
ABSTRACT 

MAXWELL, CHARLES JEFFREY.  Climate Change on the Forests of the Klamath-Siskiyous 

and Potential Management Strategies. (Under the direction of Dr. Robert Scheller). 

 

Forest managers need strategies to deal with the uncertainties around climate change and 

disturbances like wildfire.  I worked with a diverse group of forest managers and interested 

parties in the Klamath-Siskiyou bioregion of SW Oregon and NW California, a fire-prone and 

seasonally dry forest, to co-design forest management scenarios that span a broad range of forest 

and fire management strategies encompassing different activities and intensities to reduce those 

uncertainties.  The forest management scenarios were integrated into the LANDIS-II model to 

determine the impacts those varied management strategies had on: 1) forest composition, 2) 

wildfire regimes, 3) and the provision of forest ecosystem services.   

Within the simulation timeframe (before 2100), I found that forest management had a 

greater influence on landscape conditions than climate change.  This was true for all three points.  

Most scenarios maintained overall forest cover levels; however, the minimalist management 

scenario triggered 500,000 hectares (~17% of the region) of mixed conifer loss by the end of the 

century in favor of shrublands, while an industrial forestry centered management strategy added 

an equivalent amount of mixed conifer.  Similarly, under the different scenarios, average fire 

rotation periods ranged from 60 years in the minimalist management scenario to 180 years with 

the industrial scenario.  While the amount of timber harvested, carbon sequestered, and area of 

old growth forests varied, there were inherent trade-offs found between those ecosystem 

services, namely between harvest and the other two.  The one area where climate was more 

important than management was in high elevation areas; three montane conifers that were 

modeled show declines across all climate and management scenarios, reflecting climate 

disequilibrium.  In order to assess whether this decline was exaggerated by the resolution of the 



landscape model, and whether it would be possible to identify potential holdouts, we ran the 

model at a higher resolution on a subset of the area.  While the trajectory of the decline in area of 

these species was different under the higher resolution model, there was still a substantial decline 

(up to 70% depending on species) that only increased with increased climate forcing.  Other 

research has found the Klamath forests vulnerable to conversions to chaparral dominated 

shrublands.  In an attempt to apply findings from systems theory, I investigated the role of local 

spatial autocorrelation in predicting conversion from forest.  However, given the complexity of 

the Klamath forested system, no significant findings were made. 

Co-designed scenarios for management strategies and integrated with climate change 

projections in a simulation model are a way to build a better mousetrap.  Co-designing scenarios 

increases relevancy and builds credibility among stakeholders.  Using simulation modeling 

allows for wide-scale experimentation on the landscape and can address multiple sources of 

uncertainty of the future.  Even though this study was unable to resolve the uncertainty of the 

future, my research shows that, at least for this region, forest managers have the power to shape 

the forests in light of climate change. 
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CHAPTER 1 

Introduction 

Human communities are reliant on the services provided by ecosystems.  This is 

especially true of forests; functioning forests provide numerous services from wood products and 

clean water to local climate regulation and recreation (MEA 2005).  However, for much of the 

20th Century, the management of forests focused on one service only, the harvest of timber 

products, to the detriment of other ecosystem services.  But between increasing human pressures 

and anthropogenic climate change, many ecosystems around the world are becoming novel; their 

composition, structure, and function is changing.  These changes threaten the ecosystem services 

the forests provide, and even the forests themselves.  Climate change will bring increased 

temperatures, which will have repercussions on the frequency and severity of disturbances and 

the distributions of individual species.  Tree species are unlikely to keep up with their shifting 

climate envelopes, putting endemic species at risk of extirpation.  Other at-risk groups of species, 

like those at higher elevations, may be forced to retreat into diminishing areas of favorable 

microclimate.  Under certain environmental conditions, forests may abruptly shift to other 

vegetation cover types.  Forest managers need alternative management strategies that are robust 

to these changes.  These strategies need to consider ecosystem health, the provision of ecosystem 

services, and whether managers may actually succeed.   

In the Klamath-Siskiyou bioregion, a diverse conifer dominated landscape, this 

ecosystem change from forest to another cover type is a distinct possibility.  The complex 

interactions of precipitation variability and seasonality, temperature change, forest management, 

and wildland fire can facilitate such ecosystem changes (Grimm et al. 2013).  Projected climate 

change may alter disturbance (Westerling et al. 2006) and recovery dynamics (Tepley et al. 
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2017); fires could be more frequent or severe while forest regeneration slows under increasing 

climatic water deficits.  Under these circumstances, the distribution of community types in the 

Klamath region would change from favoring the existence of mature conifer forests, to a 

transition state mix of conifers and open woodlands, to a landscape dominated by the chaparral 

community (Odion et al. 2010).  Such a transition would in turn radically affect forest functions 

and the associated ecosystem services, including changes in carbon sequestration, water and 

nutrient cycling, and regulation of regional climate (Grimm et al. 2013). 

The Klamath region is an ideal study area to examine questions about forest management, 

because of the uncertainty associated with climate change, the risk of transition from forest to 

shrublands, and whether or to what extent management may be able to avert such transitions.   

However, the management of forests, especially of federally owned forests, has become 

increasingly contentious for this region.  Environmental groups have become increasingly 

litigious, challenging a substantial portion of planned vegetation management activities (Milner 

et al. 2014).  Moreover, some have advocated for limitations on forest management on the basis 

that current wildland fire severity is, contrary to most other research in the literature, within 

historical normal (examples not limited to: Williams and Baker 2012, Fule et al. 2014).  Such 

research has been cited by those environmental groups as further justification for litigating 

logging projects.  Because this area is managed under the Northwest Forest Plan, timber 

harvesting has declined substantially from its peak after the implementation of that plan.  While 

the Healthy Forests Initiative of 2003 streamlined the administrative process for harvesting for 

fuels reduction, it was not enough to stop the litigation.  Between these extremes of no-

management to intensive logging, there are many other potential ways and means through which 

managers might intervene.  Millar and others broadly classified these management actions into 
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the following categories: resistance, resilience, and facilitation (Millar et al. 2007).  Resistance 

would entail executing the level of management required to counteract the effects of climate 

change on forest composition and health as publicly desired.  Resilience can be broken down into 

natural resilience and managed resilience.  Natural resilience is the ecosystems’ response to 

change in such a way that it is still able to maintain itself (Puettman 2011).  Managed resilience 

is how managers can alter the ecosystem to maintain those ecosystem structure and functions.  

With facilitation, forest managers could assist transitions, population adjustments, range shifts, 

and encourage other natural adaptations for the forest.  From these strategies, there are a wide-

ranging suite of possible management actions that can be used to respond to a changing climate.  

Some of these actions can easily fall into one or more categories and they can also be applied at 

one or more scales.   

Forests are complex, and with the uncertainty of climate change and management policy, 

how we assess them in the long term is a challenge.  Trees are long-lived organisms, and under 

the rapidity at which climate change is occurring, it is not possible to evaluate the outcome of 

management actions across a tree’s lifespan.  Forests are inherently dynamic and subjected to 

stochastic disturbances.  Climate change models also have uncertainties, between the different 

emissions scenarios and their endogenous assumptions about the world economy and growth, as 

well as the processes that are actually modeled in the Global Circulation Models (GCMs) 

themselves.   

For long-term evaluation, computer modeling will be necessary, and models that couple 

spatial processes with local population dynamics are appropriate for this evaluation (Ravenscroft 

et al. 2010).  Landscape simulation models can allow researchers to experiment with large-scale 

systems in order to investigate thresholds, as well as assess forest management and adaptation 
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strategies (Mladenoff 2004).  Landscape models can provide a forecast of how important metrics 

change over long periods of time in response to disturbances and can inform how successful a 

management action might be.  Integrating different climate scenarios into a modeling framework 

will be important to assess the sensitivity of forests to disturbance and climate change.  To 

maximize the utility of such a model, the workings of the model should be explicit and 

transparent, and the limitations of the model be recognized (Simons-Legaard et al. 2015). 

 

Study Objectives 

My objectives were to assess the possibility of ecological thresholds for the forests of 

Klamath region and to assess the impacts of management on the resilience of forests in the 

Klamath region to the effects of climate change.  I compare business-as-usual management, and 

the likelihood of vegetation conversion, with alternative strategies that were developed by a 

diverse group of stakeholders that might increase forest resilience or resistance to climate 

change.  Given the challenges of management in this region, addressing more nuanced strategies, 

as well as the potential management extremes, will allow managers to make more informed 

decisions.   

Specifically, I addressed the following questions in subsequent chapters:  

1) In Chapter 2: How will climate change, management, and fire, interact and affect forest 

community, structure, and function across the landscape? 

2) In Chapter 3:  How will those changes impact the ecosystem services produced by these 

forests? 

3) In Chapter 4:  How will the climate vulnerable species of the region react to climate change? 
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4) In Chapter 5: Are there ways of identifying ecological thresholds within the LANDIS-II 

model for this landscape?  

In order to answer these questions, I utilized LANDIS-II, a spatially explicit landscape 

model that is process-driven, flexible, and well-tested to measure the abundance of individual 

tree species and forest types over time (Scheller et al. 2007).  LANDIS-II simulates disturbance, 

management and succession in a framework that emphasizes spatial interactions across the 

landscape and among processes (e.g., climate change, harvesting, succession, fire, wind, and 

seed dispersal) over many decades.  These tools can provide valuable means to quantify 

landscape change and the uncertainty associated with future conditions.   

 

Study Area 

The Klamath region covers an extensive area, ranging from the Southern Oregon Coastal 

range near Roseburg, OR in the North and to the Northern California Coast range in the South, to 

the Pacific Ocean on the West to the Cascade Range in the East.  The region, as we have defined 

it in this study, covers approximately 3.2 million hectares (8 million acres).  The geology of the 

area differs greatly from the neighboring Coast ranges and bears closer relation to Sierra Nevada 

and the Blue Mountains (Whittaker 1960).  With metamorphosed rock dating back to 450 million 

years ago, the region has a unique geology, and has a high prevalence of ultramafic soils (Sawyer 

2006).  Serpentinite, the State Rock of California, has high levels of magnesium and other 

metals, and while toxic, it results in high levels of endemism.  The topography of the area ranges 

from sea level at the coast up to over 2,700 meters, and the study area outline can be seen in 

Figure 1.1. 
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Depending on how one draws the boundaries for the bioregion, approximately 36 native 

tree species exist, of which 7 are endemic or near endemic.  In the Russian Wilderness, on the 

Klamath National Forest, there is an area called the “Magic Mile,” where 17 different conifers 

coexist within one square mile (Wallace 1984).  Because the Klamath Mountains exist at the 

intersection of other ranges, there are elements from Cascade, California Basin, and Great Basin 

floras.  The Klamath region are at the southern distribution of several cold tolerant species like 

Pacific silver fir (Abies amabilis Dougl. ex Forbes) and Alaska yellow cedar (Chamaecyparis 

nootkatensis (D. Don) Spach), and at the northern limit of Jeffrey pine (Pinus jeffreyi Grev. & 

Balf.) and coastal redwood (Sequoia sempervirens (D. Don) Endl.)  (Atzet et Martin 1992).  

Because of the geological and topographical complexity in the region, there are many distinct 

plant communities, including temperate rain forests, moist inland forests, oak forests, oak 

savannas, alpine forests and grasslands, which foster such high levels of diversity.   

The climate of the area is classified as a warm-summer Mediterranean (Koppen climate 

classification Csb).  Given the topographic complexity, the weather is highly variable, but with a 

strong west to east temperature and moisture gradient (Agee et al. 2006).  There are a few 

associated forest types that dominate this region.  They are broadly lumped together, following 

Burns and Honkala (1990): 

• Klamath Mixed Conifer (KMC): tall, moderately dense evergreen forest with a diverse 

variety of deciduous and evergreen understory trees and shrubs.  The dominate conifer is 

Douglas-fir (Psuedotsuga menziesii (Mirb.)) transitioning to White fir (Abies concolor 

(Gord. & Glend.)) at higher elevations on the Western side of the area.  In the interior, 

other species like Ponderosa pine, Sugar pine, and Incense cedar are found at higher 
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densities.  California black oak, madrone, chinquapin, and tanoak are all common 

components of the understory and can become part of the canopy.  

• Shrub Chaparral Hardwood (SCH): short, dense, and diverse group of small tree, shrub, 

and herbaceous species.  Many of the understory tree species of KMC, like madrone, 

tanoak, and shrubby oaks, are vigorous re-sprouters after a fire.  Prominent shrub species 

in this group include varieties of the genus Ceanothus and genus Arctostaphylos, which 

commonly reside in the seed bank.  The genus Ceanothus is nitrogen fixing and plays a 

particularly important role in early seral habitat after fire. 

• Oak Woodlands (OW): Primarily low-density forests composed mainly of California 

black oak (Quercus kelloggii Newb.) and Oregon white oak (Quercus garryana Dougl. 

ex Hook.).  Generally located in drier sites and under short return fire interval, these oaks 

are outcompeted by Douglas-fir with fire exclusion. 

• Tanoak:  This species Lithocarpus densiflorus (Hook. & Arn.) Rehd., and its associated 

groups, does best on the western half of this study area but inland from the Redwood 

groves of the coast.  It can develop into pure stands but is commonly associated with the 

other hardwoods in the region but is most frequently found with Doug-fir.  A resilient re-

sprouter but is under threat by the spread of Sudden Oak Death. 

Site History 

Many of the Federal lands in the area date back to the establishment of the USDA Forest 

Service in 1905.  The Trinity Forest Reserve in Northern California would later be divided and 

rejoined into the present-day Shasta-Trinity National Forest.  Established as the Crater National 

Forest in 1908, these lands would be renamed as the Rogue River-Siskiyou National Forest.  The 

Oregon and California (O&C) lands are lands that were once part of a giveaway to railroad 
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companies to encourage economic development between Portland, OR and San Francisco, CA 

(Robbins 2016).  Widespread fraud by the railroad companies resulted in the return of those 

lands back to Federal ownership (Robbins 2016).  Transferred to BLM management, they had 

been a source of significant economic growth, being managed for sustained yield timber, until 

the implementation of the Northwest Forest Plan.  

Even as the importance of timber in these landscapes has decreased, recreation has been 

increasing in importance to this region.  These four National Forests had approximately 2.7 

million unique site visits and generated $142 million in local spending over the course of a year 

(USDA Forest Service, 2015).  Several river systems in the area are under the Wild and Scenic 

designation, including reaches of the Klamath, Illinois, Trinity, Smith, Elk, Chetco, and Rogue 

Rivers.  Some river sections are premier whitewater rafting and fishing destinations.  The Pacific 

Crest National Scenic Trail passes through the region as well.  Another draw for the region is 

that a large portion of this landscape is under a form of protected status.  Nearly 500,000 hectares 

are in wilderness.  Other protected areas include the Redwood National and State Parks, the 

Smith River National Recreation Area, and the Cascade-Siskiyou National Monument, among 

others. 

Climate Change Projections 

Depending on the climate change model and emission pathway used, the forests of the 

Klamath region will face increasing temperatures and a range of precipitation change over the 

next century (Hayhoe et al. 2004, Miller et al. 2003).  The estimates of temperatures and 

precipitation are a function of the global change model and emissions scenarios used in the 

analysis, and previous researchers have used the Parallel Climate Model [PCM] and the Hadley 

GCM version 3 [HadCM3], and the low emissions scenario B1 and high emissions scenario A1, 
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to bracket the range of potential changes (Hayhoe et al. 2004, Miller et al. 2003).  The Klamath 

region will face an expected mean temperature increase of 1 to 3°C and a range of precipitation 

change, from a 10% decrease [HadCM3 A1] to 11% increase [PCM B1] over the next century 

(Hayhoe et al. 2004).  With the revision of GCMs in the phase 5 of the Coupled Model 

Intercomparison Project (CMIP 5), additional GCMs and pathways were analyzed.  Four climate 

projections were chosen because they effectively bracketed the range of temperature and 

precipitation outcomes projected for the region, see Figure 2.  Average maximum daily 

temperatures are projected to rise anywhere from 1 to 3°C, with the smallest increase projected 

under MIROC5 rcp 2.6, and largest increase with CanESM2 rcp 8.5.  Under MIROC5 rcp 2.6, 

precipitation is expected to decrease slightly (on average, by about 3%).  Under a higher 

precipitation scenario (CNRM rcp 4.5), precipitation is projected to increase by about 13% on 

average.  

Legacy of Fire and Management 

Many of the Federal lands in the area were established as Forest Reserves by Presidential 

Proclamation at the same time as the establishment of the USDA Forest Service in 1905.  As part 

of the National Forest Reserve System, these forests were then subject to a fire suppression 

policy (Taylor and Skinner 2003).  From a dendrochronological reconstructed fire history, the 

median fire return interval (FRI) increased from 19 years before suppression policies were 

implemented to 238 years after (Taylor and Skinner 2003).  However, this study focused on mid-

montane mixed conifer forest.  Farther upslope and closer to the coast, Stuart and Salazar found 

that median FRI for White Fir was 27 years before 1945 and 74 years after (2000). 

Timber Harvesting 
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While various studies have found stand-replacement disturbances to be relatively 

common on the landscape in the Klamath and surrounding regions (Staus et al. 2002, and Turner 

et al. 2015), even after the implementation Northwest Forest Plan, the most common disturbance 

was timber harvesting.  This result varied by land ownership; timber harvesting occurred over 

twice as much on privately owned lands (Staus et al. 2002).  In total, for the Klamath region, 

Staus and others found that about 0.5% of the landscape experienced disturbance each year 

between 1972 and 1992 (2002). 

Other Disturbances 

The insects of note for this region include the mountain pine beetle (Dendroctonus 

ponderosae) and western spruce budworm (Choristoneura freemani).  Both insects exhibit cyclic 

outbreaks resulting from a wide variety of factors, from endogenous population dynamics to 

exogenous climatic influences (Meigs et al. 2015).  However, Meigs and others noted that there 

was limited insect activity in the region over the timeframe of their study (2015).  On the other 

hand, the range of the pine beetle may expand as more trees in this region under the potentially 

prolonged drought conditions occur with climate change (Spies et al. 2010). Nevertheless, with 

the inherent forest diversity and highly localized climatic conditions of this region, it is difficult 

to model potential insect responses to climate change for this area. 

One pathogen that has potential for landscape-level change to ecosystem structure and 

function is Phytophthora ramorum, the cause of Sudden Oak Death (SOD).  Hosted by over a 

dozen different plant families, the disease is fatal to Tanoak and certain true oak species 

(Quercus spp.) (Rizzo and Garbelotto, 2003).  Because of its high mortality rate and diverse 

numbers of host, managing for SOD can be difficult.  Because Tanoak has a high number of 

plant associations in the Klamath, SOD will not only change the look of the Klamath forests, but 
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also the function as species that are dependent on the mast produced by Tanoaks and true oaks 

will be threatened as well. 

 

Building management scenarios 

Given the complexity of the ecosystems of the Klamath-Siskiyou region, how do we 

manage them?  For many different reasons, adaptive management is well suited for giving 

managers the ability to handle complexity and uncertainty and encourages learning from 

mistakes.  Forest managers must be responsive to outside opinion as there is a social and political 

aspect to adaptive management.  Scientific answers are not necessarily social answers. The 

example of this is that despite having experimental forests and adaptive management style plans 

developed, the US Forest Service has failed to implement such plans due to their controversial 

nature (Bormann et al. 2007).  Stankey and others found that for this process to work and for the 

public to support management decisions, the public would need to understand those decisions, 

and for them to understand, they would need to be involved in developing those decisions 

(2005).  Understanding which groups were present at the table while these goals were designed 

can set the process up for success.  If any management action becomes bogged down in 

litigation, there is no way of evaluating it.  This is why recruitment for the stakeholder 

workshops that served as the basis for the work in Chapters 2 and 3 extended beyond Federal 

Agencies to include people from non-profits, forest collaboratives, and Tribal groups, amongst 

others.  While it is a recognized weakness that the general public is not involved in this process, 

the scenario building exercise is better suited for technical planning the results of which should 

then be presented to the public. 
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Adaptive management is a process, and it still requires thinking about which direction 

that process should go.  Because the future is home to limitless possibilities, scenario building is 

a way to focus management planning.  To use this process effectively, multiple scenarios 

consisting of contrasting outcomes need to be developed in order to explore future uncertainty.  

The advantage to scenario building is that participation, especially by the public, can build 

shared understanding and reduce contestation of management actions.  Furthermore, scenarios 

can incorporate a variety of information in the building process, and by integrating qualitative 

information; values that do not lend themselves to qualitative measurement can be represented.  

By including diverse sources and diverse types of information in a systematic way, scenario 

building can lead to better decisions (Peterson et al. 2003).   

