,151 0.250 2.430 21 0.204 Vaccinium uliginosum Ericaceae 2,937 0.083 1.069 10 0.123

Sambucus racemosab Adoxaceae 13 1.000 1.565 t 0.001 Rhododendron occidentalec Ericaceae 687 0.083 1.069 2 0.029 Ribes nevadensec

Grossulariaceae 7 0.083 1.069 t t

Ribes roezliid Grossulariaceae 66 0 0.534 0 0.001 Total 38,698 3,645 4.103

Baseline density and biomass equations were generated from 25, 2 m62 m shrub demography plots, and allometric equations from
[90]. aStems $1 cm dbh.
bSubstituted biomass and density for Corylus cornuta var. californica.
cSubstituted biomass and density for Vaccinium uliginosum.
dSubstituted one half the biomass of Vaccinium uliginosum. No stems reach 1 cm dbh.
t – trace; ,1 stem/ha; ,1 kg/ha.
doi:10.1371/journal.pone.0036131.t002
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Table 3. Biomass within the Yosemite Forest Dynamics Plot in 2010.



Large-diameter prop.
Tree species Biomass $1 cm (Mg/ha) Biomass $10 cm (Mg/ha) Biomass $100 cm (Mg/ha) (%)

Trees $1 cm

Abies concolor 214.703 (37.505) 210.533 (36.916) 47.983 (8.950) 22.3 Pinus lambertiana 254.039 (66.623) 253.380 (66.508) 187.345

(47.594) 73.7 Cornus nuttallii 1.411 (0.301) 0.765 (0.199) - - - Calocedrus decurrens 24.978 (7.911) 24.764 (7.845) 12.964 (4.076) 51.9

Quercus kelloggii 7.849 (1.935) 7.736 (1.907) - - - Prunus spp. 0.005 (0.002) - - - - - Abies magnifica 0.609 (0.110) 0.609 (0.110) 0.469

(0.078) 77.0 Salix scouleriana tt - - -- - Pseudotsuga menziesii 0.146 (0.033) 0.144 (0.032) 0.134 (0.030) 91.8 Pinus ponderosa 0.064

(0.003) 0.064 (0.003) - - - Rhamnus californica tt - - -- -

Live tree total 503.804 (114.346) 497.994 (113.444) 248.896 (60.651) 49.4 Snags $10 cm

Abies concolor 20.276 6.708 33.1 Pinus lambertiana 21.167 17.959 84.8 Quercus kelloggii 0.244 - - Calocedrus decurrens 0.893 0.551

61.7 Pseudotsuga menziesii 0.196 0.196 100.0 Cornus nuttallii t--

Unknown 0.181 0.147 81.2 Dead tree total 42.958 25.562 59.5 Forest floor woody debris $10 cm 53.099 (102.897) 19.444 (78.977) 36.6

Shrubs total 4.103 - - -

Forest floor fine fuels{

100-hour fuels 4.562 (4.820) - - - 10-hour fuels 5.176 (3.487) - - - 1-hour fuels 1.129 (0.834) - - - Litter 13.150 (6.244) - - - Duff 24.017

(16.517) - - - Total fine fuels 48.034 (22.495) - - -

Biomass is shown to three significant figures (corresponding to 1 kg/ha) to facilitate comparison between less abundant, small-diameter species and more
abundant species (standard deviation shown in parentheses). Standard deviation of tree biomass was based on the root mean squared error of the underlying
allometric equations, and standard deviation of down woody debris biomass was based on Brown’s method [89]. Biomass of shrubs and snags are derived
from cover (m2) or measured dimensions and fixed wood density values [see Methods]. Total of living and dead biomass pools was 652.0 Mg/ha. t – trace; less
than 1 kg/ha.
{Fine litter measured by fuel classifications [88]. 100-hour fuels are defined as twigs and fragments with diameter 10 to 30 (2.5 cm to 7.6 cm); 10-hour fuels
have diameter 0.250 to 10 (0.6 cm to 2.5 cm); 1-hour fuels have diameter 00 to 0.250 (0 cm to 0.6 cm). Litter and duff are measured by depth.
doi:10.1371/journal.pone.0036131.t003

fit tests; A. concolor: P = 0.004; C. decurrens: P = 0.001; P.
lambertiana: P = 0.001, all trees: P = 0.004). In other words,
when averaged across all points in a given pattern,
small-diameter trees of these species have more neighbors
of the same type located within a circle with a radius of 9 m

than would be expected if tree locations were completely

independent of each other. L
^(r) values for small diameter

stems of both P. lambertiana and A. concolor rose steeply at
small scales (Fig. 4), reaching a plateau at about 20 m,
indicating that the strong spatial aggregation in these

respective subpopula tions primarily manifests at scales ,20

m. The L
^(r) curves for small-diameter C. decurrens stems

rose steadily from 0–80 m, indicating moderate but
consistent clustering across the entire range of scales

analyzed (Fig. 4).
The spatial arrangement of large-diameter A. concolor, C.

decurrens and P. lambertiana individually, and for all
species combined, were not different from complete spatial
randomness from 0–9 m (Monte Carlo goodness-of-fit tests;

A. concolor: P = 0.012; C. decurrens: P = 0.074; P.
lambertiana: P = 0.132; all trees: P = 0.057). ^

However, the behavior of the individual L rð Þ curves from
0–80 m reveals spatial structure within large-diameter A.
concolor and P. lambertiana subpopulations at other

interpoint distances (Fig. 4). The empirical L
^(r) curve (Fig.

4) for large-diameter P. lambertiana was negative and
steadily decreased from 0–2 m, tracking the lower boundary
of the simulation envelope, indicating spatial inhibition at

these scales. From 2–4 m the large-diameter P. lambertiana

L
^(r) curve sharply increased, providing evidence of
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Figure 1. Heterogeneity in biomass and density of the principal tree species of the Yosemite Forest Dynamics Plot. Each boxplot represents



values from the 640, 20 m620 m quadrats of the plot.
doi:10.1371/journal.pone.0036131.g001

Figure 2. Diameter distribution of the number of trees and the biomass of trees in the Yosemite Forest Dynamics Plot. Each point represents
a 5 cm diameter class (first bin; 1 cm#dbh,5 cm) of the trees from the entire 25.6 ha plot (34,458 live stems $1 cm dbh totaling 12,897 Mg);
identical data are shown with linear diameter bins (left) and log diameter (right). Solid lines represent the best fitting equation of the form
specified by scaling theory, tree density~Ar{2 (r2 = 0.84) and biomass~Br2=3 (r2 = 0.00), where r is tree radius.
doi:10.1371/journal.pone.0036131.g002
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Discussion

The relative proportion of large trees varies in old-growth
forests worldwide [28], and at 49.4%, the contribution that large
diameter trees make to the total biomass of the YFDP is higher

than in most other forests. Although some forests have almost all of
their biomass concentrated in large-diameter trees (most notably

Sequoia sempervirens; [13,36]), the biomass of most forest types is
concentrated in trees ,100 cm dbh. In a 1 ha plot in tropical

moist forests of Rondoˆnia, Brazil, Brown et al. [1] found that three
trees $100 cm dbh had biomass of 64.3 Mg compared to a total
aboveground biomass of 285 Mg (22.6%). In 5.15 ha of neotrop

ical lowland rain forest in Costa Rica, Clark & Clark [2] found
that trees $70 cm dbh comprised 27% of the biomass of 241 Mg/

ha (,18% for trees $100 cm dbh; [2], Fig. 1). In semi-evergreen
forests of northeast India, Baishya et al. [37] found ,12% of

biomass in trees $100 cm dbh, and plantation forests or forests
that are recovering from disturbance may have few or no large



diameter trees, even when stem density and diversity are high
[37,38].

