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The Model Ecosystem
High elevation white pines + non-native pathogen

on traditionally unmanaged landscapes

Pine ecosystems at treeline
Non-timber species

RM bristlecone pine
GB bristlecone pine
Limber pine
Whitebark pine
Foxtail pine

Non-native invasive
White pine blister rust

People
Preferences
Economics



Non-native Cronartium ribicola causes the 
lethal disease white pine blister rust on 
white pines

Despite efforts to control the disease, it 
continues to spread

There are still ecosystems where WPBR 
has not yet invaded.

There is no reason to assume the 
remaining ecosystems will escape 
infection.

*

Current Rust
Distribution 
on Pines

Other NA white pines = western white pine, eastern white pine, SW white pine, sugar pine

Introduction in 1910
White Pine Blister Rust

Map by AW Schoettle

Presenter
Presentation Notes
There are areas that are already infected and areas threatened but not yet infected – opportunities for proactive and reactive management



WPBR kills white 
pine trees of all 
ages

Impairs recovery 
processes 

Pines have very 
low resistance to 
the disease



(Schoettle and Sniezko 2007)

Time

Native 
Ecosystem

Functional Ecosystem
in the presence of the 
non-native pathogen

Modified Native 
Ecosystem 

Early Invasion Restoration

Impaired 
Ecosystem

Recovering
Ecosystems

Informed 
Intervention Late Invasion

?
Reactive Restoration Strategy

Proactive Strategy

Data 
gathering

Management is required to sustain 
pine populations and ecosystem function

Do it now or do it later?
Ecological efficacy? Social acceptance? Economic trade-offs?



Project Objectives
• Estimate intergenerational social costs of 

WPBR using nonmarket valuation 
techniques

• Construct basic model of WPBR 
epidemiology

• Continue research and development of 
management strategies

• Develop dynamic programming 
management model

• Evaluate and prescribe management 
practices under alternative conditions



Key Outcomes

• Valuation of non-market benefits 
associated with white pine ecosystems

• Decision tool to help make better 
management decisions under a range of 
circumstances
– Should managers intervene?
– If so, how?

http://www.fs.fed.us/rm/highelevationwhitepines/About/photo-tour/cone-seed.htm
http://www.fs.fed.us/rm/highelevationwhitepines/About/photo-tour/seedling.htm
http://www.fs.fed.us/rm/highelevationwhitepines/About/photo-tour/cone-collect.htm


Presentation Outline
• Population Modeling Effort
• Epidemiology Effort
• Cost Data Effort
• Non-Market Valuation Effort
• Dynamic Modeling Effort



Population Modeling

A. Schoettle, R. Sniezko

http://upload.wikimedia.org/wikipedia/commons/5/57/Forest_Service_logo.png


In the presence of Cronartium ribicola:
How does rust infection probability affect population dynamics?

What is the effect of regeneration capacity?

What is the effect of competition?

What frequency of resistance to WPBR 
is enough to sustain a population? 

How can management promote sustained 
populations and increased resistance?

Stage Structured Population Genetic Infection Matrix Model

Key questions to evaluate population sustainability over 
multiple generations with and without management 

Presenter
Presentation Notes
To address these questions, we are developing a population genetic infection model parameterized for high elevation 5-needle pines.  

The matrix model includes 6 age classes (seeds up to fully reproductive adults) and linear and non-linear functions.  

The model outputs include population size, incidence of infection by WPBR and frequency of a simply-inherited dominant WPBR resistance gene by age class over time.  

We will describe the model and demonstrate its capability to examine the effects of and interactions between regeneration and resistance under different WPBR hazard scenarios.  

Understanding these interactions will elucidate the risk to the ecosystems and help inform restoration-planning efforts. ………………




Non-linear transition (density dependent)
Transition to next stage
Transition to next stage and infected
Infected within stage
Remain in stage

hlthy rust

Life Stages and Infection Status
(3 genotypes: RR, Rr, rr)

Non-linear

seed

sdlg1
sdlg2 yadltsaplg

sdlg1
sdlg2 saplg yadlt

adlt

adlt

Non-linear

death

death
death

Presenter
Presentation Notes
Model cartoon – linear and non-linear components – to evaluate population trajectory and sustainability in response to introduction of WPBR and different management options 

With this model we can examine population projections  under different conditions:
Initial stand conditions – regeneration capacity, competition, age structure, frequency of genetic disease resistance, etc
Infection conditions – infection probability, cost of infection to survival and fecundity
Management conditions – (can be imposed at any time relative to rust introduction – proactive or reactive) removing competition (i.e. cutting or fire), planting seedlings (can vary the frequency of resistance in planting stock), culling disease trees and seeing the effect on the genetics of the pollen cloud and resulting populations, effect of different pollen clouds on population projections, etc.  