Also included in this project is the ability to share model outputs in an easy to use online 

format that enhances data visualization.  Data visualization can increase engagement, enhance 

understanding, and improve communication (Sheppard et al. 2011).  Moreover, Sheppard and 

others found that using landscape visualizations, such as would occur in our project, under the 

differing future conditions in scenarios can: “provide greatly increased local salience, linking to 

people’s attachment to place, perceived quality of life, community identity, and other cherished 

values” (2011).   Data visualization works well then in this particular project, as the 

visualizations can easily show impacts of climate change, as well as serve as the basis for 

understanding the impacts of the alternative management strategies and testing for any barriers to 

such alternative strategies.  As such, there is a LANDIS-II Visualization Tool (LandViz) 

(Gustafson et al. 2016), that is designed to enable users to quickly view maps and charts directly 

from LANDIS-II output, rather than going through other software, and "builds" a website that 

can be reached online.  Each scenario, or more than one for contrast, can be shown on a map 
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with a user-chosen dataset on display.  Moreover, the map legend is interactive, and can be 

adjusted on the fly.  The website containing all of the final scenarios was made available to the 

general public. 
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Figures 

 
Figure 1.1.  Outline of Klamath region study area. 
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Figure 1.2.  A range of possible climate projections using daily data for the Klamath region.  

The black square reflects the average contemporary climate values.  Circles reflect GCMs using 

RCP 4.5.  Triangles reflect GCMs using RCP 8.5.  Diamonds reflect values averaged across 

GCMs holding RCP constant.  The black boxes reflect those projections used in this study.  
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CHAPTER 2 

Abstract 

Climate change is altering disturbance regimes and recovery rates of forests globally, and 

seasonally dry Mediterranean forest types are particularly vulnerable to change.  However, the 

future of these forests will also depend on how climate change will interact with future 

management activities.  Forest managers are in critical need of strategies to deal with the 

uncertainties around climate change.  We worked with forest managers and stakeholders in the 

Klamath ecoregion of Oregon and California, a fire-prone and seasonally dry forest in the 

Western US, to co-design forest management scenarios that span a broad range of forest and fire 

management strategies encompassing different activities and intensities.  Using a mechanistic 

forest landscape modeling framework, we simulated the management scenarios as they interacted 

with forest growth and succession, wildfire, climate change. We analyzed the simulation to 1) 

understand the impacts of each scenario in determining the potential future forest composition 

and 2) investigate the possibility of a widespread shift of mature conifer forest to an alternative 

stable state of shrubs and chaparral within different management regimes.  Within the simulation 

timeframe (85 years), forest management had a greater influence on landscape conditions than 

climate change. Management scenarios also had a large influence on fire regimes, with fire 

rotation periods ranging from as short as 60 years in a minimal management scenario to 180 

years with an industrial forestry style management scenario. Our results show declines of high 

elevation conifers across all climate and management scenarios, reflecting climate 

disequilibrium.  Excepting the high elevations, most scenarios maintained overall forest cover 

levels; however, the minimal intervention scenario triggered 5x105 hectares of mixed conifer loss 

by the end of the century in favor of shrublands, while the maximal intervention scenario added 
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an equivalent amount of mixed conifer.  The process of co-designing scenarios with forest 

managers then simulating the outcomes to explore the range of options in a warming, disturbance 

prone ecosystem offers a robust technique for planning in an era of high uncertainty. 

 

Introduction 

Climate change presents substantial challenges for the management of forests across the 

globe, as climate change has resulted in unprecedented conditions (Millar et al. 2007).  The 

effects of climate change taken together—the complex interactions created by precipitation 

variability and seasonality, temperature change, and changes to disturbance, and forest 

regeneration—is widely expected to drive ecosystem transitions (Grimm et al. 2013).  Some of 

the forests most at risk of climate change are seasonally dry, fire adapted, Mediterranean forest 

types, as climate change is projected to increase temperatures resulting in higher evaporative 

demand and greater drought stress (Adams et al. 2009), as well as increased fire frequency, 

severity, and size (Westerling and Bryant 2008, Westerling et al. 2011, Barbero et al. 2015).   

The forests of the Klamath region are a Mediterranean forest type and are also the most 

diverse conifer forests in the Western hemisphere, with high productivity and carbon density 

(Whittaker 1960; Skinner et al. 2006; Bonan et al. 2008; McKinley et al. 2011).  However, these 

forests may be reaching a tipping point, whereby the forests may not regenerate sufficiently to 

outcompete shrub and chaparral vegetation that are projected to be better adapted to future 

climate conditions (Odion et al. 2010).  Alternative stable states—forest and shrubland—are 

maintained in the region through stabilizing feedbacks between disturbance regimes and 

vegetation dynamics (Scheffer et al. 2009, Scheffer et al. 2012).  However, when those 

feedbacks are disrupted, such as through increasing fire severity and frequency, conditions occur 
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that favor one alternative stable state over the other (Paritsis et al. 2014).  The Klamath shrubland 

community is composed of pyrogenic species that re-sprout vigorously after fire and can 

compete with conifer regeneration, which in turn promotes a self-reinforcing fire regime and can 

withstand more frequent and severe wildfires (Brown and Smith 2000, Tepley et al. 2018).  

Conifer regeneration requires a fire free interval sufficiently long for the conifers to overtop the 

shrub layer and develop greater fire resistance (Agee 1996, Thompson and Spies 2010).  Once 

mature, conifers can withstand surface fires that only affect the understory and establish their 

dominance (Sensenig et al. 2013).  However, management activities such as fire suppression and 

silvicultural practices can regulate these transitions (sensu Donato et al. 2009, Odion et al. 2010). 

These forests have been under active management for over a century; most of the federal 

land holdings in the area date back to the establishment of the USDA Forest Service in 1905 

although the area has been occupied and the forests managed for much longer (see Taylor and 

Skinner 2003; Skinner et al. 2006; and Crawford et al. 2015 for a comprehensive history of the 

region).  A majority of land in this region is under Federal control (USDA FS, USDI BLM) and 

was greatly affected by the implementation of the Northwest Forest Plan (NWFP) in 1994 

(Thomas et al. 2006).  Timber extraction declined as lands were set-aside which negatively 

impacted employment in the region (Eichman et al. 2010).  There has also been a history of 

controversy and collaboration in forest management for the region.  Collaborative management 

successes have included work in the Applegate Valley through the Southern Oregon Forest 

Restoration Collaborative (http://sofrc.org/).  Controversy has been prevalent in post-fire 

management and the impacts of salvage logging on the forests of the Klamath region after the 

publication by Donato et al. (2006).  Ultimately, the push and pull between environmental 
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groups and timber harvesters has resulted in high levels of litigation of federal forest 

management, particularly with respect to vegetation control projects (Milner et al. 2014).  

Given such challenges of managing these forests, the development of management 

scenarios in conjunction with forest landscape modeling (Gustafson et al. 2004) offers an 

opportunity to explore such issues and improve forest management planning (Thompson et al. 

2012).  This is especially relevant when testing new management approaches by allowing the 

rollout of such strategies on the landscape scale and can be used to investigate system resiliency.  

Integrating different management scenarios under a range of climate projections into a modeling 

framework brackets uncertainty and assesses the sensitivity of forests to disturbance, 

management, and climate change.  This process is especially valuable when there is irreducible 

uncertainty, such as with climate change (Thompson et al. 2012).  Moreover, there is a value to 

co-designing management scenarios, in that participation, especially by the public, can build 

shared understanding and reduce contestation of management actions.  Furthermore, by 

incorporating local stakeholder perspectives, this improves the relevance and legitimacy of the 

scenarios as well as generate new approaches to management (Carpenter et al. 2015).  With such 

a storied history of forest management in the Klamath region, working with a local and diverse 

group of stakeholders was important with scenario development here. 

As a result of climate change and the potential for alternative stable states (Odion et al. 

2010), the Klamath-Siskiyou region of SW Oregon and NW California (‘Klamath region’) is an 

ideal area to develop and test ideas about the role of forest management under climate change: 

how can management change the trajectories of these forests under climate change and changing 

disturbance regimes?  Here we describe and simulate six management scenarios that were co-

designed with a diverse team of management experts. The scenarios seek to achieve a number of 
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objectives from "controlling" the fire regime to “adapting” to climate change.  Many ideas 

introduced in Millar et al. (2007) were incorporated here: promoting resistance through increased 

management and fire suppression, enhancing resilience through fuels treatments, prescribed fire, 

and fire for fire use, and accelerating the transition of conifer forest to oak woodland to assess 

the test the idea of facilitation. To assess how these management approaches perform in a 

simulation model, under the effects of climate change, and into the future, we ask the following 

questions: (1) Can management shift the current fire regime, given that climate change at the end 

of the century may increase fire size and frequency? (2) Can simulated management scenarios 

maintain the forested landscape, and more specifically, the mixed-conifer community?  

 

Methods 

Study Area 

The Klamath-Siskiyou region, as we have defined it in this study, includes approximately 

3.2 million hectares of SW Oregon and NW California (Figure 1.1, Chapter 1).  The elevation 

ranges from sea level at the Pacific coast to 2,754 m.a.s.l (data derived from National Elevation 

Dataset, 30m).  The climate is classified as warm-summer Mediterranean (Koppen classification 

Csb) with cool, wet winters and warm, dry summers.  Given the topographic complexity, local 

climate can be highly variable.  There is a strong west to east temperature and moisture gradient, 

with precipitation ranging from as little as 400 mm to over 4000 mm per year (range derived 

from Maurer (2002) dataset). The number of growing days per year can range from 60 to 250 

(Skinner et al. 2006).  The dominate conifer is Douglas-fir (Psuedotsuga menziesii (Mirb.)) 

transitioning to White fir (Abies concolor (Gord. & Glend.)) at higher elevations.  In the interior, 

Ponderosa pine (Pinus ponderosa (Lawson & C. Lawson)), Sugar pine (Pinus lambertiana 
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(Douglas)), and incense cedar (Calocedrus decurrens (Torr.) Florin) are found at higher densities.  

California black oak (Quercus kelloggii (Newberry)), Oregon white oak (Quercus garryana 

(Douglas ex Hook.)), madrone (Arbutus menziesii Pursh), chinquapin (Chrysolepis chrysophylla 

(Douglas ex Hook.) Hjelmqvist), and tanoak (Notholithocarpus densiflorus (Hook. & Arn.) P.S. 

Manos, C.H. Cannon, & S.H. Oh), are common components of the understory and can become 

part of the canopy.  Land ownership in the study area was classified into: federal lands (64%); 

private lands (34%) that can be broken down further into private industrial forest holdings 

(20%), private non-industrial forests (9%), and other private landholdings (5%); tribal lands 

(2%); and state lands (<1%).  Approximately 20% of the area is under some sort of protected 

status (e.g., Designated Wilderness, Wild and Scenic River, etc.). 

Simulation Modeling 

We used LANDIS-II, a spatially explicit landscape model (Scheller et al. 2007) that is 

process-driven, flexible, and well-tested to project landscape-scale forest dynamics for the 

Klamath Siskiyou region. Details of this parameterization, calibration, and validation of 

LANDIS-II in this landscape were previously published by Serra-Diaz et al. (2018).  LANDIS-II 

explicitly includes dynamic climate projections, disturbance, and forest competition among 

woody species.  Inter-species competition is especially pertinent given that there are competitive 

interactions that can result in changes to species occupancy and their ranges may shift.  

LANDIS-II simulates forests as tree species-by-age cohorts within raster cells and 

incorporates spatial interactions across the landscape and among processes (e.g., management, 

growth and succession, and disturbance) over many decades.  Individual cohorts compete for 

resources (e.g., soil moisture, nitrogen, and growing space, a proxy for light) within each cell and 

tree species are explicitly located within the landscape.  Simulations were run on a 7.29 ha grid 
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(270 m cell side) over 85 years (2015 -2100).  All model inputs and parameters necessary to run 

the results are available through https://github.com/LANDIS-II-Foundation/Project-Klamath-

Climate-Fire.  

Model Extensions 

LANDIS -II operates as a core module interacting with various extensions that can 

simulate succession, disturbances, or management. The extensions used here include Net 

Ecosystem Carbon and Nitrogen (NECN) Succession (v4.2.1), Biomass Harvest (v3.2), Dynamic 

Fuels and Fire (v2.2.1, see below), Dynamic Biomass Fuels (v4.0), Biomass Output (v2.2), 

Cohort Statistics Output (v2.2), and Biomass Reclassification Output (v2.2).  With this model 

and set of extensions, the same climate data stream was used to model all processes through a 

centralized climate library (Lucash and Scheller 2015). 

The NECN succession extension (Scheller et al. 2011) integrates the Biomass Succession 

(Scheller and Mladenoff 2004) extension and the CENTURY soil model (Parton et al. 1983).  

The extension calculates how species-age cohorts grow, age, reproduce, and die based on 

limitations from temperature, water, nitrogen, leaf area index, and growing space.  It also tracks 

carbon and nitrogen across multiple pools of live and dead biomass (including leaf, wood, roots, 

coarse woody debris, litter, and surface residue) and soils (including fast decomposing, slow 

decomposing, and passive pools of soil organic matter).  Mortality, in the extension, is caused by 

age (the mortality rate increases as a species approaches its specified longevity) and by 

disturbances (harvest and fire, see next section).  Drought caused mortality, from embolism or 

carbon starvation, is not considered in this extension.  Species establishment probability is 

associated with species-specific traits, including seed dispersal distances, sexual maturity, post-

fire behavior (e.g., serotiny, resprouting), light, and water availability.  Water availability within 
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the model is a function of precipitation and the water holding capacity of the soil (i.e., depth of 

rooting zone and available water).  In addition to species parameters, there are functional group 

parameters that were based three factors: 1) on growth forms (e.g., hardwood, conifer, shrub); 2) 

the ability to fix nitrogen; and 3) evergreen versus deciduous.  Both species and functional group 

parameters determine how the species responded to climate and soil properties. 

The Biomass Harvest (Gustafson et al. 2000) extension simulates a wide variety of 

management actions by specifying the timing and amount of harvest removal. The extension 

allows a range of intensities, from partial thinning of cohorts and patch-cutting to clear-cutting 

and planting after harvest.  Spatial placements of those treatments are determined by maps of 

management areas and stands, as well as prioritizing harvests or treatments based on economic 

values or fire risk.  Two spatial layers are required for Biomass Harvest: 1) a management area 

map that breaks out major land ownership types; and 2) a stand map where silvicultural 

prescriptions can occur.   

The Dynamic Fuels and Fire System (DFFS) extension (Sturtevant et al. 2009, Syphard et 

al. 2011) simulates wildfire as a function of ignition, initiation, fuels, topography, and fire 

weather. Fire ignition and initiation are based on Yang et al. (2004), and fire spread follows the 

elliptical algorithms from Finney (2002) based on fuel types under the Canadian Forest Fire 

Behavior Prediction System (CFFBPS; Forestry Canada Fire Danger Group 1992).  Each cell’s 

set of species-age cohorts is aggregated into a fuel type, and each fuel type has its own properties 

with respect to fire spread and severity.  Moreover, each cell can transition through fuel types 

and are responsive to growth and reproduction, harvesting, and disturbance.  The fire extension 

calculates fire severity as an index of mortality, ranging from 1-5 and reflects the effects of fire 

on different age classes, with 1 affecting only the youngest of cohorts and 5 affecting all cohorts 
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(Sturtevant et al. 2009).  DFFS is both calibrated and emergent: initial calibration is based on 

historical values (see next section) but responsive to daily climate data.  The interaction between 

fire and management was incorporated through changing fuel types in response to management 

activities, like fuels treatments and prescribed fires. 

The following extensions were used to summarize model outputs:  The Biomass Output 

and Cohort Statics Output extensions summarize changes in the biomass and age of each species. 

The Biomass Reclassification Output extension reclassifies each cell into user-defined forest 

types dependent upon species dominance at that site, with dominance determined by biomass 

rather than age or canopy presence.  In the vegetation type output maps, the species or species 

group that has the highest biomass in that cell determines how the cell was classified.  As a 

result, changes in certain vegetation types can represent dominance shifts, not necessarily the 

absence of certain communities.  We compared general changes among management strategies 

and climate projections using consensus maps of vegetation types, calculated by creating a 

percentage of agreement amongst the simulations using the most frequent vegetation type to 

occupy that specific cell divided by the number of simulations run; the consistency of vegetation 

across replicates indicates a higher likelihood for a particular result. 

Model Inputs 

Serra-Diaz et al. (2018) parameterized and calibrated the vegetation, biophysical, and 

wildfire model inputs.  Thirteen tree species and seven groups of shrub species were modeled.  

Initial distribution maps of the species were based on the gradient nearest neighborhood 

methodology developed by Ohmann and others (2011).  Soil properties were obtained through 

the USDA NRCS STATSGO2 database 

(http://websoilsurvey.sc.egov.usda.gov/App/HomePage.htm).  Data incorporated in the NECN 
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extension include soil physical properties (e.g., composition: percent clay, sand, silt; amount of 

organic matter; soil depth).  The soils data were aggregated into five different types.  Dry and 

wet nitrogen deposition for the region was obtained from the National Atmospheric Deposition 

Program database (http://nadp.sws.uiuc.edu/).   Calibration of the fire extension was based on 

several inputs, including fire rotation period, the distribution of fire sizes, and fire severity as 

calculated using products from the Monitoring Trends in Burn Severity program 

(http://www.mtbs.gov). 

We used four climate change scenarios capturing the variability present among different 

projections for the area (see Serra-Diaz et al. 2018): ACCESS rcp 8.5, CanESM 8.5, CNRM 

rcp4.5, MIROC5 rcp 2.6, and contemporary climate (1949-2011) from the Maurer dataset 

(Maurer et al. 2002).  The four projections were the bias corrected constructed analogs v2 

available through the USGS geodata portal (http:cida.usgs.gov/gdp; accessed June 2016), and 

were chosen for covering the range of possible projected temperature and precipitation for the 

region (see Figure 1.2, Chapter 1).  Climate data are aggregated from grids into zones: for this 

landscape, five regions were demarcated to capture the differences in precipitation and 

temperature across the landscape.  The intersection between soil and climate zones resulted in a 

total of 25 unique regions. 

Management areas in Oregon were obtained from the Integrated Landscape Assessment 

Project (http://westernlandscapesexplorer.info/; accessed June 2016) and the Rogue River 

Siskiyou National Forest.  Management areas in California were derived from a combination of 

BLM surface ownership maps, data provided by the FS Region 5 Office, and an imputed forest 

ownership map created by Hewes and others (Hewes et al. 2014; Butler et al. 2014).  On federal 

lands, congressionally withdrawn areas (e.g., wilderness), late-successional reserves, designated 

http://www.mtbs.gov/
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habitat areas, and matrix timberlands were separated out.  For private lands, industrial forest and 

non-industrial forest lands were separated out from other non-forested or non-productive lands.  

A breakout of management areas is presented in Figure 2.1, and their associated prescriptions are 

in Table A.2 in Appendix A.   

Stand maps were developed by merging layers of vegetation cover class and age (from 

landfire.gov), road networks (from ODOT, USFS, and CalTrans), rivers and streams, and 

ownership boundaries in ArcGIS 10.4.1.  The merged layer was intersected with a fishnet to cap 

a maximum stand size with the resulting mean stand size of 35 hectares, and a mode stand size of 

7 hectares.  Stand maps varied with each scenario to integrate into the different management 

strategies embodied in each scenario. 

Scenarios 

We convened two workshops, one in April and one in November 2016 in Yreka, CA with 

federal land managers, Karuk tribal members, and others representing not-for-profit groups (e.g., 

watershed and restoration councils) in the region to determine: 1) the uncertainties they face 

when making decisions with respect to climate change and changing fire regimes, and 2) a range 

of forest management strategies with different objectives.  These strategies included multiple 

objectives: reducing mega-fires; promoting timber extraction; adapting to climate change; and 

alternative approaches to landscape restoration.  Using a structured scenario elicitation process, 

participants were in teams to develop six alternative scenarios that describe a range of 

management intensities at the April workshop.  These scenarios were then integrated into 

LANDIS-II, and then further refined by adding specific treatment targets and locations in the 

November workshop.   
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Each management scenario intended to represent broad policy changes that were 

plausible but could accommodate significant changes from current policy.  No economic 

analyses were performed; the implementation of each scenario may or may not be viable based 

on a wide range of factors outside of this study.  Given the large extent of the study area and 

coarse grain size used, many fine-scale management actions were omitted (e.g., state laws 

regulating harvesting near streams could not be incorporated as buffer areas were smaller than 

the cell size).  Moreover, there were trade-offs between generalizing harvest prescriptions and 

place-based knowledge: foresters develop prescriptions in response to specific stand conditions; 

however, prescriptions for the model were written in such a way to be broadly applicable across 

the landscape.    