Within the Smithsonian Center for Tropical Forest Science

Figure 3. Biomass of forest floor components of the Yosemite
Forest Dynamics Plot. Each boxplot represents values from 112
transects of 20 m (2.24 km of line transects). Outliers represent
intercepted pieces of large-diameter debris.
doi:10.1371/journal.pone.0036131.g003

spatial clustering at these scales, with continued evidence
for clustering occurring out to 22 m, where the empirical
value reached the upper bound of the simulation envelope.
Large diameter A. concolor also exhibited rapid changes in

spatial pattern at small scales, with steadily decreasing L
^(r)

values from 0–3 m (evidence of spatial inhibition) then
increasing sharply from 3– 5.5 m, indicating strong spatial

clustering over this short range of scales. A sustained

increase in the L
^(r) curve for large-diameter A. concolor

from 13–38 m provided further evidence for spatial

aggregation at larger scales. The L
^(r) curves for

large-diameter C. decurrens stems rose steadily from 0–80
m, reaching the upper bound of the simulation envelope at
30 m, indicating moderate but consistent clustering across
these scales.

The relative spatial patterns of large- and small-diameter
trees differed for all species combined, as well as for P.
lambertiana and A. concolor, but not for C. decurrens.
Small-diameter P. lambertiana were always more
aggregated than large conspecifics at the same scale.
Large-diameter A. concolor were less aggregated than
conspecific small-diameter trees at scales of 0–3 m, then
rapidly became more aggregated than small trees from 3–6
m, and remained so up to 80 m (Fig. 4). The spatial pattern
of large and small C. decurrens subpopulations was similar
from 0–80 m (Fig. 4).

We found evidence for negative associations between
large diameter and small-diameter P. lambertiana and A.
concolor, and for all tree species combined, relative to the
population independence hypothesis when evaluated from
0–9 m (Monte Carlo goodness-of fit tests; A. concolor: P =
0.001; P. lambertiana: P = 0.001; all trees: P = 0.001).
Spatial locations of large-diameter and small-diameter C.
decurrens were independent at the 9 m neighborhood scale

(Monte Carlo goodness-of-fit test; P = 0.378). The L^1,2(r)
curve for P. lambertiana (Fig. 5) indicates spatial repulsion
between large and small from 0–10 m, and modest

attraction from 10–40 m. The L^1,2(r) curve for A. concolor
decreased steadily from 0–80 m, but was only outside the
simulation envelope at scales less than 10 m. Large and
small stems of C. decurrens were spatially attracted from

15–80 m, with the empirical L^1,2(r) curve at or beyond the

upper boundary of the simulation envelope (Fig. 5).
network (http://www.ctfs.si.edu/plots/), only the
Gilbertiodendron dewevrei (mbau) forest of the Congo has a
higher live biomass, with the dipterocarp forests of Malaysia
having equivalent live biomass (Table 4, [39,40]). Other
old-growth forest types have a biomass of ,60% of the YFDP
[39]. When the live and dead biomass are considered
together, the biomass of the YFDP is 652.0 Mg/ha, currently
the highest in the CTFS network. Unlike either of the
high-biomass tropical plots, live biomass in the YFDP is
dominated by two tree species (both Pinaceae), Pinus
lambertiana (50.4% biomass) and Abies concolor (42.6%
biomass), while down woody debris biomass is similarly
dominated by these two species (57% and 32%,
respectively). Scaling theory did not describe the distribution
of biomass in this system (Fig. 2). Differences between
theory and this forest are likely driven by the reoccurrence of
fire throughout the period of stand development, and
because of mortality rates that vary with diameter class.
However, the very high levels of heterogeneity in density
and biomass at 20 m scales (Fig. 1) would make scaling
theory even less informative in study areas smaller than the
YFDP.

Although the YFDP has high biomass, the diversity of
woody plants $1 cm dbh is the lowest among the CTFS
plots $25 ha. The combination of summer drought and
winter snow may reduce the species pool. Other temperate
plots (Changbaishan, Wabikon, and the Smithsonian
Ecological Research Center, SERC) have higher species
diversity [41,42]. However, those plots either receive
precipitation evenly distributed throughout the year
(Wabikon and SERC), or the wet season coincides with the
growing season (Changbaishan).

One almost ubiquitous difficulty in biomass analyses of
large diameter trees is the uncertainty of allometric
equations. The use of previously published equations to
predict biomass of large trees from ground-level
measurement of DBH assumes that these equations were
based on adequate sampling of large trees. However, most
allometric equations for tree biomass have been developed
from dissection of 10–50 trees [43], and the number of large
trees used in formulating equations is very low. Some of the
large-diameter P. lambertiana, A. concolor, and C. decurrens
exceeded the maximum diameter of any that have been
dissected, and for these individual trees, substitute species
were used [see Appendix S1]. Moreover, DBH is often a
poor predictor of whole-tree biomass as large tree DBH is a
poor reflection of tree size [10]. Nonetheless, many
comparative studies of primary forest biomass use
allometric equations that probably predict large-diameter
tree
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Figure 4. Univariate tree spatial patterns in the Yosemite Forest Dynamics Plot. Solid black lines show the L
^(r) statistic for the actual

patterns, where r is the intertree distance; thin gray lines show L
^(r) curves for 999 simulations of complete spatial randomness. Positive

values indicate spatial clumping and negative values indicate spatial regularity. Large-diameter trees are $100 cm dbh; small-diameter trees
are ,100 cm dbh.
doi:10.1371/journal.pone.0036131.g004

biomass poorly (i.e. [39,40]). Our calculations (Table 3) have
been presented to a level of 1 kg/ha to enable comparison
of forest dominants with less common and smaller tree
species and likely represent an underestimation of whole
tree biomass. However, the SD of biomass for principal
species in the YFDP is 17% to 32% of the calculated value
(Table 3), so the uncertainty of the large diameter biomass
could be larger than the smaller biomass pools.