Outputs include (by age class of trees), over time:
Population projections 
Disease incidence
Frequency of disease resistance gene 
Frequency of disease resistance gene in the pollen cloud







Stands with greater regeneration capacity can tolerate greater infection probabilities

Regeneration capacity Competition
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Initial conditions - Competition and Regeneration Capacity 

Presenter
Presentation Notes
The initial conditions (before invasion and without management) of the stand affects the response of the stand to different rust infection probabilities

This information feeds into whether management is needed and what management outcome to expect in stands with different initial conditions.

To explore the effects of the management interventions (removing competition and/or planting rust resistant seedlings), in the following  slides we are not presenting the full range of responses that are possible for all initial conditions (though we have done it with the model) – in general, stands with more regeneration capacity and less competition do better when rust is introduced.  



Initial Conditions - Frequency of Resistance in Population 
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More resistance  faster rebound
Significant dip in density in first 50-150 years in all cases 

Presenter
Presentation Notes
Initial frequency of rust resistance in the stand affects how the population responds to rust introduction.

Without management, even forests with high frequencies of resistance in the base population will undergo a significant reduction in reproductive trees for 100+ years after rust introduction – it unclear if the ecosystem, in reality, will have enough resiliency to recover from the dip.  Management is needed to mitigate the reduction in population – see following slides

Elevating the frequency of the rust resistant gene R on the landscape in the base population before rust introduction mitigates the reduction in the population in the first ~100 years but does not eliminate the decline (obviously since even at 10% Freq R, 90% of the trees in the stand are susceptible and will get infected and die over time). At the lower FreqR levels – the population may in fact not be able to rebound in nature. To reduce the initial decline in the first 100 years need to (1) increase the frequency of resistance in the population to much higher than 10% and/or (2) also stimulate regeneration using natural processes (i.e. removing competing vegetation via fire or cutting) across the landscape.  

Alternatively, if you know the frequency of R  in the native stands, this analysis can help you assess if management is needed at all (i.e. will the population decline be small enough at the predicted rust infection probability that the population can recover on it own over time).
--------------------------------------------------------------------------

How much resistance is enough?
Base Population
Density of mature adults and total population with different amounts of resistance in entire population with moderate rust infection probability (beta=0.044) introduced at time zero
rsite=0.4, LAIb=0   MODERATE REGEN AND NO COMPETITION
How much R in the base population is enough?


At a moderate Beta

Introduce different graph type

Mature adults and total pop at different initial allele Rs

Rsite=0.4
Riste=1
Laib=0 rsite=0.4
Laib=2 rsite=0.4



Population dip in first 50-100 years is unavoidable



Stocked 
stand

Reproductive 
forest

Seed 
availability

Seedling 
establishment

Reduced density
Dispersal limitation

Top-kill
Mortality

Top-kill
Crown damage

Mortality

Mortality
Reduced density

_

_

_

_

Regeneration Cycle

Stimulate 
regeneration via site 
preparation Intervention

Rust impact

Managing demographics and resistance
to sustain pine populations in the presence of WPBR

Increase resistance and 
numbers via seedling 
outplanting

Presenter
Presentation Notes
Diagram of previous slide
Sustaining the ecosystems requires sustaining the regeneration cycle – sustaining POPULATIONS and ECOSYSTEM FUNCTION

The following 2 slides show that implementing these 2 approaches (the large green arrows) are effective if implemented at the correct time (more effective if done closer to the time of rust introduction) 




Stimulate regeneration via site preparation
to sustain a reproductive population 
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Stimulating regeneration by removing competition can sustain adult populations

Remove competing vegetation  increase regeneration

Treatments such as 
cutting or prescribed 
fire are effective if 
implemented at or 
before rust introduction.

Presenter
Presentation Notes
Removing competition at time = 0 is PROACTIVE management – population of mature 5 ndl pine trees stays high which maintains ecosystem resiliency since a viable seed source is retained.
Not removing competing vegetation is NO ACTION – population crashes and is not sustainable
If competing vegetation is removed say 100 years after rust is introduced, the green line essentially moves down the purple line to 100 but does not rebound up to a density of ~160 trees per hectare – it stays lower – essentially stopping the decline but the population remains depressed with fewer 
individuals and is therefore less resilient to other disturbances 

Step change in conditions at T=0
Introduce rust at T = 0
Moderate regeneration capacity 
Moderate infection probability 
Freq R = 0.005