We developed six scenarios: Business-As-Usual (BAU) management, Privatization 

(PVT), Let-it-burn (LIB), Strategic Fuels Treatments (SFT), Eco-restoration (Rx), and Climate 

Change Adaptation (CCA) (detailed below). We developed ownership maps and management 

action areas for each scenario as well as a table breaking down relative changes across several 

types of management actions (Figure 2.1, Table 2.1, Table A.1, and Table A.2).   

The BAU scenario simulated recent harvest rates and areas (2000-2014) for the forests 

after the implementation of the Northwest Forest Plan (see Figure A.1).  Harvest levels were 

based on county level timber receipts and direct reports from National Forests with 2012 as the 

baseline.  Current practices vary significantly among the different ownership groups.  Most 

harvesting occurs on private industrial lands and mostly in the form of clear cuts, the size of 

which is limited by state regulations (120 acres in Oregon, generally 90 acres in California).  

Very little harvesting occurs on Federal lands and typically in the form of thinning for the 

promotion of old growth characteristics. 
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Under the PVT scenario, the management objective for the region would maximize the 

extractive resource value from the landscape.  Therefore, this scenario was dominated by 

industrial forest practices.  Management actions included: short rotation monoculture forestry 

with planting and salvage logging; full fire suppression (supported by an intensive road network 

to allow harvest); and no prescribed fire.  Timber harvest levels were based on historical 

averages of production before the implementation of the Northwest Forest Plan. 

For the Rx scenario, restoring the landscape to pre-European settlement forest density 

and fire return interval was the objective with prescribed burning based on traditional ecological 

knowledge as the primary activity.  Wildfires were utilized to achieve restoration objectives, and 

suppression outside of high value areas was limited.  Mechanical thinning was simulated to meet 

restoration objectives where prescribed fires cannot be applied, generally in WUI/intermix areas.  

Timber harvesting was reduced to commercial thinning on Federal lands to treat plantations, 

promote old growth structure, and to promote specific species, like Sugar pine or Oak forest 

types.  

In the LIB scenario, fire suppression was limited to community protection assuming that 

the onus of fire protection for private industrial forestry lands was on industrial landowners and 

that they would develop treated (mechanically thinned) buffers around their holdings.  

Suppression on public lands was not simulated.  No active management occurred on federal 

lands. 

With the SFT scenario, prescribed fire and mechanical thinning would be used to limit 

maximum fire sizes through strategic placement, like along roads, ridgelines, or around 

communities.  Harvest on public lands outside of fuel treatments or commercial thins would be 

rare. 
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The objective of the CCA scenario was to adapt these forests to climate change by all 

means necessary.  Wildfire and fuels treatments were used for restoration objectives.  Given that 

oak savannah cover is expected to increase under climate change (see Lenihan et al. 2008), 

encouraging the spread of oak savannah now would improve resilience to climate change while 

minimizing the possible time these landscapes are dominated by shrub or chaparral. 

All scenarios, except the BAU, included changes in fire suppression policy.  Therefore, 

mean size and standard deviation parameters were chosen for the lognormal distribution that 

resulted in changes in the region’s fire rotation period (see Sturtevant et al. 2009).  Under the 

PRIV scenario, it was assumed that in an extensive road network to access timber would also 

facilitate fire suppression.  The CCA, SFT, and Rx scenarios included more fire, letting fires 

burn to accomplish treatment objectives; therefore, we reduced fire rotation period by 10%-25%.  

For the LIB scenario, a rotation period of 60 years was targeted, the upper end of the fire rotation 

interval for the Klamath region (Skinner et al. 2006). 

Experimental Design 

In order to understand the implications of these management scenarios in the context of 

climate change uncertainty, the scenarios were intersected with four GCMs at three different 

RCPs and, for comparison’s sake, contemporary climate.  To assess stochasticity of the 

simulated disturbances, each run was replicated nine times, resulting in 270 model runs (6 

management scenarios x 5 climate projections x 9 replicates).  Because of the long duration 

associated with each run (~28 hours), Microsoft’s cloud computing platform Azure was utilized.  

R (version 3.4.1) and ArcGIS (version 10.4.1) were used for processing and analyzing model 

outputs. 
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Results 

Consequences of management and climate change on fire regimes 

In general, management had larger impacts on forest landscape conditions than did 

climate change (Figure 2.2 and Figure 2.3).  Management strategies that encouraged fire use or 

let-it-burn strategies had more fires and larger fire sizes, which is reflected in a lower fire 

rotation periods (FRP, see Figure 2.2).  However, the placement and amount of treatments in 

each scenario drove the differences in FRP and the mean fire return interval (MFRI) among the 

management scenarios.  For example, the CCA scenario, which had increased wildland fire for 

fire use and the second highest number of acres treated annually, resulted in a higher FRP than 

the BAU scenario: the mean FRP across all climate projections for BAU was 101 years, for CCA 

it was 116 years.     

Virtually all replicates from all scenarios and climate projections had at least one mega 

fire (fire size >100,000ha) over the course of 85 years of the simulation run (Figure 2.2).  The 

range in the number of these events reflects the interaction of management and climate; under 

the LIB scenario, the lack of management provides more opportunities for fires to grow and their 

final size becomes more climate dependent and more variable.  On the other hand, even the 

assumed increased fire suppression efforts under PRIV could not prevent such mega-fires, 

though the associated variability in likelihood was lower.  However, the frequency of such 

extreme fire events ranged from once every ten years in the LIB and Rx scenarios to the PRIV 

scenario with once every 40 years (Figure 2.2).   

The mean fire return interval (MFRI) was calculated for each cell for each management 

scenario for the hottest and driest and the warmest and wettest climate projections, which varied 

more by management scenario than by climate change projection (Figure 2.3).  Minimum MFRI 
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values ranged between 19 and 22 years for the BAU scenario across the different climate 

replicates, while the smallest minimum MFRI across the scenarios was 13 years under the LIB 

scenario and largest minimum MFRI was 28 years.  While fire size was affected by the spatial 

arrangement of fuel treatments, there was a level of similarity among scenarios with respect to 

the spatial location of the fires, which followed a strong west to east pattern, reflecting the higher 

climatic water deficit in the east (Figure A.2) (Littell and Gwozdz 2011). 

Regardless of management scenario, average simulated fire severity remained similar, 

even under climate change projections with higher forcing (see Figure A.3 in the supplemental 

material); however, the amount of area burning at the highest severity at the end of each 

simulation (average of area burned between 2095 and 2100) did depend on the management 

scenario (Figure A.3).  Scenarios that utilized fuel treatments and prescribed fire declined in the 

amount of area burned at the highest severity.   

Community changes under climate change and management scenarios 

The management scenario that maintained the most forest cover was PRIV (Figure 2.4, 

Figure 2.5, Table A.4).  In fact, it was the only scenario in which forest cover was stable 

throughout the study period; BAU and CCA supported the next closest levels (Table A.4).  A 

majority of cover that was lost was in the high elevation conifer category, approximately 2.5 x 

105 hectares, replaced by other shrubs and grasses.  The LIB scenario maintained the least forest 

cover with a 25% decline by the year 2100, including losses in the high elevation and Klamath 

mixed conifer categories.  The remaining management scenarios fell in a range between the 

BAU and LIB scenarios. 

Tanoak and the Other Hardwood (Madrone and Chinkapin) types had reduced dominance 

under all scenarios but remained widespread across the landscape.  Overall, there was limited 
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change in the total amount of area occupied by the Klamath Mixed Conifer forest type (Figure 

2.5).  The area of mixed conifer that converted to hardwood shrub chaparral was offset by 

expansion into the high elevation conifer area (Figures 2.4 and 2.5).  There was a substantial 

decrease in the area occupied by high elevation mixed conifers (ranging from 50% to 80%), 

specifically around the Trinity Alps area (Figure A.4).   

In total, there was less agreement of vegetation type across the different management 

scenarios than across the various climate projections for each period indicating that management 

scenarios may largely determine variation in forest communities rather than different climate 

change scenarios (Figure 2.6).  This may be due to the fact that management locations may vary 

across replicates in response to succession trajectories and disturbance.  Nevertheless, there are 

areas of remarkable agreement across management and climate projections. The highest levels of 

agreement between simulations were located in areas with low climatic water deficit and with the 

lowest incidence of wildland fire (Figure 2.6). 

 

Discussion 

Our results suggest that future management in the Klamath will have at least as great of 

an impact on forest conditions as will climate change.  This is an optimistic message and serves 

as a justification for this study; by putting stakeholder driven ideas into “action” on this 

landscape, our approach allows for a more nuanced discussion about forest management and the 

consequences of that management on the landscape.  Ideally, these results can serve as a stepping 

stone to a broader discussion about management actions and consequences. 

The management scenarios had a wide range of outcomes:  The PRIV scenario 

maintained the highest level of forest cover on account of the scenario utilizing the highest levels 
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of harvesting, planting, and fire suppression (nearly three times the acreage treated over the BAU 

scenario, see Table A.1).  On the whole, the LIB scenario had the lowest MFRI and largest fire 

sizes because of the limited fire suppression.  This translated to the largest reductions in forest 

cover of any of the management scenarios.  The remaining scenarios fell between these 

extremes.   

Differences in fire rotation period among our simulations showcase the relative influence 

of these factors.  The mean difference between maximum and minimum FRP among 

management scenarios (holding climate projection constant) is 104 years where the difference 

between climate projections (holding management scenario constant) is only 17 years (Figure 

2.2).  This is not to say climate change will not be impactful. Our findings support others (i.e., 

Westerling and Bryant 2008, Fried et al. 2008, Serra-Diaz et al. 2018) who show climate forcing 

increased fire activity, particularly late in the century.  

Many scenarios project a loss of conifer forest. This may largely reflect that the system 

has already reached an inflection point with respect to climate change and management, areas 

that either were or became forested under high levels of fire suppression cannot maintain 

themselves as forest into the future (Crawford et al. 2015), reflecting that the large extent of 

conifer forests may not be reflecting current climatic trends (e.g., disequilibrium, Serra-Diaz et 

al. 2018).  Moreover, climate change can change forest recovery dynamics; increasing aridity has 

been linked to declines in conifer establishment after a fire, which in turn results in establishment 

of the shrubland stable state (Tepley et al. 2017). 

Other modeling work in this region reflects such changes to vegetation cover type—

transitions of forest to woodland or grassland—under climate change (Lenihan et al. 2003, 

Hayhoe et al. 2004, Lenihan et al. 2008).  Our projection that species that occupy higher 
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elevation areas (e.g., true firs) are expected to decrease significantly in area occupied matches 

the trends observed in Lenihan et al. (2008) and Sheehan et al. (2015).  These portions of 

montane and sub-alpine forests are most at risk under climate change and will remain only until 

disturbance removes them (Johnstone et al. 2016), which is a trend observed in other areas of the 

United States of America (Harvey et al. 2016, Andrus et al. 2018).  Lenihan et al. (2008) and 

Sheehan et al. (2015) estimated a substantial increase in area of Warm Mixed Forest, a class 

which includes mixtures of Doug-fir, tanoak, and madrone, under climate change in their 

modeling.  Our simulations suggest that there will be a limited expansion of tanoak and madrone 

beyond their initial position on the landscape, and an overall reduction in stands dominated by 

those two species as Doug-fir outgrows them, though they remain a significant presence in the 

understory.  Nevertheless, there are areas of the landscape where neither management nor 

climate change had a particularly strong impact (Figure 2.6).  Along the coast, especially in areas 

under federal ownership that experience less fire generally, these areas will remain in Klamath 

mixed conifer and continue to grow and age.   

The objective of the management scenarios was to explore different approaches to 

managing these forests in the face of climate change. The management scenarios chosen are not 

an endorsement of any of the scenarios.  There are an infinite number of strategies not explored, 

and also many different ways of implementing the scenarios chosen (Thompson et al. 2012).  

Limitations 

 While the modeling framework incorporates many aspects of a changing climate and its 

impacts on forest dynamics, its representation is not comprehensive. For one, the model does not 

explicitly incorporate the impacts of increased atmospheric carbon dioxide (CO2), which has 

been found to increased water use efficiency (WUE) in trees (Penuelas et al. 2011), hence 
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species persistence especially in Mediterranean-type climates (Keenan et al. 2011). The impacts 

of changing WUE at the landscape level is complex and not well understood.  Swann et al. find 

that earth system models overestimate drought stress in light of that increasing water use 

efficiency (2016).  We explored this idea in a sensitivity analysis, where a range of increased 

water use efficiency levels were run for the BAU scenario (see Figure B.1 and Table B.1 in the 

supplemental material).  For simulation year 2095, despite relative increased biomass production 

of 6% and 9% across the range of available water capacity under two simulation variants (each 

replicated three times), average landscape level biomass only increased by approximately 5% 

over the non-WUE enhanced case.  Given that the region is relatively nitrogen limited, this 

limitation could temper the WUE enhancement (Luo et al. 2004.; Norby and Zak 2011; Reich 

and Hobbie 2012). 

The Klamath region is a dynamic system and modeling the system for only 85 years may 

not capture the net effect of climate change.  In other words, it does not seem that the region 

reached its final basin of attraction; forest cover may continue to change or decline beyond 2100.  

There are still many uncertainties regarding the mechanisms of these cover changes: like the 

causes, such as the interval squeeze on conifer regeneration (Enright et al. 2015, Tepley et al. 

2017), or the stability or transience of alternative states for those changes (Hughes et al. 2013).  

Further investigation is necessary to understand those conversions and to attribute causes to 

those conversions, such as whether the conversions are the results of multiple fires (Harvey et al. 

2016), regeneration failure, or some combination of the two (Stevens-Rumann and Morgan 

2016).  In addition, anticipating how forest management might plan for such an extended period 

is also an open question; allowing for the interactivity of management and the model (i.e., 

allowing management scenarios to adjust in response to events within the model, like mega-fires, 



 

36 

 

for instance) could help with improving model forecasting.  Moreover, a significant driver of 

future forest management is the economics of timber and other ecosystem services provided by 

forests, and there is inherent uncertainty associated with the economics that is well outside the 

scope of this study (Gale et al. 2012). 

 

Conclusion 

Scenario building is a way to build better strategies and policies in the face of 

uncertainty.  By combining scenarios with simulation modeling, we are able to address multiple 

interacting global change drivers.  We believe that by co-designing these scenarios with local 

stakeholders, we will improve the salience of these results.  This region is likely to experience 

significant changes in the future, but it is well within the hands of the stakeholders to affect the 

future.  While climate change does have consequences for the landscape, forest management still 

has a bigger impact within at least the next century.  The result is that we hope this research will 

prompt a discussion not only among land managers but also with the greater public about the 

goals of management and types of management for this region. 
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Tables 

Table 2.1.  Scenario abbreviation, name, and description, along with the general trends in forest 

landscape management and their changes with respect to harvesting, fuel treatments, and fire 

suppression. 

SCENARIO NAME DESCRIPTION HARVESTING FUEL 

TREATMENTS 

FIRE 

SUPPRESION 

BAU Business-as-

usual 

continuation of 

present day policies 

- - + 

CCA Climate 

Change 

Adaptation 

promote oak/pine 

habitat, treat 

plantations on federal 

land, roads and ridges 

fuels treatments 

- ++ - 

LIB Let-it-burn no federal 

management or 

suppression, fires left 

to burn 

-- - -- 

PRIV Privatization no federal lands, 

private industrial 

methods 

++ + ++ 

RX Eco-

restoration 

prescribed burning 

everywhere, 

protection of legacy 

trees 

- ++ - 

SFT Strategic 

Fuels 

Treatment 

roads and ridges fuels 

treatments 

- + - 

“--” MEANS NONE, “-” MEANS LIMITED, “+” MEANS SOME, “++” MEANS SUBSTANTIAL 
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Figure 2.1. The different scenarios represented by the different areas where management 

activities could occur.   
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Figure 2.2.  On left, calculated Fire Rotation Period from 85 years of model simulation, 

averaged across replicates.  On right, the number of fire events greater than 100,000 hectares, 

averaged across replicates.  Climate forcing increases from left to right. 
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Figure 2.3. Calculated mean fire return interval from 85 years across multiple replicates for 

contemporary climate, Access rcp 8.5 (hottest and driest), and CNRM rcp 4.5 (warm and 

wettest). 
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Figure 2.4. Vegetation type map for the different management scenarios, leftmost columns: 

CNRM rcp 4.5 year 2055 and year 2095, rightmost columns: Access rcp 8.5 year 2055 and year 

2095.  The most frequent cover type across all replicates of each management-climate simulation 

is displayed. 
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Figure 2.5. Area occupied in hectares by cover type and year, averaged across all climate 

projections and replicates. 
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Figure 2.6. Top row: the most frequent vegetation type across all climate change projections and 

replicates.  Middle row: pixel percentage agreement across climate projections and replicates 

compared to 2015 base type map. Bottom row: confusion table of hectare occupied by that cover 

type between 2015 and 2095 vegetation projections.        
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CHAPTER 3 

Abstract 

Forests are experiencing conditions outside of their historic range of variability.  This 

future uncertainty not only has implications for forest management but also for the benefits the 

forests provide.  Here we use a scenario planning and simulation modeling to address both 

issues, using stakeholder developed scenarios of forest management to understand their impact 

on the provision of three ecosystem services (carbon sequestration and storage, amount of old-

forest, and timber production) for the Klamath-Siskyiou region (California and Oregon) under 

four different climate projections.  Six divergent management scenarios were developed with a 

range of motivations, from maximizing extractive value to adapting to climate change.  In all 

cases, how the forests were managed affected ecosystem services more than projected climate 

change; management accounted for more variance in service levels than climate.  There were 

notable trade-offs among the modeled services, particularly between timber and the other two.  

Nevertheless, the region will be a carbon sink into the future despite the increased risk of 

wildland fire under climate change or the increased levels of harvesting proposed in certain 

scenarios.  The amount of old-forest area will also increase, though at different rates for each 

scenario.  While there will always be unresolved uncertainty of the future, our research shows 

that, for this region, forest managers have the power to shape the forest and the benefits 

provided. 

 

Introduction 

Forests contain numerous features, functions, and processes which support life.  For an 

ecological feature, function, or process to be an “ecosystem service,” people have to benefit from 
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it (NESP 2016).  These services have been extensively described in the literature (see the 

Millennium Ecosystem Assessment 2005 among many other sources).  As part of their 2012 

Planning Rule, 36 CFR § 219.19 (2012), the USDA Forest Service is required to consider 

ecosystem services during their planning.  During forest planning, forest managers are tasked 

with assessing trade-offs.  With any management action, it is expected that the ecosystem 

services provided by the forest will likely change in quantity, quality, and duration.  Moreover, 

the complex effects of climate change will affect ecosystem functions and the associated 

ecosystem services, including changes in carbon sequestration, water and nutrient cycling, and 

regulation of regional climate (Grimm et al. 2013).  With climate change, disturbances (such as 

wildland fire) are expected to increase in frequency and severity (Westerling et al. 2006) and will 

further alter a forests’ ability to provide ecosystem services (Moritz et al. 2014). 

Faced with the increasing uncertainty of climate change and the need for continued 

provision of ecosystem services, forest managers need strategies robust to uncertainty.  Adaptive 

management has been advocated for natural resource management; the learning-by-doing, 

responsive management framework is more robust to ecosystem complexity and uncertainty 

from different sources (e.g., climate change) (Stankey et al. 2005, Siedl 2014).  Allowing for 

management actions to adjust to new information is crucial given the increasing uncertainty 

under climate change (Millar et al. 2007, Schindler and Hilborn 2015).  Moreover, adaptive 

management is well suited for the management for ecosystem services because there is a 

dynamic interaction between people and their environment (i.e., people change their environment 

or react to changes in their environment in order to receive (or enhance) ecosystem services) 

(Carpenter et al. 2006, Chapin et al. 2009).   
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The need to establish a causal chain between management and ecosystem service levels is 

a challenge in light of all the potential sources of uncertainty (Carpenter et al. 2009).  Links in 

this chain include: 1) the link between the underlying system ecology to those features, 

functions, and processes; 2) the management of the forest; 3) the effect of management actions 

on ecosystem services; and 4) the integration of that information back into management 

planning.  The process of scenario planning paired with simulation modeling addresses those 

steps and can serve as a method for improving natural resource management going forward 

(Thompson et al. 2012, Miller and Morisette 2014).  Moreover, the co-generation of scenarios 

among managers ensures their relevancy to decision making.  To use scenario planning 

effectively, multiple scenarios consisting of contrasting outcomes need to be developed to 

explore future uncertainty (Bennett et al. 2003).  Forecasts of future conditions provide a 

consistent link for management with the ecosystem services paradigm; the provision of 

ecosystem services should be explicitly incorporated into decision making about forest 

management. By exploring the range of management scenarios, this study provides context to 

existing management philosophies and facilitates discussion about the merits of such strategies.     