Biomass calculations for shrubs, snags, and woody debris
also embody several simplifying assumptions (i.e. uniform
stem density per unit area, single measures of diameter,
simple geometry, no hollows in snags) that could lead to
imprecise biomass totals.

Unlike the tropical forests where decomposition of snags
and woody debris is rapid, the YFDP features considerable
biomass of standing and down woody debris, also a
characteristic of
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Figure 5. Spatial interactions between large-diameter and small-diameter trees. Solid black lines show the L^1,2(r) statistic for the actual

pattern, where r is the intertree distance; thin gray lines show L
^(r) curves for 999 patterns simulated by synchronous random torodial shifts

of large and small tree subpopulations. Positive values indicate spatial attraction and negative values indicate spatial repulsion.
Large-diameter trees are $100 cm dbh; small-diameter trees are ,100 cm dbh.
doi:10.1371/journal.pone.0036131.g005

temperate broadleaf forests [44]. The combination of snowy
winters and dry summers contributes to slow
decomposition, and even the fastest decomposing tree
species (A. concolor) has a half-life of 14 years [14].
Large-diameter snags account for a relatively high
proportion of total snag biomass, while large-diameter down
woody debris accounted for a lower proportion of the woody
debris. This may be due to low-severity fires in the historical
period that might have consumed large-diameter woody
debris via glowing combustion, decreasing the proportion
relative to snag representation [45], or because small snags
tend to fall over relatively quickly, thus being better
represented in the woody debris pool. The lack of spatial
correlation of the woody debris at any scale suggests that,
while mortality may be non-random, tree and snag-fall
events may result in loss of spatial pattern between
standing individuals and the patterns of down wood they
produce.

The observed univariate spatial patterns of large and
small trees provide modest support for the inference that
past competition

contributed to the present spatial distribution of
large-diameter trees. In particular, the increasing spatial
uniformity from small to large size classes is consistent with
competition theory [30,31]. However, the observed random
arrangement of large trees at neighborhood scales differs
from spatial uniformity expected when competition is the
dominant process affecting tree spatial patterns. Previous
studies of large-diameter tree spatial patterns in Sierra
Nevada mixed-conifer forests agree with our findings (N.B.,
with large-diameter thresholds differing somewhat from 100
cm). Van Pelt and Franklin [32] found that main canopy
trees at Giant Forest in Sequoia National Park were not

different from spatial randomness at scales ,9 m. In addition,

their empirical L
^(r) curve [32] was similar to those for P.

lambertiana and A. concolor in the YFDP: inhibited from
0–1.5 m. The observed small-scale (0– 3 m) inhibition is
most likely due to physical requirements for minimum hard
core spacing due to the large size of the boles and limits to
crown plasticity, although resource competition may

Table 4. Comparison of the Yosemite Forest Dynamics Plot with other Smithsonian CTFS-affiliated forest

plots. Live and dead

Location Latitude Forest type
Live biomass (Mg/ha)

biomass (Mg/ ha)
Woody

species Citation

Changbaishan, China 42.2uN Korean pine mixed forest 318.9 52 Hao et al. [41] Yosemite, USA 37.8uN Mixed-conifer forest 507.9 652.0 23 This study

BCI, Panama 9.2uN Lowland tropical moist forest 306.5 299 Chave et al. [39] Lambir, Malaysia 4.2uN Mixed dipterocarp forest 497.2 1,182 Chave et

al. [39] Lenda, Congo 1.3uN Mbau forest 549.7 423 Makena et al. [40]

Live biomass includes woody stems $1 cm dbh. Live and dead biomass includes snags $10 cm dbh and forest floor components as well as live biomass (also
see [38] for basal area comparisons among additional large forest plots.
doi:10.1371/journal.pone.0036131.t004
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contribute as well. At Teakettle Experimental Forest (an old
growth, mixed-conifer forest 100 km south of the YFDP),
stems $76 cm dbh were randomly arranged from 0–60 m
[46]. However, Bonnicksen and Stone [47] found that main
canopy P. lambertiana and A. concolor trees were uniformly
spaced in a giant sequoia mixed-conifer forest in Kings
Canyon National Park. Past competition and competitive
mortality undoubtedly influenced the development of spatial
patterning in large-diameter tree popula tions in some Sierra
Nevada mixed-conifer forests [48,49]. However, it appears
that the cumulative effects of any past self thinning in the
YFDP were not sufficient to completely override the effects
of clustered or random tree regeneration [50], non random
mortality or other potential sources of heterogeneity in the
distribution of large-diameter trees.

We must thus consider processes other than competition
to explain spatial patterns of large-diameter trees in the
YFDP. For the fire-tolerant and modestly shade-tolerant P.
lambertiana, meso scale aggregation (2–22 m) in the
large-diameter subpopulation is most readily explained by
clustered establishment, consistent with a
disturbance-centric model of forest dynamics and spatial
pattern formation in low and mixed severity fire regimes
[51]. For A. concolor (fire intolerant when small) the strong
clustering of large diameter trees at local (3–5.5 m) and
intermediate (13–38 m) scales may originate from fire
refugia that allowed groups of A. concolor to survive and
reach large diameters. Clustered establish ment alone (e.g.,
in gaps or in moisture-receiving microtopo graphic features)
could explain the aggregation of large A. concolor stems,
but given the historical regime of frequent fire [51] it is likely
that heterogeneous fire effects leading to patchy A. concolor
survival also contributed.

The observed spatial segregation of large and small trees
is consistent with inference that competitive interactions
between these size classes influence their spatial
relationships and overall forest structure. Spatial
segregation of large and small trees has been documented
in many other forest types (i.e. [33] and the studies
reviewed therein), including Sierra Nevada mixed-conifer
forests [32]. Spatial segregation between large and small
trees may arise from asymmetrical competition for light and
gap-phase regeneration [33]. However, we acknowledge
that other mecha nisms acting at the tree neighborhood
scale potentially contribute to the observed spatial
segregation between large and small A. concolor and P.
lambertiana, including crushing mortality by falling limbs and
bole fragments from live large-diameter trees [8,52], and the
spatially heterogeneous buildup and subsequent burning of
surface fuels. Additionally, in the absence of fire
large-diameter P. lambertiana accumulate a deep mound of
debris (bark and needles) at their base [53], a substrate not
suitable for seedling establishment, which would also give
rise to repulsion between large and small stems. Prior to fire
exclusion, Sierra Nevada mixed-conifer forests had low
densities of small-diameter trees [35,51]; the observed
repulsion between tree diameter classes may also be due to
preferential tree establishment in fire-maintained openings
following disruption of the historical fire regime [54].