Time of planting affects its 
effectiveness to sustain a 
reproductive population 

Intact forest in one area
Plant a nearby area

Plant 1000 seedling that 
have a Freq R=0.20

Plant at time = 0, 20 or 40 
years post-rust introduction

Increase resistance via seedling outplanting
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Presenter
Presentation Notes
Upper graph:  the orange line is a stand that has no management; the 3 other lines are mature adult projections for stands that were planted at different times after the rust was introduced at time=0 
Lower graph: is the SUM of the mature adults in the No Management stand plus the mature adults in the Planted Stand.   Plant early, the density of reproductive trees stays high because the planted seedlings are maturing as the mature trees in the No Management stand are dying.  Early planting mitigates the decline in reproductive adults and shortens the time when the density of mature adults is depressed.  The later you plant, the lower the population of adults goes, compromising the resiliency of the system  



Conclusions – Population Modeling
• Stands with more regeneration capacity and less 

competition do better when rust is introduced. 

• Initial frequency of rust resistance in the stand affects 
how the population responds to rust introduction.

• Without management, even forests with high frequencies of 
resistance in the base population will undergo a significant 
reduction in reproductive trees 100+ years after rust 
introduction 

• Unclear if the ecosystem, in reality, will have enough 
resiliency to recover from the dip.  

• Management is needed to mitigate the reduction in population

• Removing competition (thinning) and outplanting seedlings 
with genetic resistance can stop and/or grow populations of 
reproductive adult trees, but timing matters

Presenter
Presentation Notes
Weather patterns – referring to the upslope, etc. conditions that bring certain weather to a mountain range. Even if temp/humidity conditions are fairly similar the area may not be in the right ‘path’ for spore movement, etc.



Epidemiology Modeling

W. Jacobi



Can micro-scale meteorological conditions help predict 
impacts and movement of white pine blister rust?

Disease epidemiology is complex! 

Time
fungus environment

Ribes spp. hosts    white pines
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Suitable
infection periods 
(SIP) for various 

disease stages 
vary widely 
across white 

pine 
environments 
and seasons: 
where is the 
environment 

most suitable in 
both seasons?

SIP = >6 hrs between 32-
75º F and >90% RH

Presenter
Presentation Notes
There are five spore stages of WPBR and they all require certain environmental conditions for germination and spore production (cool, wet periods). We modified long term on-the-ground weather stations with weather data collected directly from white pine stands to define suitable infection periods at 22 sites across Wyoming and Colorado in areas where we know disease information. These are the spring (May/June) and fall (July-Aug) range of suitable infection periods (average % of month) over our sites from most northern to southern.



WPBR ‘intensification’ (success) varies across white pine 
environments: 

Some areas have had low levels of disease for long periods of time and 
some areas have high levels of disease over short periods 

0

50

100

150

200

250

01234567891011121314

C
an

ke
rs

 p
er

 th
ou

sa
nd

 tr
ee

s

Years (from 2004)

Long Duration (>10 yrs), High Incidence (>10%)
Long Duration (>10 yrs), Low Incidence (<10%)
Short Duration (<10 yrs), High Incidence (>10%)
Short Duration (<10 yrs), Low Incidence (<10%)

Presenter
Presentation Notes
We have defined how often infections occur at ~20 sites based on disease info (canker lengths and growth rates tell us how many cankers occurred each year in the past 14-15 years). Based on infection periodicity, the disease is very successful at some sites and not as successful at others. Is this an effect of host, environment, or both?
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Combining disease information and yearly 
weather data at sites across CO and WY: 

Yearly suitable infection period data can help elucidate WPBR 
epidemics and ‘wave years’

Presenter
Presentation Notes
These two sites are in the same region (nw Wyoming mtn range). Red and blue arrows indicate year of WPBR introduction at each site (blue for Wind River, red for Horse Creek) based on our canker information. The point of this slide is that even though WPBR has been at sites in the same region for different amounts of time (~6 years vs ~20 years) the disease intensity (success) projections look similar between the two sites (very steep slope of canker increases at both sites in the past few years). These combinations of disease and weather info can help us define what sites are very suitable and when suitable infection periods occurred (wave years for rust).



Conclusions - Epidemiology
• Local disease intensification is related to:

• meteorological conditions and weather patterns in mtn. ranges
• alternate host densities
• topography and elevation 
• age of infestation 

• Local disease intensification is difficult to predict since 
variables are unique to each location

• Revisiting permanent plots / monitoring plots will help us 
refine impact predictions with more sites and more 
combinations of different host densities and weather 
conditions

• Epidemiology models can assist econ models in 
predicting how much mortality/damage will occur based 
on site specific hazard ratings (hosts + weather 
conditions)

Presenter
Presentation Notes
Weather patterns – referring to the upslope, etc. conditions that bring certain weather to a mountain range. Even if temp/humidity conditions are fairly similar the area may not be in the right ‘path’ for spore movement, etc.