We investigated the intersection among forest management, the provision of specific 

ecosystem services, and the role of forest managers by linking the effects of multiple 

management scenarios on the provision of ecosystem services.  To do this, we used a simulation 

model under six different management strategies and four future climate projections to examine 

several ecosystem services in the Klamath-Siskiyou bioregion.  Specifically, we consider: 1) 

How do different management strategies and climate change impact ecosystem carbon (C) 

storage and old forest? 2) How do carbon and old-forest trade-off with timber harvesting? 

 



 

47 

 

Methods 

Study Area 

The Klamath-Siskiyou region, as we have defined it in this study, covers approximately 

3.2 million hectares across SW Oregon and NW California (8 million acres), stretching from the 

Pacific coast in the West to I-5 in the East, and can be seen in Figure 1.1.  The study area spans 

several mountain ranges, with the topography ranging from sea level up to 2,754 meters at the 

peak of Mt. Eddy.  The topographic diversity results in a highly variable climate regime.  While 

the area is generally classified as warm-summer Mediterranean, with wet winters and dry 

summers, there is a strong west to east temperature and moisture gradient across the study area.  

Precipitation ranges from 400 to over 4000 mm per year, falling mainly as snow in the winter.  

The dominate conifer is Douglas-fir (Psuedotsuga menziesii (Mirb.)) but is found with various 

other conifers, resulting in the Klamath Mixed Conifer forest cover type.  Most of the land in the 

study area falls under federal ownership (~64%), with about a third of that land under some sort 

of protected status (e.g., wilderness). 

Human communities are sustained through the ecosystem services that functioning 

forests provide (e.g., wood products, clean water, biodiversity, etc.).  The Klamath region of 

California and Oregon is emblematic of the critical role played by ecosystem services.  Timber 

has been an economic driver in the region since European settlement.  However, with the 

passage of the 1994 Northwest Forest Plan, harvesting on Federal lands declined significantly 

(Thomas et al. 2006).  The focus of the plan—promoting old-growth forest and habitat for 

vulnerable species—changed the trajectory of management on Federal lands.  Other activities, 

such as recreation, have become increasingly important to the region’s economy; the four 

National Forests in the region had over 2.5 million visits in 2012 (USDA FS 2016). 
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Scenario building 

We hosted two workshops in April and November 2016 in Yreka, CA with federal land 

managers and other groups in the region to develop management scenarios covering a range of 

management intensities.  This diverse group of participants included people from different 

federal agencies, collaborative groups, non-profits, and from the local tribe.  These scenarios 

were designed in a way to integrate them into a forest landscape change model.  Building off 

work from Maxwell et al. (in review, Chapter 2), this paper looks at ecosystem services provided 

by the forests of the Klamath-Siskiyous under those different management strategies and climate 

change projections (see Table 1).   

The six scenarios were: Business-As-Usual (BAU), Privatization (PRIV), Let-it-burn 

(LIB), Strategic Fuels Treatments (SFT), Eco-restoration (Rx), and Climate Change Adaptation 

(CCA).  

1. BAU simulated recent management conditions (2000-2014) for the forests after 

the implementation of the Northwest Forest Plan. 

2. Under the PRIV scenario, the management objective for the region would be to 

maximize the extractive resource value from the landscape, where harvest 

practices would follow current industrial forestry practices and a harvest level that 

targeted historical averages from the 1970s and 1980s. 

3. For the Rx scenario, prescribed burning would be a significant tool in restoring 

the landscape to pre-European settlement forest density and fire return interval. 

4. In the LIB scenario, fire suppression would be limited to community protection; 

there would be no suppression on federal lands, nor would there be any active 

management. 
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5. The SFT scenario focuses on utilizing “road and ridges” fuel treatments to contain 

large fires while allowing others to burn. 

6. With the CCA scenario, the goal is for the adaptation of these forests to climate 

change by all means necessary. 

Each scenario represents only one possible future out of a field of infinite possibilities.  

All but the PRIV scenario keep restrictions on harvesting in late-successional reserves in 

accordance with the Northwest Forest Plan.  However, we recognize that maintaining the same 

management regime through the end of the century is unlikely given the sharp changes in policy 

in the past century.  No economic analysis was performed for any of the ecosystem services or 

the cost of management scenarios.   

Climate Change Projections 

For continuity through the project, the same climate scenarios were used as in Serra-Diaz 

et al. 2018 and Maxwell et al. (in review, Chapter 2).  These were ACCESS rcp 8.5, CanESM 

8.5, CNRM rcp4.5, MIROC5 rcp 2.6, and contemporary climate (1949-2011) from the Maurer 

dataset (Maurer et al. 2002).  The four projections were the bias-corrected constructed analogs v2 

available through the USGS geodata portal (http:cida.usgs.gov/gdp; accessed June 2016) and 

were chosen for covering the range of possible projected temperature and precipitation for the 

region (see Figure 1.2). 

Simulation modeling 

We used LANDIS-II, a spatially explicit landscape model (Scheller et al. 2007) to project 

landscape level forest dynamics for the Klamath-Siskiyou region.  LANDIS-II simulates forests 

as tree species-age cohorts within raster cells and emphasizes spatial interactions across the 

landscape and among processes over many decades, incorporating climate change, forest 
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management, growth and succession, and disturbance.  Individual cohorts compete for resources: 

soil moisture, nitrogen, and growing space within each cell.  Simulations were run with a 7.29 ha 

cell (270 m per side) over 85 years (2015 -2100).   

The model works as a core module interacting with different extensions that can either 

simulate forest succession, disturbances such as fire or pathogens, and management, or produce 

specific outputs. The combination of extensions used here include Net Ecosystem Carbon and 

Nitrogen (NECN) Succession (v4.2.1), Biomass Harvest (v3.2), Dynamic Fuels and Fire 

(v2.2.1), Dynamic Biomass Fuels (v4.0), Biomass Output (v2.2), Cohort Statistics Output (v2.2), 

and Biomass Reclassification Output (v2.2).  The same climate data were organized through a 

centralized climate library (Lucash and Scheller 2015) and utilized by all extensions. 

Details of this parameterization, calibration, and validation of the succession and fire 

extensions for LANDIS-II in this landscape was previously published by Serra-Diaz et al. 

(2018).  Details concerning specifics about the different management scenarios are available in 

Maxwell et al. (2018).  All model inputs and parameters necessary to run the results are available 

through https://github.com/LANDIS-II-Foundation/ Project-Klamath-Climate-Fire.  More 

information can also be found in Figure A.1 and Table A.2. 

However, one limitation in the NECN extension is that with only a sample of years for C 

fire release data—only for years when the succession extension ran—the total potential C release 

is likely underestimated due to the stochasticity of fire and the long-tailed distribution of fire 

sizes.  Other sources of mortality (i.e., pathogens) were not considered in this analysis. 
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Modeled Ecosystem Services: 

Carbon 

Through the Net Ecosystem Carbon and Nitrogen (NECN) Succession Extension (4.2.1) 

and the Biomass Output Extension (2.2), LANDIS-II tracks carbon stocks and fluxes above and 

below ground.  NECN combines the Century soil model (Parton et al. 1993) with the previously 

developed Biomass Succession Extension (Scheller and Mladenoff, 2004).  Living and dead 

carbon are tracked through time in NECN across different pools.  For living pools, there are four 

pools: wood, leaf, fine root, and coarse root pools.  For dead pools, there are also four pools: 

down woody debris, surface litter, dead fine roots, and dead coarse roots.  Additionally, there are 

three soil pools: fast decomposing soil organic matter, slow decomposing, and passive.  

Summing outputs across the landscape allow for direct comparisons between the different 

management scenarios and different climate change projections for total landscape carbon.  

Timber Volume 

Utilizing the Biomass Harvest Extension (3.0), various silvicultural prescriptions were 

written into each scenario (see Tables S1 and S2 in the supplemental material for the breakdown 

of each prescription into its aim and the amount of area treated).  Because the extension harvests 

mass, a number of steps were taken to convert mass into volume.  Using findings from Miles and 

Smith (2009), harvested mass for each species was multiplied by the specific weight of green 

wood (including bark) to obtain volume.  Volumes were converted into cubic meters.  Only 

prescriptions that would generate revenue were included in the calculated totals (i.e., non-

merchantable materials generated from pre-commercial thinning and fuels treatments like 

prescribed fires were excluded).  Approximately 20% of materials are left on site, and the 

modeled total harvest was also reduced by that amount as well (Zhou and Hemstrom 2010).  The 
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BAU scenario harvested volumes were validated across ownership categories against the average 

historical values between 2000 and 2012 (see Figure A.5). Moreover, harvest area was also 

calibrated to match area harvested on Forest Service lands based on reported values in the Forest 

Activities (FACTs) database (https://data.fs.usda.gov/geodata/edw/datasets.php, accessed April 

2017).  For other ownerships, harvest volumes were validated against county-level data collected 

through the Oregon Department of Forestry and from Gale et al. (2012) and Morgan et al. 

(2012). 

Old Forest Area 

The following qualifications were used for assessing old forest area: 1) trees that were 

over 200 years old; and 2) at least one cohort of regeneration present in the cell (trees less than 

50 years).  While old-growth is defined as having specific structural characteristics that cannot 

be identified with a coarse grain model as LANDIS-II, old forest is a critical component of old 

growth.  

 

Results 

Carbon 

In most instances, how the simulated forest was managed had a greater bearing on levels 

of ecosystem services than climate change (see Figure 3.1 and Figure C.1 in the supplemental 

material).  Forest carbon is controlled by growth and disturbance (both through removals in the 

form of harvest and release through fires) (Williams et al. 2012).  The BAU scenario, which 

combines limited harvest on federal lands with high levels of fire suppression, maintains higher 

levels of C (243 ± 18 Mg C per hectare).  Conversely, without fire suppression or removals on 

federal land, the LIB scenario maintained the least carbon (200 ± 22 Mg C per hectare, sd 22).  
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The remaining scenarios fell between these two.  Higher levels of fire activity had consequences 

for other C pools: the LIB Scenario had declining soil and dead C stocks.  Live carbon stocks 

made up the bulk of C stocks on the landscape (73%, on average).  However, landscape averages 

belie the spatial distribution of C on the landscape (see Figure 3.2).   

The influence of climate accounted for less variation at the landscape-scale than 

management (see Figure S3).  While the warmer and wetter climate projection (CNRM rcp 4.5) 

had the highest levels of carbon, the hotter and wetter projection (CanESM rcp 8.5) had the 

lowest.  The scenarios with CanESM rcp 8.5 had the highest levels of fire as well which resulted 

in the most losses (see Serra-Diaz et al. 2018, Maxwell et al. in review, Chapter 2). 

Because the NECN extension tracks the C efflux from fire (on the years that the 

succession extension runs), it can provide an estimate of the amount of C lost to wildfire.  This 

can be directly compared to estimates of the Net Ecosystem Exchange (NEE, the amount of 

carbon flowing into the system (net primary productivity less respiration)) and the management 

activities that remove C.  Using a stock and flow approach of C on the landscape allows direct 

comparisons of the scenarios through time.  Averaging across both climate projection and 

through time, NEE estimates were between 1 and 2 Mg C per hectare per year that are 

sequestered into the system.  In all but the PRIV scenario, average annual release and removal of 

C was between 0.1 and 0.5 Mg C per hectare.  Generally, the amount of C removed by 

management exceeded the amount C release by wildfire (see Figure 3.3 and C.2).   

The harvest rate from the different scenarios had the anticipated directional impact on 

aboveground carbon; however, this was complicated by the interactive effect of management on 

the fire regime.  The BAU scenario had the most total carbon and aboveground live carbon 

because it balanced removals through harvest and release by wildland fire.  This result contrasts 
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with the LIB scenario, where while removals are limited, release from fire is at its highest, and 

the carbon decrease is across live, dead, and soil C pools.  The PRIV scenario moved in the other 

direction as the higher harvest rate removed more C from the aboveground live pool, but with 

harvest residues, some C moved to the dead C pool, which breaks down and moves into the soil 

C pool.  However, this assumed a constant proportion of harvest residues remained on site, and 

different harvesting intensities and methodologies (e.g., whole tree harvesting) might have a 

different result (Creutzburg et al. 2017). 

Timber Volume 

Climate change had a negligible effect on timber resources for the region.  The majority 

of harvesting takes place on private industrial forest lands in all but the PRIV scenario, where the 

short rotation (40-50 years) and intensive management limits the impacts of climate change.  The 

amount harvested reflected the intent of each management scenario: since most of the scenarios 

focus on managing for the fire regime, there was limited variation in the amount of merchantable 

material harvested with those scenarios.  These scenarios removed approximately 940,000 cubic 

meters annually through various prescriptions (see Figure 3.4 and Figure C.3).  The exception 

was the PRIV scenario, whose focus was on timber extraction.  Under the PRIV scenario, the 

average annual volume harvested was on the order of 3,700,000 cubic meters (approximately 1.6 

billion boardfeet).  This figure is on order with the high levels of harvest the region experienced 

in the 1980s (Adams et al. 2006).   

Old Forest Area 

The amount of old forest increased under all management scenarios and climate 

projections.  By the year 2095 in the simulation, three scenarios (BAU, CCA, and SFT) see a 

200% increase in the amount of old forest (from 2.7 x 105 to about 8.2 x 105 hectares, see Figure 
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3.5 and 3.6).  The management scenarios that produced the least were PRIV and LIB, where 

there was an approximate increase of 130% over the 2015 baseline.  A majority of the old forest 

added to the landscape occurred by 2055, indicating that most of these cohorts were established 

prior to the establishment of the National Forest system. 

 

Discussion 

Here we forecast the provisioning of three forest generated ecosystem services into the 

future across six contrasting management scenarios under the uncertainty of climate change.  

When considering which management strategies to pursue, forest managers must consider the 

impacts those strategies have on the provision of ecosystem services. Our results show that for 

these particular services, how the forests are managed matters more than the levels of climate 

forcing tested.  This is true for carbon, timber, and old forest; the different management scenarios 

resulted in substantially different levels of services, and the variation among climate projections 

was less than among management scenarios.  Nevertheless, identifying the production possibility 

sets—how the production of these services interacts with one another (see Figure 3.7)—can 

define the long-term range and potential of provision of multiple ecosystem services (Kline et al. 

2016). 

Timber harvesting is tied to economic factors well outside this study, such as the housing 

market, mill capacity, and product type (Gale et al. 2012).  Moreover, the re-introduction of 

harvesting on the scale of the PRIV scenario would have implications for the US timber market.  

Wear and Murray found that with the implementation of the NWFP, approximately 43% of the 

lost harvest on federal lands was offset by increased harvesting on private timberlands within the 

region, with the rest of offset by increased harvesting in the southeastern US and Canada (2004).  
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As such, Murray and others concluded that this diverted harvest actually resulted in net carbon 

savings on account of the forests in the southeastern US being younger and more uniform (2004).   

The institution of the PRIV scenario could likely reverse those trends; however, the 

southeastern US may maintain a comparative advantage in timber production because lower 

quality and smaller timber can be better utilized due to the development of laminated timber 

products, reducing the need for harvesting older, larger trees (Bradner et al. 2016). 

Our estimates of initial landscape carbon fell in line with other modeling studies of the 

region (Hudiberg et al. 2009).  However, this model tracks the amount of carbon across more 

pools as well as by their removal.  While Law et al. (2017) tracked flows of C across the state of 

Oregon, the difference in land base used prevents direct comparison; however, the trends in 

changes to C stocks and flows were similar.  Harvested materials account for more C removal on 

the landscape than release from wildfire, and mesic coastal forests have the potential to be a 

strong carbon sink.  These carbon results are limited to what happens in the forest, precluding the 

full life cycle analysis to put the whole picture together.  How the harvested materials are used 

can make a substantial difference in net long-term C storage (Lippke et al. 2011).  Amiro et al. 

(2001) calculated carbon emissions from fires across Canada and found the mean release to be 

1300 g C m-2 y-1.  Van Der Werf et al. (2010) estimated average carbon emissions from wildland 

fire for the United States to be 627 g C m-2 y-1.  Our estimates are on the order of 886 g C m-2 y-1 

(± 768 g C m-2 y-).  Because of the temperate climate of the Klamath region, decomposition of 

dead materials occurs relatively rapidly such that the dead and soil C pools are small in 

comparison to other areas, such as the Coast Range of Oregon (Hudiburg et al. 2009), or the 

boreal forests of Canada.  The limited accumulation of deep soil C means that there is limited 
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release of C from combustion, which likely accounts for why our estimate comes in lower than 

Amiro et al and their study area. 

In the Pacific Northwest, there are a number of species that are old-forest obligates, not 

limited to the Northern Spotted Owl (Strix occidentalis caurina) and Marbled Murrelet 

(Brachyramphus marmoratus) (Noon and McKelvey 1996).  Their decline, among other reasons, 

prompted the implementation of the Northwest Forest Plan (Thomas et al. 2006).  That plan 

emphasized a strategy of old-growth forest protection by creating late-successional reserves 

around wilderness areas.  This strategy changed the trajectory of old-growth in these forests, 

where even under business-as-usual conditions, the amount of area of old-forest is more than 

expected to double by the year 2100, and most of the area are those late-successional reserves 

ageing past that 200-year threshold (see Figure 3.5).   

Old-forest area has many ancillary benefits not limited to owl habitat.  Shelby et al. found 

that old-growth forest received the highest favorability ratings for recreation while recent 

clearcuts had the lowest ratings (2005).  Recreation has become increasingly important for this 

region’s economy after the implementation of the NW Forest Plan.  At the state level, recreation 

spending and associated employment exceeds that of the forest sector (Outdoor Industry 

Association 2017).  Because of its increasing importance, more research is necessary to address 

the interactions between forest management, climate change, and forest recreation. 

There were also trade-offs between carbon releases from wildfire and carbon removals 

from management activities.  While other studies have suggested that fuels treatments can 

enhance C storage on the landscape in the long run through reductions in fire severity (Hurteau et 

al 2008, Hurteau and North 2009, Loudermilk and Scheller 2016), this might not hold true for 

this region with its mixed severity fire regime (Mitchell and Harmon 2009).  In their study, 
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Mitchell and Harmon found that the amount of material needed to be removed from a forest to 

have an impact on the amount of C lost in a wildfire is greater than the amount of C lost in a 

wildfire, as not all material (such as boles) is consumed in a fire (2009).  Maxwell et al. (in 

review) found that even with scenarios that emphasized fuels treatments, fire severity did not 

decline substantially, indicating that more material would likely need to be removed to reduce 

severity.  As such, the limited impact on severity suggests that carbon releases from wildfire 

were not limited either, which is more in line with the findings of Campbell et al. (2012) where 

fuel treatments did not have a substantially impact on C release by wildfire on account of the 

limited area treated compared to the entire landscape.   

There are many more ecosystem services beyond those estimated here, including related 

and interactive services that have not been considered.   Not all ecosystem services are mutually 

compatible; previous studies (Boscolo and Vincent 2003, Kline et al. 2016) have identified 

situations where production of multiple services are competitive: maximizing for one service 

results in decreases in the other.  Such an instance includes the production of timber and 

biodiversity, but more generally wherever the age where non-timber benefits peak is different 

than the age where timber benefits peak (Swallow et al. 1990, Nalle et al. 2004).  This is the 

result of differences in the standing value of the forest on account of when the value of the 

ecosystem service(s) in question peak in relation to the other services (e.g., owl habitat value 

peaks with old-growth, while timber value peaks at a much younger stand age).  Another 

example of incompatibility between services is in this region’s forested streams.  The Klamath 

region maintains a number of salmon (Oncorhynchus species) runs, and those runs have been on 

the decline for a number of factors, not limited to climate change and land management practices 
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(Brown et al. 1994).  Enhanced stream shading and erosion control through reduced harvest 

levels has the potential to help protect these runs (Bond et al. 2015).    

There are also services for which estimation might not necessarily be possible.  Forests 

play an outsize role in the provisioning of fresh water in this region (USDA Forest to Faucets 

2017).  Estimating future surface water flows is complex and forecasting into the future would 

require current hydrologic and forest simulation models to be linked.  Forests also play an 

important role in human health and well-being (Wolf et al. 2014); however, the scale of the 

region and other factors would make any such estimation difficult.     