Conclusions
We assessed the degree to which scaling theory and

competition theory explain variation of accumulated biomass
and spatial patterns across the tree size spectrum. These
respective bodies of theory were not sufficient to explain our
empirical results. However, our results do not indicate the
rejection of these theories. Scaling theory is clearly a
powerful framework for developing novel ecological insights,

but our results and those of others [21,27,28] show that the
requisite simplifying assumptions render predictions from
scaling theory inappropriate as inputs in

to ecosystem models or as a basis for natural resource
decision making. A vast body of accumulated scientific
literature details mechanisms and outcomes of plant
competition; our results do not contradict this theory. Rather,
competition theory alone was insufficient to explain our
empirical measurements of tree spatial patterns,
strengthening the conclusion that competition is not the
dominant control of tree population dynamics and forest
development in old-growth Sierra Nevada mixed-conifer
forests [24].

We predict that long-term observations at our study site
and other sites throughout the range of Sierra Nevada
mixed-conifer forests will reveal strong top-down regulation
of forest biomass and spatial structure by pathogens,
insects and physical disturbances, especially in old-growth
forests. We also suggest that, in forests with high functional
inequality across the tree size spectrum, ecosystem
function may be more sensitive to natural perturbations,
environmental change or management actions – at least
those affecting the large-diameter trees – than in forests
where ecosystem function is distributed more equitably
across the tree size spectrum. Sustaining ecological
functions and services, such as carbon storage or provision
of habitat for specialist species, will likely require different
forest management strategies when the ecosystem services
are provided primarily by a few large trees as opposed to
many smaller trees.

Materials and Methods

Study area
The Yosemite Forest Dynamics Plot (YFDP) is located in

the mixed-conifer forest of the western portion of Yosemite
National Park (Fig. 6). The plot is approximately oriented to
the cardinal directions with dimensions of 800 m east to
west and 320 m north to south (25.6 ha) centered at
37.77uN, 119.82uW. Elevation ranges between 1774.1 m
and 1911.3 m for a vertical relief of 137.2 m (Fig. S1). The
YFDP is comprised of vegetation types within the Abies
concolor – Pinus lambertiana Forest Alliance [55], including
Abies concolor-Pinus lambertiana/Ceanothus cordulatus
Forest, Abies concolor-Pinus lambertiana/Maianthemum
racemosum (Smilacina racemosa, Hickman [56])-Disporum
hookeri Forest, Abies concolor Calocedrus decurrens-Pinus
lambertiana/Cornus nuttallii/Corylus cornuta var. californica
Forest, Abies concolor-Calocedrus decurrens-Pinus lamberti
ana/Adenocaulon bicolor Forest, and Abies concolor-Pinus
lambertiana Calocedrus decurrens/Chrysolepis
sempervirens Forest, classified accord ing to the U.S.
National Vegetation Classification [57](Fig. 7). Overall
demographic rates in Sierra Nevada conifer forests between
1500 m and 2000 m elevation are approximately 1.5%
[58,59]. Canopy emergents, principally P. lambertiana and A.
concolor, reach 60 m to 67 m in height. The soils of the
YFDP are derived from metamorphic parent material.
Approximately 85% of the soils of the YFDP are
metasedimentary soils of the Clarkslodge-Ultic Palexeralfs
complex with a water-holding capacity of 160 mm in the top
150 cm of the soil profile [60]. The soils of the northwest
15% of the YFDP are Humic Dystroxerepts-Typic
Haploxerults-Inceptic soils of the Haploxer alfs complex with
a water-holding capacity of 70 mm in the top 150 cm of the
soil profile [60]. Plant nomenclature follows Hickman [56].

The climate at the YFDP is Mediterranean, with cool
moist winters and long dry summers. Between 1971 and
2000, the modeled mean temperature range at the YFDP



was from 12.2uC to 26.1uC in July and 22.7uC to 9.4uC in
February; annual precipitation was 1061 mm, with most
precipitation falling in the winter months as snow [61,62].

Snow depth on April 1st is generally 100 cm to 150 cm. The
seasonality of precipitation
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Figure 6. Location of the Yosemite Forest Dynamics Plot (YFDP). The YFDP is located near the western boundary of Yosemite National Park
(left, green) in the lower montane, mixed-conifer zone of the Sierra Nevada, California, USA. The plot is located in relatively uniform,
late-successional forest near Crane Flat (right). The area immediately north of the YFDP was logged in the early 1930s, as was the area
comprising the western 1/3 of the image.
doi:10.1371/journal.pone.0036131.g006

yields a summer drought with a mean annual climatic water
deficit of 200 mm [63] (Fig. S2).

Disturbance processes: fire, wind, insects,
pathogens, vertebrates, and human use

Fire is the dominant natural disturbance process in Sierra
Nevada mixed-conifer forests [64]. The fire regime is of
mixed severity with fires burning in a mosaic of high,
moderate, and low

severities. The pre-Euro-American fire return interval for the
YFDP was 10–13 years [51]. The combination of repeated
fire and other disturbances gives rise to a fine-grained
mosaic structure [50,65]. During the Landsat TM period of
record (1984–2011), most fires in this forest type have been
either low severity management-ignited prescribed fires or
moderate and high severity wildfires [66–68]. The YFDP has
not burned since comprehensive park fire records were
initiated in 1930. Mechan

Figure 7. Structure and composition of the Yosemite Forest Dynamics Plot (YFDP). Four images from different parts of the YFDP illustrate
defining characteristics of the ecosystem. Most precipitation falls in the winter as snow yielding a spring snowpack of approximately 1 m
(upper left image, April 11, 2011). The forest is composed of an overstory of large-diameter trees with abundant but heterogeneous shrub



and herbaceous layers (upper right image, June 22, 2009). Shrubs can be locally dense enough to reduce tree recruitment (lower left image,
June 22, 2009). Although most trees and shrubs are evergreen, the presence of the deciduous species Cornus nuttallii and Quercus
kelloggii results in seasonal openings in the canopy (lower right image, November 11, 2010). All photos by J. A. Lutz.
doi:10.1371/journal.pone.0036131.g007
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ical damage, whether from wind, snow, or crushing of
smaller individuals by falling trees or tree parts contributes
to stand structural development [8,69]. Many of the larger
trees in the YFDP have broken tops, or reiterated tops that
have regrown following damage.

Insects are important agents of mortality, with most
common conifer tree species having coevolved bark beetles
(family Scolytidae) that are always present at low levels
[70,71]. In particular, Dendroctonous ponderosa (mountain
pine beetle) attacks Pinus lambertiana and P. ponderosa
and Scolytus ventralis attacks Abies concolor and A.
magnifica. Other bark beetles such as S. subscaber, D.
valens (red turpentine beetle) and Ips spp. have been less
abundant in the recent past but contribute to tree mortality.
Quercus kelloggii (California black oak) also has associated
bark beetles (Pseudopi tyophthorus spp.). Conophthorus
ponderosae (ponderosa pine cone beetle) is present and
can reduce the reproductive output of P. lambertiana.

