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Using Expert Judgments to Explore Robust Alternatives
for Forest Management under Climate Change

Timothy McDaniels,1,∗ Tamsin Mills,2 Robin Gregory,3 and Dan Ohlson4

We develop and apply a judgment-based approach to selecting robust alternatives, which
are defined here as reasonably likely to achieve objectives, over a range of uncertainties. The
intent is to develop an approach that is more practical in terms of data and analysis require-
ments than current approaches, informed by the literature and experience with probability
elicitation and judgmental forecasting. The context involves decisions about managing forest
lands that have been severely affected by mountain pine beetles in British Columbia, a pest
infestation that is climate-exacerbated. A forest management decision was developed as the
basis for the context, objectives, and alternatives for land management actions, to frame and
condition the judgments. A wide range of climate forecasts, taken to represent the 10–90%
levels on cumulative distributions for future climate, were developed to condition judgments.
An elicitation instrument was developed, tested, and revised to serve as the basis for elicit-
ing probabilistic three-point distributions regarding the performance of selected alternatives,
over a set of relevant objectives, in the short and long term. The elicitations were conducted
in a workshop comprising 14 regional forest management specialists. We employed the con-
cept of stochastic dominance to help identify robust alternatives. We used extensive sensitivity
analysis to explore the patterns in the judgments, and also considered the preferred alterna-
tives for each individual expert. The results show that two alternatives that are more flexible
than the current policies are judged more likely to perform better than the current alterna-
tives on average in terms of stochastic dominance. The results suggest judgmental approaches
to robust decision making deserve greater attention and testing.
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1. INTRODUCTION

As the potential impacts of climate change be-
come more evident, new approaches to address com-
plex adaptation decisions are urgently needed.(1)

Adaptation choices involving managed, large-scale
coupled human and natural systems, such as forestry
and fisheries, are particularly critical, because these
systems require appropriate habitat to maintain a
flow of ecosystem services for human and nonhu-
man needs.(2) Habitat conditions will be strongly al-
tered by climate change in many regions around
the world,(3) which could adversely affect produc-
tivity, structure and function of these large-scale
systems. Yet the profound uncertainty associated
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with climate futures and the ensuing environmen-
tal system responses make decisions to help foster
climate adaptation within these systems extremely
difficult.

One promising approach for climate adaptation
choices has been termed robust decision making
(RDM); as defined for this article, RDM entails se-
lecting alternatives that are reasonably likely to be
effective in achieving objectives, over a range of un-
certainties.(4−6) Hence, RDM seeks alternatives that
are likely to perform reasonably well over a range of
future conditions, reflecting deep uncertainties over
key parameters such as future climate in a region. A
key component of RDM is to seek alternatives that
allow for adaptation and learning over time. Robust
and adaptive alternatives will together contribute to
more resilient complex systems able to absorb shocks
or extreme external events while maintaining key
functions.(7)

RDM as normally practiced relies on exploratory
modeling involving large numbers of scenarios with
many variables, combined with diverse value func-
tions reflecting different preferences over a set of de-
fined objectives. Robust approaches are then iden-
tified based on a criterion of minimizing regret,
through exploration of an array of alternatives, val-
ues and futures, with extensive simulation.(5) Al-
though this quantitative approach has considerable
appeal, it also has limited practicality. Millions of cli-
mate adaptation decisions will be required of indi-
viduals, organizations, and governments in coming
decades. One cannot expect that the human and an-
alytical resources needed to conduct intensive ex-
ploratory quantitative analysis will be available for
all these contexts. Other approaches are needed that
retain the spirit of RDM but are less demanding in
terms of detailed information.

This article proposes and applies an approach to
RDM based on judgments of technical experts, who
provide probabilistic estimates of the long-term con-
sequences of management alternatives for a partic-
ular climate change adaptation context, conditional
on different climate scenarios. The context is forest
management in a landscape where much of the ma-
ture timber has been killed by mountain pine bee-
tle (MPB) infestations. How best to harvest, rehabil-
itate, and reforest such lands are complex questions,
particularly in British Columbia, Canada, where this
case study is set. MPB infestations are exacerbated
and prolonged by a warming climate. The infesta-
tion, occurring in British Columbia since the early
2000s, has not been halted by cold weather, and has
recently spread east of the Rocky Mountains, threat-

ening pine trees across the Canadian boreal forest
and the United States.(8)

The primary objective of this article is to develop
and conduct an exploratory test of a judgment-based
approach to RDM, working with technical experts
who provide informed views on the long-term conse-
quences of land management alternatives. The study
involved: (1) developing a sequential approach to an-
alyzing specific forest land management choices for
a hypothetical yet realistic forest management unit;
and (2), developing and applying methods to struc-
ture and elicit three-point probabilistic judgments
about the performance of alternatives in terms of so-
cietal objectives for forest management. Participants
were 14 experienced and knowledgeable forest man-
agement technical and policy specialists.5

We believe this article makes several contribu-
tions. It is the first attempt to apply RDM based on a
structured group elicitation involving climate uncer-
tainties, judgmental scales, and performance mea-
sures as a basis for framing land-based adaptation de-
cisions, which may be highly relevant for similar con-
texts. Its findings show that either of two more flex-
ible and adaptive land management alternatives are
seen by virtually all participants as performing better
over the short and long term than current policies
regarding management of beetle-damaged forests.
Overall, the methods and findings are encouraging
for future development and application of judgmen-
tal RDM for climate adaptation. Case studies such as
this one, which revise and build on previous efforts
regarding elicitation and judgmental forecasting,
applied to a new context with attention to comparing
alternatives over the long term, are crucial for tack-
ling complex decisions regarding climate adaptation
in large scale human–environmental systems.