 

Conclusion 

People depend on forests and the ecosystem services they provide, but forests are 

entering a time where there is no analogous situation in history with respect to climate or human 

pressures (Ravenscroft et al. 2010; Puettman 2011).  Without history as a guide, and facing the 

uncertainty of the future, managers must use adaptive management.  Such a management process 

must not only look forward to the conditions of the forest in the future, but also the services the 

forest provides.   Pairing scenario planning with simulation modeling allows for exploration of 

that uncertainty and can reduce the risk with testing novel management strategies.  By 

highlighting the impacts of their decisions on the provisioning of ecosystem services, managers 

can better understand the consequences of their actions.  Moreover, the general public cares 

about the levels of services they have access to and this can increase engagement between the 

public and federal land management agencies, and, through greater engagement, a reduction in 

the contestation of management actions is possible.  
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Figures 

 

Figure 3.1.  Carbon storage (g C m^-2) by management scenario averaged across all climates 

and replicates. Top left (A): total carbon, sum of live, dead, and soil carbon. Top right (B): 

aboveground carbon in living materials. Bottom left (C): carbon in soils.  Bottom right (D): 

aboveground carbon in dead sources. Middle line represents mean value, upper and lower 

bounds represent (+/-) 1 s.d.  
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Figure 3.2. Total Carbon (live + dead + soil, in g/m2) across the landscape.  The region 

continues to act as a carbon sink, especially in the western portions. 
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Figure 3.3. Mean landscape carbon flux per year by source, averaged across different climate 

projections and displayed by management scenario. Fire is C released from fires during 

succession extension years; Harvest is total C removed from landscape by management actions; 

and NEE is the amount of C sequestered annually. Middle line represents mean value, upper and 

lower bounds represent (+/-) 1 s.d. 
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Figure 3.4.  Mean annual harvest in cubic meters by management scenario, averaged across 

climate projections. Middle line represents mean value, shaded area between upper and lower 

bounds represent (+/-) 1 s.d. 
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Figure 3.5. Distribution of old forest (cells with trees greater than 200 years old) across the 

landscape at model year 2100, shown by: management scenario by column; climate projection by 

row with a high forcing projection at top, and a low forcing projection middle; current 

distribution shown in lower left corner. 
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Figure 3.6.  Different age classes through time by management scenario, averaged across 

climate projections.  Old age class are cells with trees greater than 200 years.  Young includes 

ages 20-80.  Regeneration includes ages 0-20.  Middle line represents mean value, upper and 

lower bounds represent (+/-) 1 s.d. 
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Figure 3.7.  Scatterplot showing the mean ecosystem service outputs (carbon, timber, and old 

forest area) by management scenario. 
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CHAPTER 4 

Abstract 

Context 

High elevation tree species are at greater risk of decline under climate change. 

Forecasting future locations of persistence is key in the conservation of those species. 

Objectives 

This study had two major objectives: 1) to determine the extent of potential decline of 

three montane conifers while identifying potential microrefugia, and 2) to assess how model 

resolution might affect estimates of that decline. 

Methods 

Using a forest simulation model that incorporates forest dynamics, climate change, and 

disturbances, we forecast future distributions of three montane conifer species in the Klamath 

Mountains. The model was run under two different grain sizes, 0.81 ha and 7.29 ha cells, using 

four different climate change projections. 

Results 

The area occupied by these montane conifers declined by the end of the 21st century, 

with only a few areas where the species were able to persist.  Higher levels of forcing resulted in 

greater declines.  Moreover, higher temperatures resulted in decreasing probability of 

establishment.  While regeneration declined, adult populations were still able to persist despite 

the climate disequilibrium.  Model resolution affected patch size and distances between patches 

but did not affect the trend of decline. 
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Conclusions 

Despite the high resolution of the simulation model, the lower resolution of the climate 

data used might still underestimate the potential for microrefugia for this topographically 

complex region.  Even with the substantial decline by the end of the century, forest managers 

still have time to intervene.  However, with the few areas where these species are able to persist 

in this landscape, forest managers may have to rely on more contentious (i.e., assisted migration) 

strategies. 

 

Introduction 

Climate change has caused, and will cause, significant changes in tree species’ 

distributions (Lenoir et al. 2008).  Paleo-ecological studies have shown that geographical ranges 

of tree species across the globe have expanded and contracted since the last glacial maximum 

(see Svenning et al. 2015).  These range shifts are, however, dependent on local context: 

topographic and climatic interactions result in the localized persistence of tree species that would 

otherwise be lost under the regional climate or ‘microrefugia’ (Dobrowski 2011, Keppel et al. 

2012).  Hannah and others have classified microrefugia based on the persistence of the climate 

sensitive species in that location: stepping stones are areas where the microclimate allows 

species to migrate through; holdouts are areas where the species can persist for some amount of 

time; and microrefugia are areas where the species can persist until a favorable climate returns 

(2014).  However, with projected temperatures expected to rise with climate change, a more 

pragmatic approach is necessary for identifying spots where a species can persist for any amount 

of time (Keppel and Wardell-Johnson 2015).  This paper then seeks to identify holdouts, areas 

where species can persist through 2100. 
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The optimal scale at which to identify holdouts is a challenge: estimates must account not 

only for climate but also competition, demographics, and disturbance (Malanson et al. 2007, 

Copenhaver-Perry et al. 2017).  Species distribution models may account for climatic changes, 

but do not account for dynamic interactions between species.  Stand level models may account 

for competition and climatic changes, but do not operate on a large enough scale to capture 

population movements.  In addition to changing climate, high-altitude tree species confront 

competition and disturbance at local scales.  Issues of dispersal and competition can lead to 

climate disequilibrium whereby species fail to migrate at the rate of climate change (Svenning 

and Sandel 2013).  Additionally, climate change and other human factors are also expected to 

alter disturbance regimes, specifically fire regimes for the western US (Westerling et al. 2006).  

For a microrefugia to remain viable for any duration for a particular species, it requires the 

persistence of favorable microclimate, successful regeneration of that species, and maintenance 

of the disturbance regime that the species is adapted to (e.g., the continuation of a low-severity 

fire regime) (Hannah et al. 2014).     

Because of their complex topography, montane regions offer a variety of microclimates 

through a combination of changes in aspect and elevation (Bell et al. 2014a).  The Klamath 

region is an ideal area to study the persistence of microrefugia given its tree species diversity and 

complex geology and topography (Cheng 2004).  Moreover, in the “Magic Mile” of the Russian 

Wilderness of the Klamath National Forest, 17 conifer species can be found in one square mile 

(Wallace 1984).  The region is essentially a melting pot: some species found there are at the 

southern end of their distribution (Alaska yellow-cedar), others are at their northern end 

(California red fir), or endemic (Brewers spruce) (Burns and Honkala, 1990).  Many of these 

species occupy higher elevations, particularly the true firs.  Throughout the Western US, high 
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elevation tree species (those in the montane to alpine belts) have been on the decline (Andrus et 

al. 2018, DeSiervo et al. 2018).   

Under climate change, the expected warmer temperatures will reduce soil moisture while 

increasing evaporative demand, resulting in drought related mortality and regeneration failure 

(Millar et al. 2012, Andrus et al. 2018).  The projected average temperatures of the Klamath 

mountains are expected to increase by 1 to 3°C by the end of this century, depending on climate 

forcing.  Here we used landscape simulation model approach operating with two different scales 

and grain sizes.  The questions we ask are: 1) where can these species persist into the future, in 

light of the effects of climate change on the region?  2) how does the model resolution affect 

species occurrence on the landscape? 3) can we generalize from the modeling results to find 

holdouts in the larger region without relying on having to operate a compute intensive model at a 

fine scale resolution? 

 

Methods 

Study Area 

This study area focuses on the Marble Mountain Wilderness (MMW) and the high 

elevation areas surrounding it, covering approximately 170,000 hectares in total, see Figure 4.1.  

The MMW itself received its wilderness designation in 1964, though it had received a primitive 

area designation in 1931.  It is also part of a larger network of wilderness areas, with the Russian 

Wilderness most immediate to the SE.  The Marble Mountains, the namesake for the wilderness, 

connect several mountain ranges, spanning from the Trinity Alps to the South, to the Siskiyous 

to the North, and through the Siskiyous to the Cascades to the Northeast. 
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With over 2000 meters of topographic relief, there are several distinct belts of vegetation.  

Because the highest peaks are only 2500 meters above sea level (m.a.s.l.), the highest belt of 

vegetation is sub-alpine, of which the following species are representative for this region: Abies 

concolor (Gord. & Glend.) Lindl. ex Hildebr.—white fir, Abies magnifica A. Murr. 

(alternatively, Abies x shastensis Lemmon)—red fir, and Pinus monticola Dougl. ex D. Don—

western white pine (Burns and Honkala, 1990).  White fir is close to its northern end of its range 

in the Klamath region, dominating the mixed conifer forest type at high elevations, and 

transitions to red fir at higher elevations (Laacke 1990a).  Red fir hybridizes with noble fir in this 

region, placing populations in the Klamath in the middle of its distribution; it can become a 

climax species in high elevation areas unless removed by disturbance (Laacke 1990b).  Western 

white pine is a common component in many forest cover types ranging from the Sierra Nevadas 

to Vancouver Island, BC, and can be found mixed with the previous two species (Graham 1990).   

In the study area, A. concolor occupies approximately 47% of the study area, A. magnifica 22%, 

and P. monticola 9%. 

Simulation Modeling 

The LANDIS-II model emphasizes spatial interactions among processes across the 

landscape over many decades.  LANDIS-II simulates forests as species-age cohorts within raster 

cells, where those cohorts compete for resources within each cell, including light, water, and 

nitrogen.  Cohorts reproduce via seed dispersal and re-sprouting, or if applicable, by planting.  

Seed dispersal follows Ward (2004), where the probability of dispersal follows a negative 

exponential curve with most of the distribution falling within the effective distance (Scheller et 

al. 2011).  Both effective distance and maximum distance are explicit parameters within the 

LANDIS-II model.  Because fir seed dispersal is generally concentrated within two times the 
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height of the tree (Zouhar 2001), an effective distance of 30m was chosen. The probability of 

successful establishment of that seed is driven by soil moisture and climate (Scheller et al. 2011).  

All model inputs and parameters necessary to run the results are available through 

https://github.com/LANDIS-II-Foundation/ Project-Klamath-Climate-Fire/MMW. 

Simulations were run using a 0.81 hectare cell grid (90 m cell side) and a 7.29 hectare 

cell grid (270m cell side) over 85 years (2015-2100).  The model operates as a core module 

interacting with various extensions that can simulate succession, disturbances, and management. 

The extensions used here include Net Ecosystem Carbon and Nitrogen (NECN) Succession 

(v4.2.1), Dynamic Fuels and Fire (v2.2.1, see below), Dynamic Biomass Fuels (v4.0), and 

Biomass Output (v2.2).  The same climate data were used across all processes and extensions 

using a centralized climate library (Lucash and Scheller 2015).   

Both simulations used the same parameter values, which are described in greater detail in 

Serra-Diaz et al. (2018).  They also shared the same initial distribution of species across the 

landscape and model 13 tree species and seven shrub types in total.  Where the models diverge is 

in the how climate and soil characteristics are applied across the landscape.  There were 25 

unique ecoregions (five climate regions and 5 soil regions) with the 270m model.  Each climate 

region has one value each day for each weather variable, representing approximately 270 square 

kilometers.  To improve the ability to identify holdouts in the higher resolution model, additional 

ecoregions were constructed. 

Soil characteristics were obtained from the SSURGO database available through the Web 

Soil Survey (https://websoilsurvey.nrcs.usda.gov/; accessed February 2018).  More than 20 soil 

families were present in Marble Mountain Wilderness, but only 12 families were used to create 

the soil ecoregions for this analysis; related soil families were consolidated and the smallest areas 
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were merged into larger via the eliminate function in ArcGIS.  Physical characteristics of the soil 

were incorporated into the model, including: percent sand, clay and silt; soil depth; and field 

capacity and wilt point among others.  To create the climate ecoregions, a 30m DEM from the 

USGS was used to derive aspect in ArcGIS.  The DEM was then subset into four elevation 

classes, every 600m starting around 200 m.a.s.l. up to the highest point around 2500 m.a.s.l.  The 

aspect map was divided into four quadrants, 0 to 90 (N to E), 91-180 (E to S), 181-270 (S to W), 

and 271-360 (W to N).  The combine rasters function in ArcGIS was used to create the product 

of those elevation and aspect, and the eliminate function was used again to meet a minimum 

polygon size.  The end result was a map with 12 soil ecoregions and a total of 133 climate 

ecoregions.  The average area represented by each climate ecoregion in the 90m model is ten 

square kilometers.  For a comparison of how each climate region appears on the landscape, see 

Figure S5. 

The same climate scenarios used in Serra-Diaz et al. (2018) and Maxwell et al. (In 

Review, Chapter 2) were used here: ACCESS rcp 8.5, CanESM 8.5, CNRM rcp4.5, MIROC5 

rcp 2.6, and contemporary climate (1949-2011) from the Maurer dataset (Maurer et al. 2002).  

The four projections were the Bias Corrected Constructed Analogs (v2) daily climate projections 

available through the USGS geodata portal (http://cida.usgs.gov/gdp; accessed February 2018).  

The Areal Grid Statistics (weighted) method was used to derive the climate variables for each 

climate ecoregion. 

We calibrated the growth model to represent the aboveground biomass by ecoregion for 

the year 2010 against Wilson et al. (2013).  A conversion factor of (1/0.47) was used to convert 

carbon to biomass.  An assessment between model outputs and the imputed values indicated that 

the model was able to capture ecoregion specific aboveground biomass with an average 
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deviation of less than 15% and total average aboveground biomass by less than 10% (see Figure 

D.1 in the supplemental material). 

The fire regime calibration was based on fire size distribution using data from the 

Monitoring Trends in Burn Severity program (https://mtbs.gov/; accessed February 2018) and 

from CalFire (http://frap.fire.ca.gov/data/frapgisdata-sw-fireperimeters_download; accessed 

February 2018).  To keep the data comparable, only the years after 1985 were used.  The mean 

fire size and standard deviation for the MTBS data were 4776 hectares and 7155 hectares 

respectively.  For the CalFire data, after combining fires within the same complex, the mean and 

standard deviation were 3918 hectares and 6898 hectares.  The calculated mean fire size and 

standard deviation for seven replicates run under the contemporary climate for 90 years were 

4523 hectares and 6984 hectares.  The fire rotation period was consistent between the MTBS and 

CalFire data, approximately 33 years for MTBS and 34 years for CalFire.  The fire rotation 

period was 37 years for the modeled outputs.  A percentile by percentile comparison can be 

found in the Figure D.2 in the supplemental material.  The modeled fire size distribution was 

found to overestimate fire size on the small end of the distribution (for the 10th through 50th 

percentiles) compared to CalFire and underestimate fire size compared to MTBS, but were to 

both measured values at the larger end (75th through 99th percentiles).  Parameterization for fire 

severity for the region follows Serra-Diaz et al. (2018). 

Experimental Design 

Several methods were used to assess the consequences of model resolution on species 

presence and distribution.  In order to quantitatively evaluate the effects of resolution, an 

ANOVA was run with group membership based on 90m versus 270m cell sizes.  In addition, 

other metrics were used for comparison, specifically looking at: 1) the minimum and mean 
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elevation of the species’ presence on the landscape; 2) the median and maximum patch size for 

each species range; and 3) mean distance between species occupancy patches.   

To generalize the simulation results given a set of bioclimatic and topographic variables, 

regression analysis was used, with the dependent variable was the proportion of area per 

ecoregion occupied by that species through time and averaged across replicates.  Because the 

dependent variable is censored (i.e., the variable is bounded by zero, the species is not present in 

that ecoregion, and one, where the species is present in every cell of the ecoregion for the length 

of the simulation) a two-way tobit model was used to estimate the regression.  When a non-

spatial model was estimated, the residuals were found to be spatially correlated, enough so that 

the use of a spatially autoregressive model specification was required (see supplemental 

material).   

The package spatialprobit (v. 0.9) in R was used to run a Bayesian version of the spatial 

autoregressive tobit (sartobit) model.  The spatial weights used for the regression were created by 

the kNearestNeighbor function in spatialprobit using the five nearest neighbors.  The default 

prior values were used: the prior for the beta was non-informative, belonging to a Normal 

distribution centered on zero, and the prior for rho was a uniform distribution between -1 and 1.  

One MCMC chain was run per regression, with 200,000 draws and a burn-in of 5,000 draws.  

Exploratory data analysis identified a number of correlated variables (see Figure D.3 in 

supplemental material) and as a result, several derived variables were created to avoid that issue, 

including the elevation range within the ecoregion, available water capacity (field capacity minus 

wilting point), and the diurnal temperature range (maximum daily temperature minus minimum 

daily temperature).  Six covariates were chosen for the final model based on what were believed 

to be important explanatory variables to explain the distribution of these species: precipitation; 
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maximum temperature; an interactive term of precipitation and maximum temperature; plant 

available water capacity; mean elevation of ecoregion; and ecoregion aspect.  The first four of 

the list relate to findings that Douglas-fir growth is limited by those factors (Lee et al. 2016, 

Beedlow et al. 2013).  The inclusion of elevation was to control for differences in that variable, 

and aspect was included test the idea that certain aspects (e.g., North) would be more favorable 

for certain species on account of impact of aspect on wildland fire (Taylor and Skinner 2003) or 

soil moisture content (Parker 1982).    

To address climate change uncertainty, the simulation incorporated four climate change 

projections at three different carbon emission pathways as well as contemporary climate (1950-

2010).  To assess stochasticity of the simulated disturbances, each simulation was replicated 

seven times, resulting in 35 total runs.  R (version 3.4.1) and ArcGIS (version 10.4.1) were used 

for processing and analyzing model outputs. 

 

Results 

The amount of area occupied by each species declined into the future.  In order to capture 

the stochasticity of fire as a disturbance agent, Figure 4.2 shows the average occupancy in each 

cell for each species for each cell across replicates.  Both spatially and temporally, higher climate 

forcing resulted in greater declines.  There were only a handful of ecoregions that supported 

these species through the entire simulation duration and can be seen in Figure 4.2.  A. magnifica 

saw the largest declines in terms of percentage from 2015 to 2105 as averaged across the four 

climate projections (-70%); however, there was a greater variation in decline with A. concolor 

when considering each climate projection separately (-68% under ACCESS rcp 8.5 versus -57% 

under CNRM rcp 4.5), see Figure 4.3.  The amount of area declined significantly more and faster 
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under the 90m resolution for all species.  Moreover, there was much less variability in the 

amount of area under the finer resolution model, again see Figure 4.3.  The model resolution was 

found to be significant, and in the ANOVA, resolution explained more variance than the 

different climate projections, see Table D.1.  As such, only the results from two of the climate 

change projections are presented, ACCESS rcp 8.5, a hotter and drier than contemporary climate, 

and CNRM rcp 4.5, a warmer and wetter than contemporary climate.  For the remaining climate 

projections, see the supplemental materials. 

In order to evaluate how the different model resolution impacts species’ behavior on the 

landscape, specific metrics were compared, see Figure 4.4.  Trends in what elevation each 

species occupied in the landscape remained consistent across the different model resolutions and 

climate projections; minimum elevation increased slightly as the lowest occupied cells were 

killed, while mean elevation decreased slightly.  There were significant differences between 

patch sizes and the different model resolutions, the coarser resolution model resulted in much 

larger mean (1000 hectares versus 400 hectares respectively for A. magnifica in year 2015) and 

maximum patch sizes (10 x 104 hectares vice 6 x 104 hectares for A. concolor in 2015) that also 

took longer to fragment. 

Climate change significantly reduced the probability of establishment, which in turn 

affected species demographics.  Probability of establishment for all three species remained 

relatively constant under a contemporary climate but declined significantly with increased 

forcing (see Figure 4.5(a)).  By the end of the century, establishment fell to zero under the hottest 

projections (ACCESS rcp 8.5 and CanESM rcp 8.5).  Declining establishment resulted in 

declines in the area occupied by cohorts through age 20, which halves by the end of the century 
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under the higher forcings (see Figure 4.5(b)).  However, the amount of area occupied by cohorts 

older than 200 years increased, regardless of climate. 

Combining all three species presence values, the 90m experiments resulted in a much 

more fragmented landscape (Figure 4.6).  The 270m results show a higher concentration of high 

values in the NW quadrant of the study area.  The map of differences between the results of the 

two different resolution models illustrates these trends: high levels of disagreement exist in that 

NW quadrant and along the eastern border (Figure 4.6). 

Comparing the regression results to generalize the simulation results for two of the 

climate projections, coefficient size and direction remained consistent (see Figure 4.7, for 

diagnostic plots, see Figure D.4).  Precipitation was found to be positive for the two fir species, 

negative for the pine, with the same trend for maximum temperature.  The interaction term 

between precipitation and temperature was negative for the firs and positive for the pine species.  