Cost of Treatment Data

C. Nelson



Presenter
Presentation Notes
Response to requests for information on restoration projects:  95 total responses (red and yellow symbols)



Types of treatments

Percent of projects
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Protect resistant trees

Planting

Seed collection

Total number of projects=55



Treatment Costs
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Presenter
Presentation Notes
NEW- ONE PRUNING PROJECT ADDED
Dots represent # of projects that answered this question (not necessarily the # of projects that did each treatment)




Treatment Costs
Seed Collection
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Presenter
Presentation Notes
NEW- 2 PLANTING PROJECTS ADDED
Dots represent # of projects that answered this question (not necessarily the # of projects that did each treatment)
We also have data on seed collection per tree rather than per acre.
Seed collection $/area data is questionable in my opinion. Some responses may be based on tiny areas (due to the small area around individual trees), while other responses may be based on the entire area containing that tree species.
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Valuation of High Elevation 
Management Programs

J. Meldrum, P. Champ, C. Bond

http://upload.wikimedia.org/wikipedia/commons/5/57/Forest_Service_logo.png


Survey details
• Complex, multidimensional management problem
• Information collected included general and specific 

attitudes, contingent valuation questions, and choice 
experiment

Foxtail Pine

• Administered by 
Knowledge Networks, Inc.

• 20 minute online survey
• Probability-based sample
• General population in 

western United States
• N=542



Description of sample



Visitation and familiarity
Heard of any of the five-needled pine trees 35%

Heard of a high-elevation forest 50%

Heard of white pine blister rust 12%

Been to a high-elevation forest in the Western 
US 51%

11%

33% 33%
23%

7%

28%
44%

21%
9%

22%

40%
29%

8%

30%

48%

15%
0%

10%

20%

30%

40%

50%

have visited, do not 
expect to return

have not visited, do 
not expect to

have not visited, but 
expect to

have visited, expect to 
again

The mountains in Central Colorado Rocky Mountain National Park
Yellowstone National Park Glacier National Park



Likert Scale Attitudes

Attitudes    (* - specific to  high-elevation forests) Mean Agree

Existence for future generations* 4.2 76%

Protect from threat of extinction* 4.0 68%

Responsibility to protect from introduced pests 4.0 66%

Recreation activities* 3.4 47%

Treating forests to which I am personally attached* 3.4 41%

Related tourism * 3.1 29%

Oppose all new taxes 3.0 23%

People should not intervene* 2.7 22%



Contingent Valuation Question

"Suppose managers treat 
[quantity]% of the high-elevation 
forests in the Western United 
States. As a result, these acres 
will be healthy in 100 years from 
now. The remainder of the 
acreage would not be treated. 
Would your household be willing 
to pay a one-time cost of $[bid] to 
fund this program?“



Aggregate Preferences

• Average WTP =
• $166 per household 
• 95% confidence 

interval: $77 to $254
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Groups of People by Attitude

• 40% values both protection and recreation
• 25% values protection but not recreation
• 35% of population does not care, not 

willing to pay anything



Conclusions – CV Heterogeneity

• Average WTP for management of WPBR in high-
elevation forests is $166/household  (+/-$89)
– 2/3 of population values management highly
– Remaining 1/3 does not at all

• On average, long-run sustainability seems more 
important than shorter-term recreation benefits
– “Protect” attitudes influence choice, “Play” do not
– 40% of population values both, 25% only protection
– 42% finds all features important, 28% with highest 

values finds only “functional” features important



Dynamic Management Model

C. Bond, P. Champ, J. Meldrum, 

http://upload.wikimedia.org/wikipedia/commons/5/57/Forest_Service_logo.png


Dynamic Programming Model

• Cellular, spatial representation of forest stands
• Discrete time, discrete space (simple!)
• Directional, stochastic spread of a pest that 

cannot be contained or eradicated
• Once a stand is infected, the transitions are 

deterministic for that stand
• Varying levels of treatment efficacy



The Forest

• A spatially explicit representation of 
individual homogeneous stands (N=4)

• WPBR spread is directional in nature, as 
represented by Markov transition matrix

1 2

3 4



The Forest
• WPBR spread is directional in nature, as represented by 

Markov transition matrix
• z is the neighbor matrix, where zij=1 indicates j is an 

infected neighbor of i

0 0 0 0
1 0 0 0
1 0 0 0
1 1 1 0

 
 