Pathogens include the structural root rots Armillaria spp.
[72], Heterobasidion annosum [73] and Phaeolus
schweinitzii [71]. The root rots spread through roots and root
contacts at rates of approximately 30 cm per year, and
hence tend to occur in patches. Armillaria spp. are
somewhat generalist pathogens and attack Abies spp.,
Prunus spp., and Cornus nuttallii. Phaeolus schweinitzii
infects Pinus lambertiana and Abies spp., but tends to
progress much more slowly than Heterobasidion and
Armillaria. Pinus lambertiana is also affected by the
introduced pathogen Cronartium ribicola [74]. Calocedrus
decurrens, Abies concolor, and Quercus kelloggii are hosts
to mistletoes: Phoradendron libocedri on C. decurrens,
Phoradendron pauciflorum and Arceuthobium abietinum on
A. concolor, and Phoradendron villosum on Q. kelloggii [75].
These mistletoes are distributed both by birds, and in the
case of Arceuthobium abietinum, also by explosive
discharge that can carry seeds up to 16 m (typically 10 m;
[75]).

The YFDP has a rich fauna, with most species of
herbivores and their predators present since prior to
Euro-American settlement. Large mammals include Ursus
americanus (black bear), Felis concolor (mountain lion),
Canis latrans (coyote), and Odocoileus hemionus (mule
deer). Altogether, vertebrate species observed within similar
forest types within 5 km of the YFDP include 16 rodent
species, 12 bat species, 7 carnivore species, one hooved
mammal, 7 raptor species, 38 passerine species, 5
amphibian species, and 7 reptile species Table S1, [76–79]).

Yosemite has been inhabited at least since 100 AD [80].
Immediately prior to Euro-American discovery of the region
in 1833 [81] and the subsequent entry of Euro-Americans
into Yosemite Valley in 1851 [82], the area was occupied by
the Central Sierra Miwok and the Southern Sierra Miwok
[83]. Because the YFDP contains only intermittent streams
and seeps, Native American use of the site was probably
low, and modification of the fire regime at this site by Native
Americans appears unlikely [84]. The YFDP is near the
transit route from Hazel Green to Crane Flat used by
sheepherders in the late 19th century. John Muir may have
passed through or near the YFDP on July 9th, 1869 – the
topography and vegetation are consistent with his journal

entry [85].
The original Yosemite Grant (1864) placed Yosemite

Valley and the Mariposa Grove of giant sequoia in protected
status. The YFDP lies within what was a single parcel of
land prior to its inclusion into Yosemite National Park in
1930. The parcel of land immediately to the north of the
YFDP (,20 m from the plot boundary) was in different
ownership and was logged in the early 1930s. The
northwest corner of the YFDP contains four large stumps
that appear to be associated with the logging of the parcel
to the north. Logging outside the YFDP continued
throughout the 1920s until the area was purchased by the
National Park Service and John D. Rockefeller. The area of
unlogged sugar pine

containing the YFDP is today termed the Rockefeller Grove
in honor of J.D. Rockefeller’s role in protecting this part of
the park.

Surveying
We established a sampling grid using Total Stations with

accuracies of at least 5 seconds of arc (Leica models 1100,
Builder R200M Power, Builder 505, and TC 2003). We set
permanent markers on nominal 20 m centers, offset for tree
boles, coarse woody debris, or large rocks. Survey closure
across the plot was 0.18 m northing, 0.05 m easting, and
0.03 m elevation (,1/ 5000). In addition to the sampling grid,
we established control points in open areas near the plot
where marginal Global Positioning System (GPS) reception
was possible. Three survey grade GPS receivers (Magellan
Z-Extremes) were used to establish control to and across
the plot, using a reference station approximately 2 km from
the plot (MGROVE, PID DF8617 on the California State
Plane Coordinate System and being described in the
National Geodetic Survey Datasheets). The GPS receivers
collected data at 10 second intervals for 2–6 hours. The
static GPS measurements were post-processed with GNSS
Solutions software (Magellan Navigation, Inc.,
pro.magellangps.com), with final accuracies in the range of
0.01 m horizontally and 0.02 m vertically. We transformed
the plot grid to Universal Transverse Mercator coordinates
with Lewis and Lewis Coordinated Geom etry software
(Lewis and Lewis Land Surveying Equipment, Inc.,
www.lewis-lewis.net). We augmented the ground survey
with LiDAR-derived elevation data at 1 m horizontal
resolution. Aerial LiDAR data were acquired on 22 July
2010 by Watershed Sciences Inc., Corvallis, Oregon with a
density of 40 returns per square meter. Ground survey data
and the LiDAR-derived ground model coincided with a
root-mean-squared error of 0.15 m.

Field sampling of trees, shrubs, snags, and woody
debris In the summers of 2009 and 2010 we tagged and
mapped all live trees $1 cm at breast height (1.37 m; dbh),
following the methods of Condit [86], with some alterations.
We measured tree diameter at 1.37 m (instead of 1.30 m),
and trees large enough to accept a nail were nailed at the
point of measurement, both in keeping with research
methods of the western United States. We used stainless
steel tags, nails and wire to increase tag longevity in this
fire-dominated ecosystem. We measured tree locations
from the surveyed grid points with a combination of
hand-held lasers (Laser Technologies Impulse 200 LR),



mirror compasses, and tapes. Tapes were laid south to
north between adjacent grid points, and a perpendicular
angle determined by sighting a target bole with a mirror
compass. The distance from the tape to each tree was then
measured with the hand-held lasers. We calculated the
location of the tree center from the horizontal and
perpendicular references to the surveyed grid points and
dbh with the assumptions of cylindrical boles and linear
interpolation of elevation between adjacent grid points. All
measurements were slope corrected.

We mapped continuous patches of shrub cover $2 m2

relative to the 20 m sampling grid with a combination of

tapes, mirror compasses, and lasers. For each shrub patch
we recorded the shape of the patch as a polygon, as well as
average and maximum shrub heights. To convert between
shrub cover and the number of stems and biomass in the
YFDP, we established 25 shrub demography plots for nine
species (Arctostaphylos patula, Ceanothus cordulatus,
Ceanothus integerrimus, Ceanothus parvifolius, Chrysolepis
sempervirens, Corylus cornuta var. californica, Cornus
sericia, Leucothoe davisiae, and Vaccinium uliginosum). We
tagged every woody stem in each of these 2 m62 m plots.
We measured basal diameter for
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every woody stem. If stems were 1.37 m tall (or long), we
made an additional measurement at 1.37 m.