As a result, while increasing temperature and precipitation would increase fir presence, there is 

an upper threshold where, if too warm and wet, those species would likely be outcompeted.  The 

opposite is applicable to the pine, where the species would be more present on colder and drier 

environments.  The elevation coefficient was positive and significant, reflecting that fact that 

these species are better suited for higher elevation environments.  The ecoregion aspect was 

found to be insignificant for all species.  Available water capacity was found to be negative for 

all species but only significant for all species with the warmer and wetter climate projection 

(CNRM rcp 4.5).  Rho, the spatial weight term, was found to be positive and significant, 

reaffirming the need for a spatial model.  Other variables were considered for the model but were 

found insignificant, specifically the average number of times each cell burned in each ecoregion. 
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Discussion 

Our findings reflect a number of other studies showing widespread decline of high 

elevation species in the future under climate change (Bell et al. 2014a, Harvey et al. 2016, 

Andrus et al. 2018, DeSiervo et al. 2018, among others).  Bell and others, using species 

distribution models, expect a significant decrease in climate suitability for high elevation species, 

not only for current distributions but also for areas that those species could possibly move into 

(2014a).  Harvey and others documented declines in seedling establishment after fire events and 

due to soil moisture limitations (2016).  Andrus and others found that conifer establishment was 

strongly linked to high soil moisture and cool/wet summer conditions (2018).  DeSiervo and 

others noted that declines in fir species in the Russian River Wilderness of the Klamath National 

Forest were associated with increasing winter minimum temperatures and presence of pathogens 

(2018).  While not all of those factors were included in this analysis (i.e., drought related 

mortality or pathogens), there is a comprehensive picture of future decline in tree species in the 

high-montane/sub-alpine vegetation belt. 

While other studies have found instances of a species mean elevation increasing as it 

moves up the mountain in order to stay within its suitable climate (Kelly and Goulden 2008, 

Chen et al. 2011), our findings are less straightforward.  The minimum elevation each species 

occupies does increase, with results depending on the species, the model resolution, and the 

climate forcing (e.g., a 93m increase for A. concolor under ACCESS rcp 8.5 at the 270m 

resolution versus 48m at 90m, a 41m increase for P.monticola under CNRM rcp 4.5 at 270m 

versus 2m for the 90m model).  This result likely can be attributed to model resolution as 

averaged minimum starting elevations were different between resolutions.  As a whole, 

minimum elevations changed little indicating that certain established sites were able to persist 
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even through climate disequilibrium.  While this might point to the possibility of holdouts 

existing on the landscape, the issues of the directionality of climate change and whether these 

species are able to regenerate under increasing temperatures pose a challenge.  Other researchers 

have found that young trees are more vulnerable to changes in climate (Bell et al. 2014b, 

Dobrowski et al. 2015), which points to an increasing likelihood of extinction debt as the species 

cannot reproduce itself (Kuussaari et al. 2009).  While the LANDIS-II model does not ascribe 

different climate tolerances to different age classes, the declining probability of establishment, in 

effect, creates a similar demographic effect. 

While the expectation was that climate sensitive species would move upslope in order to 

stay within their ideal climate, when looking at the mean elevation that the species occupy on the 

landscape, our results show a downslope movement for all species, all climate forcings, and all 

resolutions.  Serra-Diaz et al. failed to find upward movement of species, in either elevation or 

latitude, and instead suggest other, non-climatic factors on regeneration like disturbances as the 

cause (2015).  In our case, the substantial declines in area occupied are likely causing changes in 

the whole distribution of elevations occupied.  In addition, with the maximum elevation in the 

study area at only 2513m, and with these three species occupying elevations above 2400m, there 

is no additional ability to move upward. Other work has found similar downslope movement.  

Millar and others (2012), found instances of changes in elevation distributions of Whitebark pine 

(Pinus albicaulis) as a result of changing water stresses; this was explained as a combination of 

increasing evapotranspiration and declining groundwater transfer from upslope.  The lack of 

recharge from snowmelt late in the summer increased climatic water deficit, depending on soil 

water holding capacity, rendering certain populations at increased risk of mortality.  A similar 
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explanation was provided in Crimmins et al. (2011), where downslope movement was the result 

of plants tracking changes in the climatic water balance. 

While distance between patches was significantly different between model resolutions, 

the mean distance was beyond the effective seed dispersal distances for each of the species, 

though not necessarily beyond the potential long-distance dispersal (for the 90m resolution 

model).  Because the large patches are breaking into smaller patches that are close together, the 

mean distance between patches declines through time.  As the small patches are eliminated from 

the landscape, it is expected that the distance between patches would start to increase again.  

Nevertheless, even if these patches are tenuously connected, fragmentation still poses a 

challenge, on account of the edge effects these patches experience.  Edge effects expose these 

patches to different microclimates (Chen et al. 1999).  Because these species regenerate best on 

mineral soil after snowmelt (Laacke 1990a, Laacke 1990b, Graham 1990), there is a possible 

positive feedback cycle under climate change, where with these species on the decline, the 

decrease in canopy cover results in decreased shade which results in increasing snow ablation 

(Varhola et al. 2010) which decreases likelihood of successful regeneration.  One potential 

consequence of isolated patches is the genetic degradation associated with the stop of gene flow, 

but Kramer and others suggest that genetic degradation is less important than ecological 

degradation following habitat fragmentation (2008).  With the unidirectional pressure of climate 

change and the decline of these species, these species will likely be extirpated from the landscape 

before they experience the genetic declines of inbreeding. 

Management implications 

The declines of high elevation species are going to be substantial under climate change; 

increasing temperatures and drought stress cause climate disequilibrium, regeneration will 
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decline, microrefugia will likely be rare (there are only a handful of candidate ecoregions (Figure 

4.2)), while competition and dispersal limitations will limit the ability of the species to move 

across the landscape.  While the situation appears dire, there is still time for managers to 

intervene.  Trees are long-lived organisms, and old trees are more resistant to climate 

disequilibrium—the amount of area occupied by old cohorts is increasing by the end of the 

century (Figure 4.5(b)).  

Assisted migration, while controversial, may become an important tool.  Pedlar and 

others break down assisted migration into two forms, forestry and survival assisted migration 

(2012).  Forestry assisted migration, arguably less controversial, is already happening on the 

landscape as industrial forestry practices selectively breed trees to be resistant to climate change 

without necessarily planting those trees outside of their natural range (Leech et al. 2011, Pedlar 

et al. 2012).  Given that the species considered in this paper occupy large ranges and with 

different provenances likely comes beneficial genetic material that could bring increased 

temperature and drought resistance; seeds of A. concolor from a Southern California provenance 

could be transplanted to Northern California.  Survival assisted migration, or translocation 

outside of native range, might be necessary for persistence of the endemic species of the Klamath 

region (e.g., Brewer spruce—Picea breweriana Wats.). 

One advantage of using a forest simulation model is that it is possible to run large scale 

experiments on the landscape, including testing the introduction of species from outside of the 

study area (Duveneck and Scheller 2015).  While modeling may not necessarily address the 

possibility of how invasive an introduced species might be, a main concern of assisted migration, 

it can address general efficacy and limitations.  
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Limitations 

While the model operated at a sub-hectare scale, the climate data used were averaged 

across much larger areas, limiting the ability to identify microclimates.  Franklin and others 

found that climate data on a 90m grid is necessary to capture climate variability in mountainous 

terrain, and that a sub-90m resolution might be necessary to identify other climate phenomena 

(e.g. cold air pooling patterns) (2013).  Similar to our findings of model scale overestimating 

presence, Franklin and others also found that coarse scale climate also overestimated potential 

habitat.  This would suggest that our findings would also overestimate species presence as well. 

 

Conclusion 

There are multiple streams of evidence that high elevation species are at greater risk 

under climate change, and the results of this modeling study add to that body of evidence.  These 

montane conifer species are expected to decline significantly by the end of the century.  While 

model resolution mattered for how these species were distributed across the landscape, the 

trajectory of decline was the same.  However, this model was reliant on defined climate regions 

and lower resolution climate data which likely limited the ability to find microclimates that 

might allow pockets of these species to persist.  Nevertheless, there is still opportunity for forest 

managers to intervene.  But with so few areas where these species were able to persist in the 

simulation model, a conversation is necessary about the level of intervention to preserve these 

species.  Because these species are widely distributed across the landscape, while other species 

generally associated with the serpentine soils are endemic to the Klamath, a triage approach to 

species conservation may be necessary.  Regardless, forest managers do have options available 

to help these species persist.  Assisted migration, whether through introduction of genetic 
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material from a different provenance or the planting of a species outside of its historical range, 

may have a role to play.  Otherwise, with warming temperatures and no place to go, only the 

adults of these species will likely persist and only until disturbance removes them. 
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Tables 

Table 4.1.  Table of spatially autoregressive two way tobit model, mean and standard deviation 

of the posterior distribution for the coefficients presented, as well as respective p-values. 
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Figures  

 

Figure 4.1.  Map of the study area, a 190,000-hectare area in NW California, primarily centered 

on the Marble Mountain Wilderness. 

  



 

87 

 

 

Figure 4.2.  Current and future projected distributions of three species.  Left most map shows the 

2015 distributions.  Middle left map shows distributions in 2095 under CNRM rcp 4.5 (a warmer 

and wetter projection).  Middle right map shows distributions in 2095 under ACCESS rcp 8.5 (a 

hotter and drier projection).  The middle maps are composites of the seven model replicates: they 

represent an average of how often a particular cell was occupied by that species.  A value of one 

indicates that that species was present in that cell across all seven replicates.  A value of >.5 

indicates that that species was present in more than half of the replicates.  Right map shows the 

climate ecoregions that were the most favorable for each species through the entire simulation 

duration.  
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Figure 4.3. Mean area, in hectares, occupied by specific conifer species, under different model 

resolutions and different climate change projections. 
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Figure 4.4.   Patch metrics of specific conifer species, under different model resolutions and 

different climate change projections.  Top: mean elevation (m.a.s.l.) of species (solid line) and 

minimum elevation of species (dotted line).  Middle: mean patch size (in hectares).  Bottom:  

mean distance between patches (in meters). 
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Figure 4.5.  a) Average annual probability of establishment per species-age cohort.  b) Area 

occupied by age group (in hectares) for all species through time.  Old age group includes trees 

over 200 years old.  Regen age group includes trees between 0 and 20 years old. 
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Figure 4.6.  Left: map of occupancy for the three species in year 2105 for the 90m model, 

averaged across seven replicates and scaled between 0 (no species present in cell) and 1 (all 

species present in cell).  Middle: map of occupancy for the three species in year 2105 for the 

270m model, averaged across nine replicates.  Right: difference between the two (90m map 

minus the 270m map). 
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CHAPTER 5 

Abstract 

When more than one ecological state present with the same environmental conditions, 

systems theory provided an explanation; there were thresholds that separated the states that are 

reinforced by their own feedback cycles.  Such thresholds have been identified in numerous 

systems, including in the forests of the Klamath region.  There have been previous attempts to 

explain the mechanisms of those thresholds and to create generalizable warning signs of an 

impending threshold.  This is especially important for predictive purposes, given the possibility 

of declining provision of ecosystem services from alternative stable states.   This study tested a 

proposed method of predicting transitions—increasing spatial autocorrelation—using outputs 

from a landscape simulation model across different scales and times using two state variables, 

biomass and species richness.   The results found were that, immediately prior to conversion 

from one state to another, there was no substantial difference in spatial autocorrelation for cells 

that converted than from those that did not.  While spatial autocorrelation increased through 

time, this was true for both cells that converted and those that did not.  Possible explanations for 

the lack of significant findings include: oversimplification of the metrics chosen and the 

fundamental differences of the cause of conversion from other empirical examples of alternative 

stable states. 

 

Introduction 

Alternative stable states are places where more than one ecological state is possible for a 

given set of environmental conditions, an idea first proposed in Lewtonin (1969).  Changes in 

those conditions, or alternatively, changes in the feedbacks that govern those states can lead to a 
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state shift (Scheffer et al. 2001, Folke et al. 2004).  As opposed to ecosystems that change 

smoothly along an environmental gradient (following linear dynamics), these discrete states are 

separated by ecological thresholds, where crossing that threshold moves the system from one 

stability domain to another (representing non-linear dynamics), see Figure 5.1.  Alternative 

stable states are features of dynamic systems rather than ecosystems and have been applied to 

human systems (Gladwell 2000, Diamond 2005).  They are of interest to ecologists for the 

purpose of prediction; the sudden transition (or collapse) of an ecosystem might be difficult to 

reverse and so understanding system dynamics and the potential for transitions will improve 

decision making, allowing such outcomes to be avoided if desired. 

While ecological transitions have been demonstrated in simple, experimental or 

manipulated systems, such demonstrations are much more difficult in complex systems 

(Carpenter et al. 2009).  Previous research has identified landscapes that can support alternative 

stable states that are maintained through stabilizing feedbacks between disturbance regimes and 

vegetation dynamics (Scheffer et al. 2009, Scheffer et al. 2012).  This includes tropical savannas 

and forests, where the feedback mechanisms surrounding wildland fire can maintain alternative 

cover types (Hirota et al. 2011, Staver et al. 2011).  The role of wildfire has also been posited for 

specific temperate forests as well Paritsis et al. (2014), where positive feedback from wildfire on 

Nothofagus forests of South America resulted in a conversion to sclerophyllous shrubs. 

The changes in temperature and precipitation expected under climate change could drive 

more area to transition between forest and shrubland (Hurteau and Brooks 2011).  Odion et al. 

investigated the potential for alternative stable states in a Mediterranean climate forest ecosystem 

in California, where mixed conifer forest state co-exists along with a shrub, chaparral, and 

hardwood (SCH) dominated state, and their proposed mechanism is that feedback cycles 
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perpetuate each state (2010).  The SCH state is highly pyrogenic, with a number of species that 

re-sprout vigorously after fire that can inhibit conifer establishment through competition and 

shading (Hobbs et al. 1992).  Once shrublands establish, a long fire-free interval (greater than 25 

years) is required for conifers to establish and develop sufficient fire resistance (via increased 

canopy base height and thickened bark) to prevent mortality that would re-open the forest canopy 

and allow SCH to become re-established (Thompson et al. 2011).  When conifers are established, 

the closed canopy affects the microclimate enough to reduce the incidence of fire further 

perpetuating the conifer state.   

To avoid catastrophic transitions in any ecosystem, researchers have tried to generalize 

the findings of causes of such transitions and whether the system would display any warnings 

signs of an impending transition.  Some observations from experimental systems suggest that 

when the system is approaching a tipping point it possibly will: demonstrate a “slowing” of the 

recovery rate of the system, where the system is less able to recover from small perturbations 

(van Nes and Scheffer 2007, Scheffer et al. 2009, Dai et al. 2013); or exhibit increasing spatial 

autocorrelation of a specific state variable where it can become increasing vulnerable to 

disturbance (Scheffer et al. 2009, Scheffer et al. 2012, Dakos et al. 2010).  Both are possible with 

forested systems.  Research by Tepley et al. (2017) demonstrated the importance of slowing 

forest recovery reinforcing bifurcation of forest and shrublands, where: 1) conifer regeneration 

was limited to a very short window after fire; 2) increasing climatic water deficit was slowing the 

growth of conifers; 3) climate change was decreasing the fire return interval; which, taken 

together, was resulting in an increasing likelihood of transition from forest to shrubs.  With 

respect to spatial autocorrelation, Hessburg and others point to the increasing homogenization of 

the landscape as a result of fire suppression practices and other human forest uses in the Western 
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US (2005).  Harvesting practices have changed the demographics of forests, lowering overall 

forest age while reducing species diversity; this is especially notable in plantation forestry.  Fire 

suppression practices have allowed fuel accumulation which contributes to higher fire severity.  

Combined with the hotter and drier summers that are more likely to result in extreme fire 

weather, high severity fire would be expected to drive those critical transitions from forest to 

shrublands through killing the conifer overstory.   

While the explanation that spatial autocorrelation in forests may be a causal factor in the 

transition of forest to shrubland, testing the underlying mechanisms are difficult; there is 

insufficient empirical data at the relevant scales to test for spatial autocorrelation as an 

explanatory factor.  Remotely sensed data products are unlikely to have the granularity necessary 

nor a sufficiently long time series.  As such, a landscape simulation model that incorporates 

forest dynamics and disturbances might be well suited for such testing.  Serra-Diaz et al. (2018) 

demonstrated transitions from conifer to SCH in the Klamath-Siskiyou region within a landscape 

model, and this work attempts to further investigation as to the reasons for such transitions. 

While it is the high severity fire that precipitates a transition (see Odion et al. 2010, 

Tepley et al. 2017), what are the characteristics of the forests that make it vulnerable to switching 

to an alternative stable state?  Using an already parameterized version of the model for the 

region, we hypothesize that spatial autocorrelation of two state variables—total aboveground 

biomass and species richness—might provide insight.  Aboveground biomass is strongly 

correlated with forest structure and age, where homogeneous levels of biomass are likely found 

in similarly structured and aged forest.  Species richness has been linked to increased higher 

levels of forest productivity (Zhang et al. 2012), ecosystem service provision (Gamfeldt et al. 

2013), increased resistance to climate extremes (Isbell et al. 2015), decreased fire severity 
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(Keeley et al. 2008), and in theory to higher levels of ecosystem resilience (Peterson et al. 1998).  

These two variables will be investigated as possible explanations for the vegetation state change, 

in two ways: 1) at the model timestep immediately before state change; and 2) as part of a 

timeseries to assess if spatial autocorrelation increases prior to conversion from conifer forest to 

a shrub state.  The first hypothesis is that cells with high levels of local spatial autocorrelation of 

aboveground biomass will be more likely to transition with the expectation that cells with similar 

levels of biomass will be more homogenous and at greater risk of high severity fire.  The second 

hypothesis is that larger areas of low species richness will be more likely to transition, on 

account of lower levels of expected resilience to fire.  

 

Methods 

Study Area 

The Klamath study area, as we have defined it, covers an approximately 3-million hectare 

area of NW California and SW Oregon (see Figure 1.1).  The region includes diverse 

topography—ranging from sea level to approximately 2700 m.a.s.l.—and strong climatic 

gradients running from west to east.  The climate of the area is classified as a warm-summer 

Mediterranean, with cool, wet winters and precipitation falling mostly as snow at higher 

elevations, and warm, dry summers. Most of the region (~64%) is under federal management—

USDA FS, USDOI BLM and NPS—and a third of that area is under protected status. 

Simulation Modeling 

We used LANDIS-II, a landscape model that is process-driven, flexible, and well-tested 

to project landscape-scale forest dynamics for the Klamath Siskiyou region. Details of this 

parameterization, calibration, and validation of LANDIS-II in this landscape was previously 
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published by Serra-Diaz et al. (2018) and Maxwell et al. (in review, Chapter 2).  LANDIS-II 

includes climate projections, disturbance (human and natural), and forest competition among 

woody species.  Inter-species competition is especially pertinent given that there are competitive 

interactions that can result in changes to species occupancy and their ranges may shift.  

LANDIS-II simulates forests as age-species cohorts within raster cells and incorporates 

spatial interactions across the cells and among processes through time.  Each cohort competes for 

resources within each cell.  Each cell is specifically populated by such species-age cohorts 

following the LEMMA group’s data (available here: https://lemma.forestry.oregonstate.edu/data, 

accessed Dec 2014).  Simulations were run on a 7.29 ha grid (270 m cell side) for 85 years (2015 

-2100). 

For this analysis, and to avoid confounding effects of management, only the Business-as-

usual management strategy was used.  This strategy reflects current (2010-2014) levels of forest 

management for the region, as well as the restrictions placed on management activities (i.e., no 

harvesting in wilderness areas or late successional reserves).  Because private industrial forests 

plant conifers after disturbance, the main focus is on federal management, where natural 

regeneration is the main method of forest regeneration.  This management scenario was crossed 

with four climate change projections of varying levels of forcing, and also with a contemporary 

climate representing 1950-2014. 

Statistical Analysis 

In order to assess spatial autocorrelation at the landscape level, we used variograms, 

which are a measure of variability between pairs of points at various distances and estimate the 

autocorrelation structure of the data.  Because of the large number of cells (>700,000) 

representing the landscape, calculations of variograms for the entire landscape were too 
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computationally intensive and therefore the cells were resampled to a lower resolution (one 

fourth the resolution, such that each cell represents ~29 hectares).  There are three components of 

the variogram: range, nugget, and sill.  The range, which is the distance at which data are no 

longer autocorrelated, for both species richness and total biomass measures at the landscape level 

was approximately 70 km (see Figure 5.2); a distance which covers approximately one eighth of 

the study area.  While in one sense the landscape is homogenous because the area is extensively 

forested, with most land managed by federal agencies, the landscape is still too large and diverse 

for global metrics of spatial autocorrelation especially given that the target of this study is at the 

cell level.  In other words, the variogram is likely identifying the differences across management 

areas rather than identifying differences of vegetation cover type.  