 =
 
 
 

z

1 2

3 4



Probabilities of Establishment

• Probabilities of infection in each stand   
are a function of # of infected neighboring 
stands    , and the state of the forest in

( )iφ

x

# of infected neighboring   

  
( )Pr | (x, z)i inφ   

  
stands ( in )   Deterministic   Stochastic 

0  0.0  0.1 
1  1.0  0.6 
2  1.0  0.8 
3   1.0   0.9 

 



State Transitions for Each Stand, 
Perfect Efficacy

• Once infected, a stand 
transitions from healthy to not 
healthy (1 → 2 → 3), with a 
corresponding decline in 
ecosystem service benefits

• Once treated, a stand 
transitions from healthy to not 
healthy (6 → 5 → 4), with a 
corresponding increase in 
ecosystem service benefits 
(with a probability of one)

• Treatment stops the decline with a lag of one period
-- For example, treating a stand at state 2 (moderately healthy) in 

time period t will result in the stand transitioning to state 6 (not 
healthy) in t+1, state 5 in t+2, and state 4 in t+3 and thereafter



Assumed Benefits and Costs per 
Period (Baseline)

State of stand 
ix    Description   

Per-stand benefits 
( )if x    

Per-stand 
treatment costs 

( , )i ic u x  

Uninfected and not established     
0  Uninfected, healthy  10  7 

Infected and established     
1  Infected and  healthy  10  7 
2  Infected and moderately healthy  5  5 
3  Infected and not healthy  0  2 
4  Treated and healthy  10  7 
5  Treated and moderately healthy  5  5 
6   Treated and not healthy   0   2 

 



Results – Deterministic Spread
          Optimal Treated Stands and Proactive Indicator 

Starting States  max 1 treated  max 2 treated 
Stand 1 Stand 2 Stand 3 Stand 4   Treated Stand Proactive?   Treated Stands Proactive? 

0 0 0 0  none no  none no 
1 0 0 0  1 no  1,2 yes 
1 1 0 0  1 no  1,2 no 
1 4 0 0  1 no  1,3 yes 
2 0 0 0  2 yes  1,2 yes 
2 4 4 1  3 n/a  3,4 n/a 
5 4 4 1  4 n/a  4 n/a 
6 4 4 5  none n/a  none n/a 
4 4 4 4   none n/a   none n/a 

 

• Max 1 Stand: 13% (145 of 1,105) of optimal strategies are proactive

-- occur mostly when stand to NW is infected and others are in 
states 4-6 [opportunity costs of treating infected stand are small]

• Max 2 Stands: 41% of optimal strategies are proactive

-- occur mostly when two or more stands are infected, and at least 
one has been treated

-- degrading cells to the NW are generally treated first



Results – Increased Relative Cost 
of Treating Uninfected Stands

• Double the cost treating uninfected stand, 
halve the cost of treating a non-healthy 
stand

– Proactive strategies (treating the uninfected 
stands ) are optimal for 57% of possible 
cases, up from 41% under the baseline 
scenario. WHY?

OPPORTUNITY COSTS!!!!!!



Intuition of Results

• Marginal benefits of 
proactive management:
– Immediate protection of 

uninfected stands
– (Discounted) cost savings of 

treating degraded stands
• Marginal costs of proactive 

management:
– Loss of ecosystem services 

from infected stands



Results: The Discount Rate

• If the discount rate is sufficiently low (less 
than about 43%) under the baseline cost 
scenario, then proactive management is 
part of the optimal plan 



Results: Uncertainty

• Very little difference in optimal policies from 
deterministic to stochastic spread
– Exception: 2 infected stands, one treated, other 2 are 

uninfected and include stand 4
– Policy: Treat stand 4…it is most threatened

• Conclusion: The probability transition matrix 
helps create a preference for which stands to 
proactively manage, not the total number



Conclusions: Dynamic Model
• Proactive management 

strategies tend to be 
optimal when, ceteris 
paribus:
– More resources are 

available for treatment
– Costs of treatment are 

rapidly rising in forest 
health

– Discount rate is low

• Uncertainty, at least at 
these levels, does not 
affect the overall 
incentive, but informs 
which stand(s) to treat



Future Explorations
• Improved parameterizations and further 

exploration of sensitivity, incorporating all the 
data we collected

• Improved state-space representation of the 
forest, including state levels and number of 
stands



Questions, Comments, Etc?

More information forthcoming in High Five 
Conference Proceedings, USDA Forest 

Service Proceedings RMRS-P-63, 2011, and 
various manuscripts in the literature
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