We tagged and mapped dead trees $10 cm dbh and $1.8
m in height. For each snag, we collected height, top
diameter (with a laser), and snag decomposition class data
(following [87]; class 1 = least decayed, class 5 = most
decayed). We did not collect data on trees ,10 cm dbh at the
original census because of the difficulty in finding small
stems a few years after they die.

To measure down woody debris, litter, and duff, we
established four interior fuel transects totaling 2.24 km (112
transects of 20 m). We used the National Park Service fuel
monitoring protocols [88], in turn based on Brown transects
[89]. Litter included freshly fallen leaves, needles, bark,
flakes, acorns, cones, cone scales, and miscellaneous
vegetative parts [88]. Duff included the fermentation and
humus layers, not the fresh material of the litter layer. Down
woody material included branches, trunks of trees, and
shrubs that had fallen on or within 2 m above the ground
[88]. Intercept diameter and decay class were recorded for
all intercepted woody debris $10 cm in intercept diameter
(measured perpendicular to the orientation of the piece of
debris). To sample fine woody debris we used portions of
the 112 line intercept transects 22 m for material 0 cm–2.5
cm in diameter (1- hour and 10-hour fuels), and 4 m for
material 2.5 cm–7.6 cm (100-hour fuels). We calculated
biomass according to Brown’s method [89].

Biomass calculations
We reviewed all allometric equations from the two

compendia of equations for North America [43,90] and
selected those that best matched the species, geographic
location, diameter ranges, and tree densities of the YFDP
[44,90–93]. Where no allometric equation existed, we
substituted a species (or diameter class within a species)
that was a close match for morphology and wood density
(see Appendix S1 for details). Because no whole tree
biomass equations exist for the largest individuals of the
species in the YFDP, we used proxy species. For the largest
Abies concolor (n = 112) we used bole equations for A.
procera. For Pinus lambertiana, we used branch and foliage
equations for Pseudotsuga menziesii, and for the Pinus
lambertiana .179.6 cm dbh (n = 7), we used a bole equation
for Pseudotsuga menziesii. Additionally, no biomass
equations exist for branches and foliage of Abies .110 cm
dbh or Pseudotsuga .162 cm dbh. For those trees we
capped the branch and foliage biomass at the values
associated with trees of diameter 110 cm and 162 cm,
respectively. All biomass calculations were made within the
data ranges of the selected allometric equations (See
Appendix S1 for full details of allometric equations). We
calculated an error term for tree biomass from the

underlying allometric equations. The root mean square error
(standard error of estimate) of the allometric equations was
transformed from log units to arithmetic units of standard
deviation (i.e. Mg/ha) [92]. We defined large diameter
structures as pieces $100 cm in diameter to facilitate
comparisons with earlier studies of large diameter trees in
old-growth conifer forests on the Pacific Slope of western
North America.

We calculated the biomass of the stems within each 4 m2

shrub demography plot based on allometric equations using
basal diameter [90]. We used the biomass of the stems
within the demography plots and the total area of shrub
patches $2 m2 within the YFDP to calculate total shrub
biomass. We used the demography plot data for sampled
species as proxies for the four species without demography
plots (Corylus cornuta var. californica for Sambucus
racemosa, Vaccinium uliginosum for Rhododendron
occidentale and Ribes nevadense, and one-half the value of
Vaccinium uliginosum for Ribes roezlii). To calculate a stem
density equivalent to the standard

Smithsonian CTFS protocol [86], we tallied the number of
stems that were $1 cm dbh in each shrub demography plot
and multiplied by the area of each shrub patch $2 m2.
Details of allometric equations are in Appendix S1.

We calculated snag biomass using the wood density
values of Harmon et al. [15] and a bole volume calculated as
a frustum of a cone. We calculated the biomass of litter and
duff using the methods of Stephens et al. [94]. For down
woody debris larger than 1000-hour fuels (4 inches; ,10 cm),
we used the large transect protocols of Harmon et al. [15],
and we calculated the mass of woody debris using the
methods of Harmon and Sexton [87].

To compare actual density and biomass values with the
predictions of scaling theory, we used the equations from
West et al. [26]. Specifically, we compared the actual

diameter (radius) distribution with their predicted distribution,

(r) !
1r

2
, where r is tree radius at breast height. We then

reconfigured their radius mass relationship, r ! m3=8, to m !
r8=3, where r is tree radius and m is tree biomass, and
combined the mass and frequency equations to develop a
relationship for total biomass in terms of tree radius:
(m!r8=3)(n!r{2) or biomass!r2=3. We used 5 cm diameter bins
(2.5 cm radius bins) to regress curves of these forms to the
data.

Quantifying spatial pattern
We quantified global spatial patterns with the univariate

and bivariate forms of Ripley’s K function, using the square
root (L function) transformation in all cases. For a given fully

mapped pattern, an estimate of the L(r) function, the statistic



L
^(r), is based on the count of neighboring points occurring

within a circle of radius r centered on the ith point, summed

over all points in the pattern [95,96]. The bivariate form

L^1,2(r) is a straightforward extension of the univariate case:
it is the count of type 2 points occurring within a circle of
radius r of the ith type 1 point, summed over all type 1 points
in the pattern. We characterized patterns at interpoint
distances from 0 m to 80 m (one quarter the minimum plot
dimension) and used isotropic edge correction to account for
points located closer than r to a plot edge [96]. Our study
area included enough large-diameter trees to analyze
spatial patterns of three tree species: Abies concolor,
Calocedrus decurrens and Pinus lambertiana.

Inferential framework for spatial analyses
Univariate tree patterns were compared against a null

distribution generated by a completely spatially random
(CSR) process. Under CSR the location of each point in the
pattern is completely independent of the locations of other

points in the pattern. Positive values of L
^(r) indicate spatial

clustering (trees have more neighbors than expected under

CSR) while negative values of L
^(r) indicate spatial

inhibition or uniformity (trees have fewer neighbors than
expected under CSR).

Bivariate tree patterns were evaluated against the
hypothesis of no interaction between the large-diameter and
small-diameter subpopulations. We evaluated this
hypothesis using the null model of population independence
based on the guidelines of Goreaud & Pe´lissier [97].
Population independence is evaluated by holding the
relative intratype spatial configuration constant (i.e., the
relative tree locations within a diameter class are fixed)
while subjecting the populations to random toroidal shifts.

Under population independence significantly positive values

of L^1,2(r) indicate a spatial attraction between the two types
(e.g., originating from a parent-offspring relationship or
facilitation) while signifi cantly negative values indicate
spatial repulsion between the two
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types (e.g., Janzen-Connell effects or intraspecific
competition). Large-diameter trees were $100 cm dbh;
small-diameter trees were ,100 cm dbh.