Because of this overgeneralization, the local variant of the Moran’s I was employed to 

test for spatial autocorrelation (SAC).  The neighborhood employed here for calculating the 

statistic for each cell was a 3 cell by 3 cell basis, representing a ~65 hectare area.  Because each 

cell had its own Moran’s I statistic, it was possible to identify hotspots—areas where there were 

high levels of SAC—and then utilize different window sizes to generate a mean I statistic around 

each cell as well.  Window sizes were chosen at multiples of cell sizes, with sizes equal to a 

buffer of 2 cells (540m), 4 (1080m), 8 (2160m), 16 (4320m), and 32 (8640m).  In order to test 

the hypothesis that SAC was a potential explanatory factor, those values of SAC of cells that 

converted were contrasted to autocorrelation values from randomly distributed points across the 

landscape.   

Research suggests that species diversity can act as a buffer to these critical transitions 

(Brown et al. 2001), and therefore species presence was subdivided into cells with low species 

diversity (less than five species per cell) and high species diversity (greater than five species per 
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cell) prior to conversion.  Five species was used as the cutoff as average richness across the 

landscape was 4.9 species per cell. 

Our second approach to testing the central hypothesis was through assessing whether 

there was increasing SAC in the years prior to that cell’s conversion.  To assess whether there 

was increasing SAC in cells that converted from forest to shrub, those cells that converted in 

simulation year 70 and remained converted through the end of the model run were isolated.  The 

year 70 was chosen because it ensured that the system prior to the conversion was stable as 

mixed conifer.  The local spatial autocorrelation values were calculated through time from the 

start of the model run to the point of the conversion and extracted and averaged by various sized 

windows.  These values were also compared with values derived from randomly distributed 

points across the landscape.  A generalized linear model was used to identify the directional 

trend of the SAC values through time.   

Results 

There were no consistent trends in the local measure of spatial autocorrelation in cells in 

the timestep immediately prior to that cell converting from forest to shrub, see Figure 5.3.  This 

is true for both variables, mean total biomass per cell and species richness per cell.  The one 

exception was with the 2-kilometer window, where the relationship was consistent with higher 

values in the cells that changed as compared to the values associated with the random points.  

These values were found to be significantly different from each other; a two-sided Student’s t-

test was used to compare the change and random groups.  However, while these differences were 

significant for the 2-kilometer window, the question remains as to whether this trend is 

substantially different enough to create any meaningful inference to critical transitions. 
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There was a consistent trend of increasing SAC through time and this was true for both 

total biomass and species richness, as well as for all window sizes (see Figure 5.4).  This was 

also true for cells with high and low initial species richness (data not shown).  However, this 

trend was also consistent for randomly selected points that did not change from forest to shrub. 

 

Discussion 

The findings here were inconsequential: the null variant of hypothesis 1 was found to be 

true, where measures of local spatial autocorrelation were insignificant in a majority of cases.  

The same was found to be true of hypothesis 2 with spatial autocorrelation increasing in both 

change and randomly selected cells.  There could be many reasons for this, some relating to the 

choice of metrics, others relating to the fact that this model is a simplification of reality.  With 

that latter point, the total biomass and species richness metrics may not be sufficient to capture 

the complexity of the natural forest.   

The Klamath region is known for its biodiversity, but there were only 13 tree species and 

7 shrub types modeled.  Missing species reduce potential competition and overestimate the 

similarity of species richness.  The coarse scale that this model operates at is another possible 

reason why the measure of local spatial autocorrelation increased through time for all cells 

sampled.  Because the cell size is 270m and the effective seeding distance for many of the 

modeled species is only 30m, the dispersal rate across the landscape was slow, which could 

account for the slow but steady increase of spatial autocorrelation. 

Even if forest homogeneity increases the likelihood of state change, the mechanism that 

drives that transition is disturbance, but that transition is mediated by the associated probability 

of a high severity fire occurring in that cell.  Such a probability is the function of several things: 
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1) forest structure, species, and age; 2) climate; 3) ignitions; and 4) forest management.  Because 

climate is a “top-down” control on the fire regime, it has the ability to override forest 

compositional and structural differences (Stephens et al. 2011, Abatzoglou and Kolden 2013), 

and the Pacific Northwest is particular vulnerable to specific atmospheric patterns (500 hPa 

ridges) that exacerbate fire weather conditions (Gedalof et al. 2005).  Even in spite of red-flag 

conditions, wildland fires still require an ignition, and forecasting ignitions can be even more 

challenging.  This separation of cause from the system contrasts with situations that have been 

documented in the literature, namely in shallow lake aquatic systems (Scheffer 1993, Scheffer 

and van Nes 2007).  These systems have known alternative stable states caused by nutrient 

influx, a trigger much simpler than disturbance and one under human control.  Moreover, unlike 

forests, these lake systems experience broad mixing (Scheffer and van Nes 2007) and experience 

less impact from issues of scale. 

 

Conclusion 

There are many challenges in identifying ecological thresholds.  Unfortunately, many of 

the issues around thresholds—as laid out by Groffman and others (2006)—are still applicable 

here.  Questions around specificity, reversibility, and scale need to be addressed for each 

application of alternative stable state theory.  Addressing the specifics of thresholds for which 

systems and under what conditions are relevant questions, especially in light of climate change, 

because of its single direction on temperature that could have an overarching influence on all 

ecological systems.  The reversibility of the state change, and which path that reversibility might 

take, is also important because understanding how or why a system might be resistant to change 

will allow the development of meaningful restoration programs (sensu Suding et al. 2004).   A 
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substantial emphasis has been placed on fuels reductions treatments across the western US, but 

when considering the complicated system dynamics of thresholds, are fuels treatments sufficient 

for restoration?  Or on account of the feedbacks that promote or degrade mixed conifer—like 

increasing distance to seed source and propagule pressure—are more novel management 

solutions required?   

The attempt to derive general principles is still important, and predictions are useful for 

anticipating the impacts of management strategies.  These points are ultimately unsolved in this 

work.  Forests are complex ecosystems and such complexity is irreducible at the present 

moment.  Ideally, a composite metric could tie these different ecological theories together while 

addressing not only structural and species diversity but also vulnerability to disturbance and 

spatial autocorrelation.  But with no shortcuts for complexity, using a model to forecast future 

forest conditions remains invaluable even if it does not confirm the theories and expectations of 

ecological thresholds.   
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Figures 

Figure 5.1.  An example of two systems: on the left, a linear, uni-modal system; on the right, a 

non-linear multimodal system with a threshold.  A and B represent hypothetical distributions of a 

particular state or cover variable.  C and D represent basins of attraction—where the “ball” 

remains stationary—for those systems.  The additional grey line in D indicates the position of a 

threshold. 
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Figure 5.2.  A spherical variogram model of the landscape using: (A) aboveground biomass, and 

(B) species richness. 

  

(B) Species Richness (A) Aboveground Biomass 
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Figure 5.3.  Comparison of mean values of spatial autocorrelation between cells for (A) 

aboveground biomass and (B) species richness that changed states from conifer to shrub.  Values 

were found to be significant only for aboveground biomass with a window size of 2000m. 

  

(A) Aboveground Biomass (B) Species Richness 
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Figure 5.4.  By cell value of spatial autocorrelation for species richness through time (model 

years 0-70).  Window sizes around each cell varied: top shows mean value extracted by 500m 

window, middle 1000m, bottom 2000m.  Trend line was calculated using a generalized linear 

model with year as the explanatory variable. 
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CHAPTER 6 

Making decisions about forest management, under the uncertainty of climate change and 

potential regulatory changes, is a challenge.  Historical range of variation might have been 

relevant once as a target for management but with climate change bringing unprecedented 

conditions combined with novel human pressures, the forests of the future will be different than 

those of the past.  Without a definitive guide forward, how the forest should be managed is a 

question that not only do we need to answer individually but also collectively.  There are many 

competing, if not contradictory, ideas about how to manage forests.  Certain environmental 

groups advocate for further restrictions on management.  Timber trade groups advocate for even 

more intensive management to remove the fuels that have built up from fire suppression.  There 

is not a consensus among academics about the best approach for managing under climate change.  

In light of all of this, the advantage of using a landscape model is through the ability to 

experiment with and test these ideas on the landscape scale.  Such a model not only needs to be 

able to simulate forest dynamics under potential future climates while accounting for actions and 

events that shape the forest (such as harvesting and wildland fire) but also account for the 

outcomes of those management strategies.  Because human use of the forest is so integral to its 

value, understanding how the management decisions drive the quantity, quality, and duration of 

the ecosystem services that the forest provides is essential.   

As such, two meetings with a diverse group of forest managers and interested parties 

were held to develop general management strategies for a highly diverse, fire prone forest 

spanning northwest California and southwest Oregon.  The scenarios were developed in such a 

way so that they could integrated into the LANDIS-II landscape simulation model.  Six scenarios 

were created in total, and the goal of each scenario varied widely, some focused on enhancing 
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forest resilience, others on resisting fire, and others still on maximizing or minimizing 

management on the landscape.  The management actions emphasized in each scenario varied as 

well, for some, the emphasis was prescribed fire, others were more thinning, and others were 

harvesting.   

Using those scenarios as a basis for most of this work, this study took a four-pronged 

approach to investigating possible future conditions for the forests of the Klamath region.  The 

first approach investigated how climate change, management, and wildland fire interact and 

affect forests, and how those interactions varied under the range of projected climate conditions 

for the region.  Because forests provide ecosystem services, and the expected changes to forests 

will change levels of those services, the second approach investigated the possible change of 

levels of a suite of ecosystem services in response to the different scenarios.  While different 

management scenarios would lead to significant differences across the landscape in regardless of 

climate change, climate change is itself a driver of change; high elevation species that are cold-

adapted are at particular risk due to increasing temperatures, and so the third approach 

investigated the distribution of three montane conifers in and around a wilderness area.  

Alternative stable states are possible in the Klamath region, where mixed conifer forest and 

chaparral shrublands can exist in the same environmental conditions.  The conversion of forest to 

shrubland would represent a substantial change for the heavily forested region, with 

repercussions on the benefits forest provide.  Finding a way to predict when and where those 

conversions might occur could direct management actions of the landscape, and so the fourth 

approach investigated a theorized, and documented, warning signal for possible conversion. 

In the first chapter, I simulated forest dynamics, the different management scenarios, and 

wildland fire under four different future climate projections and a contemporary climate.  These 
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climate scenarios were chosen to span the possible range of average climate outcomes for the 

region in order to capture as much uncertainty related to climate as possible.  These simulations 

were run for 85 years, and wildfire and forest composition data were compared spatially and 

temporally across the duration of the scenario.  Under climate change, wildland fires were more 

frequent and larger with more forcing, but the projection that actually had the highest levels of 

precipitation had the highest levels of fire on account of that increased precipitation falling 

mainly in the springtime resulting in more fuels that dried out in the summertime.  However, the 

differences in fire metrics among climate projections was less than the differences among 

management scenarios.  As might be expected, scenarios that allowed more fires to burn wound 

up with lower fire rotation periods and lower return intervals.  However, fires did interact with 

the spatial placement of treatments and level of treatments, and one scenario became more 

resilient to the increased likelihood of fire which resulted in higher rotation periods.  Forest 

composition also varied more across the management scenarios than across climate projections.  

There was one commonality across all scenarios and projections; the amount of high elevation 

conifers declined through time.  The amount of decline increased with increasing temperatures 

and increasing levels of fire.  This decline in forest cover in high elevations drove the general 

decline in forest cover across all scenarios, but some scenarios saw higher levels of forest cover 

loss.  This forest cover loss was driven by higher levels of fire.     

How the forest is managed drives the provision of certain ecosystem services.  As might 

be expected this includes the amount of material harvested on the landscape.  But with respect to 

carbon sequestration and production of old-growth, the amount of wildfire on the landscape was 

also important.  Levels of services varied more among management scenarios than climate 

projections.  While some of the scenarios produced widely divergent results, others did not.  
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Trade-offs among the modeled services existed, but there was no indication that any scenario 

approached the frontier of production possibility. 

Model resolution is an important consideration in landscape ecology.  Modeling large 

landscapes requires a lower resolution, otherwise it becomes computationally intractable.  

However, in a topographically complex environment, a large grain size is likely to underestimate 

the ability of a species to persist in a micro-climate refuge.  Given the stark decline in high 

elevation species throughout the Western US, a subset of the study area was modeled at nine 

times the resolution with five times the number of climate ecoregions of the original model.  

While the trend of decline was the same across both resolutions, the behavior of the species 

distributions was different, with patch sizes that were larger and persisted for longer under the 

coarser resolution.  With few areas where these montane conifers were able to persist through the 

century, more may have to be done from the forest management standpoint to protect these 

species. 

Because the loss of forest has follow-on effects for ecosystem services, and this region 

supports alternative stable states, work was done to investigate whether the model could capture 

the warning signs researchers have found for other systems as they change from one state to 

another.  By being able to predict where such conversions were likely, management attention 

could be directed to those areas.  Increasing spatial autocorrelation of state variables was one 

such warning sign, and it was explored in several different ways.  However, between the 

simplicity of the state variables used and the complexity the mechanism that triggers the 

conversion—high severity fire—there were no substantial findings that indicated spatial 

autocorrelation could be used to predict state conversions within the model.  
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While this dissertation was wide ranging, there are other areas based on this work that are 

avenues of future research.  There are many ecosystem services not modeled in Chapter 3, but a 

number are closely related to those that are.  Federally managed forests are a source of recreation 

for many people and visitation rates are closely tied to climate and the condition of those forests.  

It would be a significant step forward to unify these concepts into quantifying and predicting 

recreation visits in a LANDIS extension.  As controversial as climate suitable planting may be, 

there are no controversies in modeling the introduction of new species.  Because the montane 

conifers were found to be so vulnerable to increased temperatures, introducing genetic stock of 

other provenances might enhance the persistence of such conifers.  Modeling such enhanced 

species could discover whether such a strategy would be a viable option.  While spatial 

autocorrelation of the variables chosen in Chapter 5 might not have been correlated with 

conversion from one vegetation state to another, there many other methods that could be 

explored to predict conversions.  Machine learning algorithms are highly effective with large 

datasets and have been applied in a range of situations to make predictions.  Such algorithms 

might work especially well with simulation model output. 

This dissertation documented a range of possible future conditions for the Klamath 

region, utilizing a number of divergent management philosophies and actions.  It explored the 

possible forest compositional changes and levels of wildfire activity under a range of future 

climate conditions, assessed the impacts of those management strategies on the provision of 

specific ecosystem services, and investigated the possible importance of spatial autocorrelation 

in predicting vegetation state conversion.  Change is inevitable for the Klamath region, but it is 

well within forest managers’ ability to shape that change.  Forest managers will need to consider 
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the long-term impact of their decisions, and this work can be a first step in understanding the 

implications of those decisions. 
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Appendix A 

Supplemental Methods 

Forest Ownership 

Ownership types were based on several different sources.  For Oregon, ownership types 

were already defined by the Oregon Department of Forestry and such information was available 

as a shapefile through the LEMMA group (LEMMA, 2015).  For California, because BLM 

surface management maps did not delineate between private family forestry and private 

industrial forests, the BLM maps were combined with FIA program forest ownership map 

(Nelson et al. 2010).  While the FIA ownership map was of lower resolution and imputed 

ownership based on FIA plots, the map was snapped to the BLM map in order to preserve the 

actual ownership boundaries. 

Stand Delineation 

Because of limited information about stand delineation across the landscape, breaking the 

landscape into smaller stand-level management units was required.  A raster was created that 

combined SAF defined forest cover type, land use type (forested, non-forested, urban, etc.), and 

ownership type.  This raster was then broken up by a fishnet grid of various sizes in order to 

further divide the landscape and set a maximum stand size.  The stands then were converted back 

to polygons, and then snapped to ownership boundaries.    Forest cover types for Oregon were 

derived from GNN species distribution maps (LEMMA, 2015).  For California, this information 

was available through CALVEG (USFS PSW, 2014).  Land use type information was from 

multiple sources, partly derived from forest cover type, and partly from information available 

through the Forest Service Geodata Clearinghouse, which provided administrative boundaries 

(USFS WO, 2015) 
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Reserve Area Delineation  

In order to identify protected areas, information was compiled from several different 

sources.  In addition to the Protected Areas Database (The Conservation Biology Institute 2010), 

the BLM surface management maps, as well as the FS Geodata Clearinghouse, were all used to 

delineate areas across the landscapes that have formal protection status.  Large portions of both 

FS and BLM lands had wilderness status.  A number of river systems in the area had a Wild and 

Scenic status.  These rivers were buffered by a distance of 1500 feet in order to emulate the 

formal protected status that extends a quarter mile from the banks of the river.  In addition, there 

were National and State Parks, a National Recreation Area, and Federal Wildlife Reserves, 

within the study area. 

Timber Harvesting 

To simulate business-as-usual (BAU) management, I simulated current harvesting 

regimes practiced in the region.  For Oregon, the amount harvested annually was based on 

historical information collected by landowner type at the county scale (OFRI, 2012).  For 

California, the amount harvested was based on data collected through the University of Montana 

and the Forest Service, which was aggregated to a regional scale by landowner type (USFS 

PNW, 2012). The silvicultural actions of private and family forests, as well as private industrial 

forests, were based on more recent feedback (John Bailey Personal Communication).  For public 

land ownership, initial activities were based on self-reported forest activity data, and calibrated 

based on collaboration with Forest Service silviculturalists (Stephen Boyer and Kenneth 

Wearstler, Personal Communication).  Within management areas, I implemented the individual 

prescription rotation periods based on the proportion each prescription cover type and age that 

was present at the start of the simulation. 
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Tables 

Table A.1.  Average approximate number of acres treated annually by each scenario by 

ownership type. 

Approximate annual acres treated: Ownership type: 

Scenario: Federal PIF  PNIF Tribal 

BAU 22,500 7,500 1,400 400 

CCA 65,000 7,500 1,400 400 

LIB 0 20,000 3,000 800 

PRIV 0 85,000 800 400 

SFT 13,000 6,500 800 400 

Rx 45,000 8,000 800 400 
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Table A.2.  List of all prescriptions used in each scenario, their intended purpose, location of 

treatment, and percentage area treated of that treatment area.  Activities are repeated across 

certain treatment areas, and the same activities are also used across the different scenarios. 

Note all model inputs and parameters are located at https://github.com/LANDIS-II-Foundation. 