We used the 9 m radius neighborhood size estimated by
Das et al. [24,98] for Sierra Nevada mixed-conifer forests
and tested the respective empirical patterns against the
corresponding null models over 0 m#r#9 m using the
goodness-of-fit test developed by Loosmore and Ford [99].
We set a = 0.05 and used n = 999 simulated patterns in
each test (n = 250 simulated patterns were used for
univariate analyses of small-diameter A. concolor and all
species pooled, respectively, to mitigate excessively long
compu tation times). To control for multiple tests (n = 12) we
used the Bonferroni correction, resulting in a threshold
P-value of 0.004. Because we had no a priori hypotheses
about tree patterns at spatial scales .9 m we investigated

patterns at larger scales in an exploratory framework by

comparing the empirical L
^(r) curves to the full distribution of

L
^(r) curves calculated for the simulated patterns. All

analyses were implemented in the statistical program R
version 2.14.1 [100]. Spatial analyses were conducted using
the spatstat package version 1.25-1 [101].

Supporting Information
Figure S1 Topography of the Yosemite Forest Dynamics
Plot. LiDAR-derived ground model at 1 m resolution (5 m
contours; 137.2 m vertical relief). Dots indicate corners of
each 20 m620 m quadrat of the 800 m6320 m plot.
Elevation ranges from 1774.1 m in the northeast corner to
1911.3 m along the southern boundary for a vertical relief of
137.2 m. Drainages contain vernal streams.
(TIF)

Figure S2 Climatology and water balance of the Yose mite
Forest Dynamics Plot. The combination of temperature and
precipitation (A) give rise to a pronounced summer drought
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I. Abstract



There is a recognized need to apply and maintain fuel treatments to reduce catastrophic wildland
fires. A number of models and decision support systems have been developed for addressing
different aspects of fuel treatments while considering other important resource management
issues and constraints. Although these models address diverse aspects of the fuel treatment
planning problem, no one model adequately handles the strategic maintenance scheduling of fuel
treatments while considering 1) the spatial and temporal changes of fuel treatment effects on a
landscape, and 2) the economics of maintenance fuel treatments plus other operational
constraints.

The objective of this project was to integrate existing fire behavior, vegetation simulation, and
land management planning tools into a system that supports long-term fuel management
decisions. The system was to build on the existing land management optimization tool MAGIS,
while incorporating the Forest Vegetation Simulator and the Fire and Fuels Extension (FVS FFE)
to project vegetation change over planning periods and predict the resulting fuel parameters  for
fire behavior modeling, and FlamMap to model fire behavior in each planning period. The
system was to include automated data transfer interfaces between the models to offer an easier
way to use multiple sophisticated models for analyzing alternative fuel management schedules.

The project developed OptFuels, a GIS-based modeling system for spatially scheduling forest
fuel treatments over multiple planning periods in the presence of budget and other constraints.
OptFuels utilizes FVS-FFE to project stands into the future both with and without fuel treatments
and compute the fuel parameters needed for fire behavior modeling in FlamMap, which is
conducted for each planning period in each iteration of the OptFuels solver. The OptFuels solver
spatially schedules fuel treatments over multiple planning periods (1 – 5 user-defined periods) to
minimize the expected loss from potential future wildland fire.

OptFuels has been tested on two fuel treatment planning areas on the Bitterroot National Forest,
the 34,000-acre Trapper-Bunkhouse area, and the 103,689-acre Willow-Gird area. Fuel
treatment scenarios scheduled over two planning periods were able to substantially reduce the
fire arrival time in the wildland urban interface portion of the Trapper-Bunkhouse area, thereby
reducing the expected loss from future fires. Smaller reductions in expected loss were found in
the Willow-Gird area. Although increases in arrival time were created by the scheduled fuel
treatments, these treatments did not increase the arrival times sufficiently in the areas on the
landscape having the highest expected loss, such as the wildland urban interface. This occurred
primarily because of the relatively close proximity of the ignition points in the wildland urban
interface simulating human ignited fires.

II. Background and Purpose

There is a recognized need to apply and maintain fuel treatments to reduce catastrophic wildland
fires. The Healthy Forests Restoration Act of 2003 mandates actions to identify and inventory
priority areas. Treating all of the 81 million hectares of federal land in the USA considered at
risk from fire (Schmidt et al. 2002) would be costly and impractical. Forest managers faced with
limited budgets, narrow burning windows, air quality issues, and effects on other critical forest
resources must establish priorities for where, when, and how to apply new and maintenance fuel
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treatments. Science-based yet field applicable guidelines to strategically maintain fuel
treatments on landscapes should be incorporated into treatment design to reduce catastrophic fire
and restore ecosystem health over time. Therefore, decision support systems that can predict the
outcomes of fuel treatments are valuable information tools for fuel management decisions.



There is a need for the use of such models to be utilized at a national level.

A number of models and decision support systems have been developed for addressing different
aspects of fuel treatments while considering other important resource management issues and
constraints. These models operate on a variety of geographic scales, varying from an individual
stand to an entire landscape comprised of many individual stands. Some models operate only on
current conditions, while others span over multiple decades.

A. Fire behavior and fuel hazard modeling

The FARSITE Fire Area Simulator (Finney 1998) was designed to model continuous fire
behavior over multiple burning periods at a 30-meter resolution. FARSITE is able to compare
the effectiveness of different suppression strategies and treatments for containing fire under
varying weather conditions. FARSITE evaluations are based on simulating fires starting at
various locations and spreading under varying fuel and weather conditions. There is, however,
no temporal component to these analyses that reflects how the effectiveness of treatments
changes over time with vegetative growth.

FlamMap (http://fire.org/) is a spatial fire area potential calculator for assessing fuel hazard in
terms of fire behavior. The purpose of FlamMap is to generate fire behavior data that are
comparable across a landscape for a given set of weather and/or fuel moisture data inputs. The
fire behavior models in FlamMap are used to make calculations for all cells of a raster landscape,
independently of one another (there is no contagious process that accounts for fire movement
across the landscape or among adjacent cells). FlamMap calculates the instantaneous behavior  of
a fire occurring at each pixel in the analysis area based on the same local weather inputs. In  this
way FlamMap compares potential fire behavior across a landscape by distinguishing  different
hazardous fuel and topographic combinations.

FlamMap contains an option called Minimum Travel Time (MTT) (Finney 2002) which is a fire
growth simulator that uses minimum travel time methods to simulate how fast one fire or a band
of multiple fires are expected to move across a landscape. It is used to identify the routes where
fire is expected to travel most quickly. Like the main component of FlamMap, these simulations
are based on the current fuels, specific locations for fire starts, and weather conditions. If one
accepts that fuel treatments should be prioritized on the basis of juxtaposition of high values to
hazardous fuels, this program begins to give us the ability to develop a biophysical definition of
wildland urban interface based on the distance fire can travel under specified conditions. It does
not include endogenous scheduling of treatments, and like the other fire behavior-based models,
works only with the current fuels.