BAU prescriptions 
   

Name Intent Treatment Area Percentage 

Area 

KMC_FED Large scale thinning: punching holes in canopy to promote old growth 

structure 

2 (Federal (BLM and non-specified FS lands)) 0.55% 

SOD_Sanit_FED Sudden oak death sanitation 2 (Federal (BLM and non-specified FS lands)) 0.25% 

Oak_Restoration_FED Promotion of oak woodlands 2 (Federal (BLM and non-specified FS lands)) 0.25% 

PILA_Release_FED Promotion of sugar pine, removal of competition 2 (Federal (BLM and non-specified FS lands)) 0.25% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 2 (Federal (BLM and non-specified FS lands)) 0.80% 

FireRisk-

ModerateThinning 

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh) 

2 (Federal (BLM and non-specified FS lands)) 1.20% 

Salvage_plant Post fire replanting 2 (Federal (BLM and non-specified FS lands)) 0.30% 

Tribal Timber harvest patch cut with replanting 4 (Tribal lands) 1.36% 

PIF Timber harvest clear cut with replanting 5 (PIF lands) 2.40% 

Salvage_plant Post disturbance replanting 5 (PIF lands) 0.50% 

PNIF Timber harvest small clear cut with replanting 6 (PNIF lands) 1.31% 

KMC_FED Large scale thinning: punching holes in canopy to promote old growth 

structure 

7 (FS matrix timberlands) 0.85% 

SOD_Sanit_FED Sudden oak death sanitation 7 (FS matrix timberlands) 0.15% 

Oak_Restoration_FED Promotion of oak woodlands 7 (FS matrix timberlands) 0.15% 

PILA_Release_FED Promotion of sugar pine, removal of competition 7 (FS matrix timberlands) 0.15% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 7 (FS matrix timberlands) 0.62% 

FireRisk-

ModerateThinning 

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh) 

7 (FS matrix timberlands) 1.10% 

RxFire Low intensity fire based on 4-ft Flamelength 7 (FS matrix timberlands) 0.22% 

MxFire Mixed Lethal Fire based on 6-ft FlameLength 7 (FS matrix timberlands) 0.12% 

Salvage_plant Post fire replanting 7 (FS matrix timberlands) 0.30% 

RxFire Low intensity fire based on 4-ft Flamelength 8 (FS Adaptive management areas) 0.22% 

MxFire Mixed Lethal Fire based on 6-ft FlameLength 8 (FS Adaptive management areas) 0.12% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 8 (FS Adaptive management areas) 0.62% 

FireRisk-

ModerateThinning 

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh) 

8 (FS Adaptive management areas) 0.64% 

    

CCA prescriptions 
   

Name Intent Treatment Area Percentage 

Area 

Salvage_plant Post fire replanting 2 (Federal (BLM and non-specified FS lands)) 0.10% 

KMC_Fed Large scale thinning: punching holes in canopy to promote old growth 

structure 

2 (Federal (BLM and non-specified FS lands)) 1.92% 

SOD_Sanit_Fed Sudden oak death sanitation 2 (Federal (BLM and non-specified FS lands)) 0.25% 

Oak_Restoration_Fed Promotion of oak woodlands 2 (Federal (BLM and non-specified FS lands)) 16.15% 

PILA_Release_Fed Promotion of sugar pine, removal of competition 2 (Federal (BLM and non-specified FS lands)) 12.15% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 2 (Federal (BLM and non-specified FS lands)) 28.40% 
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Table A.2. (continued) 

FireRisk-

ModerateThinning 

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh) 

2 (Federal (BLM and non-specified FS lands)) 40.40% 

RxFire Low intensity fire based on 4-ft Flamelength 2 (Federal (BLM and non-specified FS lands)) 12.51% 

Tribal Post disturbance replanting 4 (Tribal lands) 1.36% 

Salvage_plant Timber harvest patch cut with replanting 4 (Tribal lands) 0.20% 

PIF Timber harvest clear cut with replanting 5 (PIF lands) 2.09% 

Pre_Comthin Pre-commercial thin 5 (PIF lands) 0.69% 

Salvage_plant Post disturbance replanting 5 (PIF lands) 0.20% 

PNIF Timber harvest small clear cut with replanting 6 (PNIF lands) 1.31% 

Salvage_plant Post disturbance replanting 6 (PNIF lands) 0.20% 

RxFire_small Low intensity fire based on 4-ft Flamelength, small target area 7 (Wilderness area treatments) 1.51% 

FireRisk-

LightThinning_small 

Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh), 

small target area 

7 (Wilderness area treatments) 16.00% 

RxFire Low intensity fire based on 4-ft Flamelength 7 (Wilderness area treatments) 3.51% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 7 (Wilderness area treatments) 16.50% 

RxFire Low intensity fire based on 4-ft Flamelength 8 (WUI) 5.51% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 8 (WUI) 40.20% 

FireRisk-

ModerateThinning 

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh) 

8 (WUI) 60.20% 

RxFire Low intensity fire based on 4-ft Flamelength 9 (Promoting expansion of oak woodlands around current 

populations) 

15.51% 

Oak_Restoration_Fed Promotion of oak woodlands 9 (Promoting expansion of oak woodlands around current 

populations) 

60.20% 

Pre_Comthin_small Pre-commercial thin, small target area 10 (Legacy tree protection and additional treatments for 

plantations) 

40.89% 

FireRisk-

LightThinning_small 

Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh), 

small target area 

10 (Legacy tree protection and additional treatments for 

plantations) 

40.30% 

RxFire_small Low intensity fire based on 4-ft Flamelength, small target area 10 (Legacy tree protection and additional treatments for 

plantations) 

10.51% 

Pre_Comthin Pre-commercial thin 10 (Legacy tree protection and additional treatments for 

plantations) 

40.89% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 10 (Legacy tree protection and additional treatments for 

plantations) 

16.30% 

RxFire Low intensity fire based on 4-ft Flamelength 10 (Legacy tree protection and additional treatments for 

plantations) 

10.51% 

RxFire_small Low intensity fire based on 4-ft Flamelength, small target area 11 (Roads and ridgeline fuels treatments, areas greater than 

40% slope) 

3.51% 

FireRisk-

LightThinning_small 

Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh), 

small target area 

11 (Roads and ridgeline fuels treatments, areas greater than 

40% slope) 

11.20% 

RxFire Low intensity fire based on 4-ft Flamelength 11 (Roads and ridgeline fuels treatments, areas greater than 

40% slope) 

2.51% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 11 (Roads and ridgeline fuels treatments, areas greater than 

40% slope) 

11.20% 

RxFire Low intensity fire based on 4-ft Flamelength 12 (Roads and ridges fuels treatments, less than 40% slope) 20.51% 

MxFire Mixed Lethal Fire based on 6-ft FlameLength 12 (Roads and ridges fuels treatments, less than 40% slope) 16.57% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 12 (Roads and ridges fuels treatments, less than 40% slope) 30.50% 

FireRisk-

ModerateThinning 

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh) 

12 (Roads and ridges fuels treatments, less than 40% slope) 50.80% 

FireRisk-

LightThinning_small 

Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh), 

small target area 

12 (Roads and ridges fuels treatments, less than 40% slope) 30.30% 

RxFire_small Low intensity fire based on 4-ft Flamelength, small target area 12 (Roads and ridges fuels treatments, less than 40% slope) 30.30% 

    

LIB prescriptions 
   

Name Intent Treatment Area Percentage 

Area 

Tribal Post disturbance replanting 4 (Tribal lands) 1.31% 

Salvage_plant Timber harvest patch cut with replanting 4 (Tribal lands) 0.31% 

PIF Timber harvest clear cut with replanting 5 (PIF lands) 1.60% 

Salvage_plant Post disturbance replanting 5 (PIF lands) 1.19% 
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Table A.2. (continued) 
PNIF Timber harvest small clear cut with replanting 6 (PNIF lands) 1.36% 

Salvage_plant Post disturbance replanting 6 (PNIF lands) 0.31% 

Pre_Comthin Pre-commercial thin 5 (PIF lands) 0.57% 

Comthin Commercial thin 5 (PIF lands) 0.32% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 7 (PIF buffer area) 2.50% 

FireRisk-

ModerateThinning  

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh) 

8 (WUI) 5% 

    

PRIV prescriptions 
   

Name Intent Treatment Area Percentage 

Area 

Tribal Post disturbance replanting 4 (Tribal lands) 1.31% 

Salvage_plant Timber harvest patch cut with replanting 4 (Tribal lands) 0.21% 

PIF Timber harvest clear cut with replanting 5 (PIF lands) 3.06% 

Salvage_plant Post disturbance replanting 5 (PIF lands) 0.21% 

PNIF Timber harvest small clear cut with replanting 6 (PNIF lands) 1.36% 

Salvage_plant Post disturbance replanting 6 (PNIF lands) 0.19% 

Pre_Comthin Pre-commercial thin 5 (PIF lands) 3.10% 

Comthin Commercial thin 5 (PIF lands) 1.35% 

    

SFT prescriptions 
   

Name Intent Treatment Area Percentage 

Area 

Tribal Post disturbance replanting 4 (Tribal lands) 1.36% 

Salvage_plant Timber harvest patch cut with replanting 4 (Tribal lands) 0.21% 

PIF Timber harvest clear cut with replanting 5 (PIF lands) 2.09% 

Salvage_plant Post disturbance replanting 5 (PIF lands) 0.21% 

PNIF Timber harvest small clear cut with replanting 6 (PNIF lands) 1.31% 

Salvage_plant Post disturbance replanting 6 (PNIF lands) 0.19% 

KMC_FED Large scale thinning: punching holes in canopy to promote old growth 

structure 

2 (Federal (BLM and non-specified FS lands)) 0.55% 

SOD_Sanit_FED Sudden oak death sanitation 2 (Federal (BLM and non-specified FS lands)) 0.25% 

Oak_Restoration_FED Promotion of oak woodlands 2 (Federal (BLM and non-specified FS lands)) 0.25% 

PILA_Release_FED Promotion of sugar pine, removal of competition 2 (Federal (BLM and non-specified FS lands)) 0.25% 

FireRisk-

LightThinning_small 

Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh), 

small target area 

8 (Roads and ridgeline fuels treatments, areas greater than 

40% slope) 

0.80% 

RxFire_small Low intensity fire based on 4-ft Flamelength, small target area 8 (Roads and ridgeline fuels treatments, areas greater than 

40% slope) 

1.51% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 7 (WUI) 0.80% 

FireRisk-

ModerateThinning 

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh) 

7 (WUI) 2.00% 

RxFire Low intensity fire based on 4-ft Flamelength 9 (Roads and ridges fuels treatments, less than 40% slope) 1.51% 

MxFire Mixed Lethal Fire based on 6-ft FlameLength 9 (Roads and ridges fuels treatments, less than 40% slope) 2.51% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 9 (Roads and ridges fuels treatments, less than 40% slope) 2% 

FireRisk-

ModerateThinning 

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh) 

9 (Roads and ridges fuels treatments, less than 40% slope) 2% 

FireRisk-

LightThinning_small 

Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh), 

small target area 

10 (Wilderness area treatments) 1.00% 

RxFire_small Low intensity fire based on 4-ft Flamelength, small target area 10 (Wilderness area treatments) 1.51% 
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Table A.2. (continued) 
Rx prescriptions 

   

Name Intent Treatment Area Percentage 

Area 

KMC_Fed_Plant Large scale thinning: punching holes in canopy to promote old growth 

structure 

2 (Federal (BLM and non-specified FS lands)) 0.85% 

SOD_Sanit_Fed Sudden oak death sanitation 2 (Federal (BLM and non-specified FS lands)) 0.21% 

Oak_Restoration_Fed Promotion of oak woodlands 2 (Federal (BLM and non-specified FS lands)) 6.74% 

PILA_Release_Fed Promotion of sugar pine, removal of competition 2 (Federal (BLM and non-specified FS lands)) 6.51% 

Salvage_plant Post fire replanting 2 (Federal (BLM and non-specified FS lands)) 0.40% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 2 (Federal (BLM and non-specified FS lands)) 0.60% 

FireRisk-

ModerateThinning 

10.098% 

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh) 

2 (Federal (BLM and non-specified FS lands)) 10.10% 

RxFire Low intensity fire based on 4-ft Flamelength 2 (Federal (BLM and non-specified FS lands)) 12.11% 

Tribal Post disturbance replanting 4 (Tribal lands) 1.36% 

Salvage_plant Timber harvest patch cut with replanting 4 (Tribal lands) 0.20% 

PIF Timber harvest clear cut with replanting 5 (PIF lands) 2.41% 

Salvage_plant Post disturbance replanting 5 (PIF lands) 0.20% 

PNIF Timber harvest small clear cut with replanting 6 (PNIF lands) 1.31% 

Salvage_plant Post disturbance replanting 6 (PNIF lands) 0.20% 

KMC_Fed_Plant Large scale thinning: punching holes in canopy to promote old growth 

structure 

7 (Additional treatment for plantations) 0.85% 

PILA_Release_Fed Promotion of sugar pine, removal of competition 7 (Additional treatment for plantations) 11.15% 

RxFire Low intensity fire based on 4-ft Flamelength 7 (Additional treatment for plantations) 1.12% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 7 (Additional treatment for plantations) 12.12% 

FireRisk-

ModerateThinning  

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh) 

7 (Additional treatment for plantations) 12.20% 

FireRisk-

LightThinning_small 

Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh), 

small target area 

7 (Additional treatment for plantations) 11.12% 

FireRisk-

ModerateThinning_smal

l  

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh), small treatment area 

7 (Additional treatment for plantations) 13.20% 

RxFire Low intensity fire based on 4-ft Flamelength 8 (Rx treatment areas) 40.42% 

MxFire Mixed Lethal Fire based on 6-ft FlameLength 8 (Rx treatment areas) 15.24% 

RxFire_small Low intensity fire based on 4-ft Flamelength, small target area 8 (Rx treatment areas) 15.12% 

MxFire_small Mixed Lethal Fire based on 6-ft FlameLength, small treatment area 8 (Rx treatment areas) 5.42% 

FireRisk-

LightThinning_small 

Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh), 

small target area 

8 (Rx treatment areas) 0.12% 

FireRisk-

ModerateThinning_smal

l  

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh), small treatment area 

8 (Rx treatment areas) 0.14% 

RxFire Low intensity fire based on 4-ft Flamelength 9 (WUI) 1.12% 

FireRisk-LightThinning Reduce fire risk by reducing ladder fuels, (remove trees < 14 inches dbh) 9 (WUI) 20.10% 

FireRisk-

ModerateThinning  

Reduce fire risk by reducing ladder fuels, using mechanical-thinnging 

(remove trees < 30 inches dbh) 

9 (WUI) 35.20% 
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Table A.3.  A breakdown of fire sizes by management and climate projection by percentile.  

SCENARIO: 10% 25% 50% 75% 90% 99% 

BAU ACCESS            124             343          1,210          4,687       14,667       83,137  

BAU CANESM            131             365          1,298          4,709       14,133       81,649  

BAU CNRM            124             335          1,181          4,418       13,123       61,953  

BAU CONTEMPORARY            109             299          1,072          3,980       12,408       66,011  

BAU MIROC5            117             328          1,126          4,166       12,070       70,596  

CCA ACCESS            109             306             955          3,886       12,306       73,279  

CCA CANESM            124             321          1,079          3,944       11,634       73,708  

CCA CNRM            124             328          1,021          3,822       10,957       62,851  

CCA CONTEMPORARY            102             292             948          3,412       10,269       65,020  

CCA MIROC5            109             299             940          3,587       10,619       66,443  

LIB ACCESS            219             649          2,588          9,506       26,579     114,018  

LIB CANESM            211             612          2,464          8,786       25,546     124,850  

LIB CNRM            219             598          2,333          8,480       23,921     118,597  

LIB CONTEMPORARY            197             554          2,114          7,873       22,662     113,620  

LIB MIROC5            197             561          2,202          7,480       22,332     107,828  

PRIV ACCESS               87             241             765          2,931          8,763       49,297  

PRIV CANESM               95             255             824          3,055          8,907       43,558  

PRIV CNRM               87             233             722          2,697          8,093       47,796  

PRIV CONTEMPORARY               80             204             642          2,508          8,166       43,738  

PRIV MIROC5               87             233             707          2,552          7,908       44,249  

SFT ACCESS            131             365          1,305          4,853       15,230       84,758  

SFT CANESM            131             379          1,341          5,059       16,021       85,575  

SFT CNRM            139             357          1,239          4,569       14,339       78,930  

SFT CONTEMPORARY            124             335          1,155          4,350       13,200       68,451  

SFT MIROC5            124             335          1,123          4,381       13,065       74,826  

RX ACCESS            139             394          1,480          6,284       20,772     131,859  

RX CANESM            145             386          1,524          6,477       21,609     136,687  

RX CNRM            139             401          1,480          6,073       19,041     105,411  

RX CONTEMPORARY            131             368          1,283          5,387       16,789     102,348  

RX MIROC5            131             365          1,414          5,621       19,008     105,488  
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Table A.4.  Area occupied in hectares by forest, averaged across all climate projections and 

replicates, for the year 2095 and the change from the 2015 baseline condition. 

Scenario Year Forested 

Area (in ha) 

Percent Change from 

Current Condition 

Current 

Conditions 

2015  2,666,062  
 

BAU 2095  2,458,442  -8% 

CCA 2095  2,359,633  -11% 

LIB 2095  1,831,661  -31% 

PRIV 2095  2,637,166  -1% 

Rx 2095  2,291,301  -14% 

SFT 2095  2,230,333  -16% 
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Figures 

 

 

Figure A.1.  Validation of federal activities for the BAU scenario for fuel treatments and total 

activities.  Area treated taken from the Forest Activities database (FACTS) for Forest Service 

activities (available here: https://data.fs.usda.gov/geodata/edw/datasets.php, accessed June, 

2016), and a similar source for the BLM (available here: https://www.blm.gov/or/gis/data.php, 

accessed June, 2016).  All types of activities were merged into one dataset, clipped to study area 

extent, and subset to the years 2000-2014. 

  

https://data.fs.usda.gov/geodata/edw/datasets.php
https://www.blm.gov/or/gis/data.php
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Figure A.2. Historical climatic water deficit derived from the Basin Characterization Model for 

California, annual average per climate ecoregion for the years 1950-2010, in mm per year.  Data 

derived from Flint, L.E. and Flint, A.L., 2014, California Basin Characterization Model: A 

Dataset of Historical and Future Hydrologic Response to Climate Change, U.S. Geological 

Survey Data Release, doi:10.5066/F76T0JPB [available through https://cida.usgs.gov/gdp/, 

accessed March 2018] 

  

https://cida.usgs.gov/gdp/
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Figure A.3.  Fire severity and its impacts on the landscape.  On the left, landscape average fire 

severity +/- 1 S.D. across two periods (early 2015-2020) and late (2095-2100).  On the right, the 

average area that burned at the highest severity. 
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Figure A.4.  Baseline vegetation cover map over a DEM of the region.  Elevation derived from 

National Elevation Dataset-30m.  Elevation data available at 

(https://viewer.nationalmap.gov/launch/, accessed April, 2018) 

  

https://viewer.nationalmap.gov/launch/
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Figure A.5.  Harvest calibration of the BAU scenario.   
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Appendix B 

Tables 

Table B.1.  A breakdown of landscape average aboveground biomass (AGB) for the BAU 

management scenario of the base case and higher water use efficiency and temperature resistant 

variants. 

VARIANT AGB (YEAR 2095, G/M^2) % CHANGE OVER BASE 

BASE 26700.42683  

M1 28038.48887 5% 

M1_T1 28964.45683 8% 

M2 27805.61492 4% 

M2_T1 29823.40669 12% 

M1 refers to an 8% increase in average biomass produced across the range of field water 

capacities, i.e. more biomass is produced under all field water capacity except below wilt point. 

T1 means that the maximum temperature where the plant is still able to produce is increased 2° 

Celsius beyond the base case. 

M2 is a 15% increase in average biomass produced across the range of field water capacities. 
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Figures 

 

Figure B.1.  Differences in relative production of biomass across different water use efficiencies 

for the different functional groups for the most common soil type for the study area. 
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Figure B.2. A comparison of aboveground biomass under the BAU scenario with base model 

with various water use efficiency enhanced runs. 
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Appendix C 

Figures 

 
Figure C.1.  Total C in g m-2 for each management scenario and climate projection. Top left (A): 

total carbon, sum of live, dead, and soil carbon. Top right (B): aboveground carbon in living 

materials. Bottom left (C): carbon in soils.  Bottom right (D): aboveground carbon in dead 

sources. Middle line represents mean value, upper and lower bounds represent (+/-) 1 s.d.   
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Figure C.2.  Mean landscape carbon flux per year by source, in Megagrams per year, displayed 

by management scenario and climate projection and averaged across all replicates.  Fire is C 

released from fires during succession extension years; Harvest is total C removed from landscape 

by management actions; and NEE is the amount of C sequestered annually. Middle line 

represents mean value, upper and lower bounds represent (+/-) 1 s.d. 
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Figure C.3.  Mean annual harvest in cubic meters by management scenario and climate 

projections, averaged across replicates. Middle line represents mean value, shaded area between 

upper and lower bounds represent (+/-) 1 s.d. 
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Appendix D 

Tables 

Table D.1.  Analysis of variance comparing model resolution and climate projection.  Resolution 

indicates whether model had 270m or 90m cells. 

Model: Mean area (in ha) ~ Model Resolution 
  

 
Df Sum Sq Mean Sq F value Pr(>F) 

Resolution 1 8.92E+09 8.92E+09 33.04 2.24E-08 

Residuals 298 8.04E+10 2.70E+08 
  

      

Model: Mean area (in ha) ~ Resolution + Climate Projection 
 

Df Sum Sq Mean Sq F value Pr(>F) 

Resolution 1 8.92E+09 8.92E+09 32.84 2.48E-08 

Climate Projections 4 6.01E+08 1.50E+08 0.55 0.6964 

Residuals 294 7.98E+10 2.71E+08 
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Figures 

 
Figure D.1.  Modeled versus measured biomass (in grams per square meter) by ecoregion.  

Measured biomass is converted from the carbon estimated by Wilson et al. 2013.  Orange line 

shows one-to-one line.  Blue dotted line shows line of best fit. 
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Figure D.2.  Measured versus modeled distribution of fire size by percentiles.  All available 

years (1984-2015) for MTBS were used.  Years 1985-2017 were used from the CalFire data. 
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Figure D.3.  Correlation matrix of potential predictor variables at the ecoregion level for 

regression.  Precipitation (Precip), Mean annual max temperature (Max_temp), Mean ecoregion 

elevation (MEAN_elev), Majority aspect of ecoregion (MAJ_asp), and Available water capacity 

(soil_moisture_range) were the final variables chosen. 
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Figure D.4.  Diagnostic plots of Bayesian spatial probit regression. (a) Contains the trace plots 

for all variables.  (b) Contains the posterior distribution of variables. 
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Figure D.5.  Comparison of the ecoregions across the landscape between 270m and 90m models. 

 

 
 
 
 
 
 

 