The Treatment Optimization Model (TOM) (Finney 2006) is another option on the FlamMap
menu. It uses minimum travel time logic to determine effective locations for fuel treatments on a
landscape. The treatment locations are based on the fire behavior expected from the current fuels
present on the landscape, specific locations for fire starts, and weather conditions. The solutions
suggest location, sizes, and orientations of fuel treatments that are efficient and effective at
changing large fire growth by reducing the fire spread rate. The treatment locations are selected
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to reduce the rates of fire spread across the landscape, and are not designed to protect specific
locations on a landscape, such as designated wildland urban interface. Also, the placement of
treatments does not consider feasibility factors associated with location or shape, nor do they
address resource effects, or management limitations such as budget. Finally, there is no temporal
aspect to TOM, so it cannot analyze alternative timings of fuel maintenance treatments on a
landscape.

The Fire and Fuels Extension to the Forest Vegetation Simulator (FVS-FFE) evaluates the



effectiveness of proposed fuel treatments in the context of potential fire effects on short- and
long-term stand dynamics (Reinhardt and Crookston 2003). In contrast to other fire behavior fuel
hazard models, the FVS-FFE has the ability to simulate the dynamics of vegetation, snags, and
surface fuels, and the appropriate interactions between these processes at a stand level (Kurz and
Beukema 1999). In combination with the Parallel Processing Extension (PPE; Crookston and
Stage 1991) the FVS-FFE can be used to simulate the dynamics of landscapes containing several
hundred to a few thousand stands. The FVS-FFE does not simulate fire spread between stands,
but it has the ability to provide inputs to FARSITE and FlamMap (Hayes and others 2004).

Other fire models include 1) the First Order Fire Effects Model (FOFEM) which models duff and
woody fuel consumption, mineral soil exposure, soil heating, smoke production, and tree
mortality (Reinhardt and others 1997), 2) FIREHARM which can be used to calculate fire
behavior and effects potentials for varying weather percentiles used in fire management
planning, and 3) NEXUS (Scott and Reinhardt 2001) which is an Excel(tm) spreadsheet linking
surface and crown fire prediction models. All these fire models, however, do not include
treatment scheduling or address temporal aspects of fuels management.

B. Landscape simulation and treatment scheduling modeling

SIMPPLLE is a stochastic simulation model for projecting vegetation spatially in the presence of
disturbances such as insects, disease, and wildland fire (Chew 1997, Chew and others 2004).
Simulations can be made with or without fire suppression, with or without fuel treatments, and
under average or extreme fire conditions. Spread logic is included for wildland fire and other
disturbance processes. The location and frequencies of disturbance processes quantified from
multiple stochastic simulations provide estimates of the location and probabilities of future
disturbance processes. These provide a basis for identifying “problem areas,” as well as
estimating costs and effects associated with disturbances processes.

MAGIS is an optimization model for spatially scheduling treatments that effectively meet
resource and management objectives while satisfying user-imposed resource and operational
constraints (Zuuring and others 1995). MAGIS accommodates a wide variety of land
management treatment types, and associated costs, revenues, and effects. MAGIS also contains
a road-network component for analyzing road construction, re-construction, and closure. The
combination of the land management and road-network components provides the capability to
include the limitations (for example sediment production) and costs associated with vegetation
treatments as well as access and roads in spatially analyzing maintenance of fuel treatments.

SIMPPLLE and MAGIS have been used in a process for spatially scheduling treatments and
analyzing the effectiveness of those treatments (Jones and Chew 1999, Chew and others 2003,
Jones and others 2004). In this process, SIMPPLLE is used first to run stochastic simulations for
the “no action” management alternative. From these simulations the frequency of natural
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disturbances is recorded for each polygon in the landscape, representing the risk of these natural
processes occurring over a period of time. These risks are then incorporated into MAGIS and
combined with resource and operational objectives and constraints to develop an alternative
spatial treatment schedule. These treatments schedules are then simulated in SIMPPLLE and the
results compared with the results of the “no action” simulations to measure the effectiveness of
the fuel treatment scenario. Key questions, however, remain in the SIMPPLLE/MAGIS
approach involving computation of the risk index and the treatment patterns resulting from it,
among others.

A past Joint Fire Science project, A Risk-Based Comparison of Potential Fuel Treatment Trade
off Models, compared the SIMPPLLE/MAGIS approach with two non-spatial models FETM



(CH2M Hill 1998) and VDDT (Beukema and Kurz 1998) on eight areas representative of major
fuel types. The focus was on modeling fuel treatment trade-offs for use in strategic planning.
The comparison found significant differences in how information is assembled and used in the
models. SIMPPLLE and MAGIS were sensitive to the spatial arrangement of vegetation and
treatments, making the data requirements somewhat more stringent, but they also provide as
output the spatial arrangement of proposed treatments. Non-spatial solutions may not be either
optimal or even operationally feasible.

C. The need for integrating types of models

Although these models address diverse aspects of the fuel treatment-planning problem, no one
model adequately handles the strategic maintenance scheduling of fuel treatments while
considering 1) the spatial and temporal changes of fuel treatment effects on a landscape, and 2)
the economics of maintenance fuel treatments plus other operational constraints. For example,
FARSITE and FlamMap are able to compute fire behavior characteristics at a landscape scale,
but neither maintenance scheduling nor temporal effects of treatments are included in either
model. FVS-FFE has the ability to model stand-level fuel and vegetation dynamics, but it does
not simulate the spread of fires between stands. On the contrary, MAGIS has the ability to
spatially schedule fire and non-fire maintenance treatments that effectively meet resource and
management objectives, but no fire spread logic exists in the system. Fire managers have to use
these multiple systems in order to analyze spatial and temporal effects of maintenance fuel
treatments, but lack of time and resources to maintain and operate these sophisticated systems
has been a hurdle. Consequently, there is a critical need to merge these systems into one easy-to
use decision support system that 1) facilitates automatic linkages among the existing models, 2)
streamlines analyses for identifying where, when, and how to treat in order to achieve and
maintain desired fuel reduction goals, and 3) bridges the fire sciences and management gap by
incorporating given resource and operational constraints (e.g. budgets, treatment acres, and
operational feasibility of treatments) into decision-making process.

D. Project objectives

The main objective of this project was to integrate existing fire behavior, vegetation simulation,
and land management planning tools into a system that supports long-term fuel management
decisions. The system was to build on the existing land management optimization tool MAGIS,
while incorporating FVS-FFE to project vegetation change over planning periods and predict the
resulting fuel parameters for fire behavior modeling, and FlamMap to model fire behavior in
each planning period. The system was to include automated data transfer interfaces between the
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