This article proceeds as follows. Section 2 dis-
cusses robustness and its application in long-term
policy analysis. We also review some basic concepts,
drawn from the literature on judgmental forecasting
as guidance for the judgment tasks we posed to tech-
nical specialists. Section 3 outlines the methods used
to structure these judgment tasks, the approach used
to elicit the judgments, and the steps we took to im-
prove the judgmental forecasting process. Section 4
presents results from the workshop, while Section 5
provides a discussion of the findings and the implica-
tions for future research.

5A related objective was to explore whether there might be more
robust alternatives available for forest land management than are
now being pursued in response to the MPB crisis on forest lands
in British Columbia.(9)
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2. JUDGMENTAL FORECASTING AS INPUT
FOR RDM

2.1. Robustness and Judgment

There is no single, universally applicable def-
inition of robustness, even in operations research
and modeling.(10)6 The definition employed here
(a robust alternative is one expected to perform rea-
sonably well on stated objectives, over a range of
uncertainties, for a specific set of parameters such
as climate variables) has been developed and ap-
plied by long-term policy researchers in a number of
studies, ranging from climate adaptation,(14) to the
long-term planning of regions,(5) to water resource
planning.(15) This work has emphasized exploratory
modeling over a wide array of scenarios, each with
many components, as a means of finding strategies
that put decision makers on paths which include se-
quential decisions that perform reasonably well over
broad ranges of plausible futures. Diverse value per-
spectives are also sometimes included, in the search
for alternatives that minimize regret.(5) Rather than
searching for an optimum policy within a more con-
strained decision context, the approach seeks alter-
natives that are robust to a given uncertainty or set
of uncertainties and maps how different views of the
future and different preferences may link to different
policy choices.

Of course, modeling efforts conducted to help
identify robust alternatives all require and are built
on the basis of implicit and explicit judgments by an-
alysts, technical specialists, and interested stakehold-
ers. For example, choices about what questions to
work on, what scenarios to be addressed, what data
sets to use, how the scenarios are estimated to per-
form on key objectives, or the nature of correlation
structures within uncertainties about these scenarios
all involve judgments.(16,17) Nevertheless, the role of
judgment is often not explicitly acknowledged in ex-
tensive modeling efforts, even though more attention
is now paid within modeling communities to the role
of judgments.(18)

6As discussed in Morgan et al. 2009,(10) one related perspective on
robustness is the “info-gap” theory of Ben-Haim,(11) which is ap-
plied in monetary policy contexts.(12) Another perspective is that
of keeping options open in sequential decisions.(13) One reviewer
suggested a definition that involves achieving a minimal level of
performance on each objective, which could be difficult to imple-
ment because of uncertainty over performance. Our definition is
particularly relevant because in this context, an alternative must
be implemented.

2.2. Probability Elicitation and Judgmental
Forecasting

A judgmental approach to selecting robust
alternatives can be built from the writing and
experience with probability elicitation, an applied
practice that embraces a subjectivist view of prob-
ability.(10,17) Since the 1960s, decision analysts have
obtained probabilities for rare events that lack data
by asking questions of technical specialists. Psycholo-
gists, engineers, and decision analysts have discussed
the importance of direct reliance on the judgments
of experts in technical questions.(19,20) Experiments
and published research have weighed the merits of
various approaches to eliciting probabilities, issues
in scoring rules, and heuristics and biases that affect
stated probabilities.(17,21−23) Various protocols have
been developed to help analysts conduct interviews
to elicit probabilities.(17,24,25) Probability elicitation
has received growing attention in climate change
contexts(26) and provides a conceptual basis for struc-
turing the judgments about uncertainties in the IPCC
2007 assessment report.(3)

Approaches to eliciting probabilities are reason-
ably well developed as both an art and a science, al-
though how to evaluate the quality of such judgments
without feedback on outcomes remains elusive.(27)

Most elicitations involve specific steps: definition of
the specific quantity to be characterized with a prob-
ability distribution, a structure for how the overall set
of scenarios and judgment tasks are characterized in
ways that are natural and workable for the expert, a
conditioning structure for the assumptions guiding the
specific scenario for an elicitation, procedures for the
participants to avoid overconfidence in these judg-
ments,(17,24) and a process by which analysts elicit the
views of the technical expert on the probability of var-
ious outcomes for the quantity being assessed, given
the conditioning information.(17,23,25)

In the last decade, a number of new studies have
been published that use probability elicitation to ad-
dress issues regarding uncertainties in climate science
and the development of more robust environmental
management options. Morgan et al.,(28) for example,
conducted detailed interviews with ecologists to ob-
tain estimates of the likely impact of climate change
on a minimally disturbed forest ecosystem, highlight-
ing areas of agreement and disagreement among
participants and implications for future research.
Regan et al.(29) addressed the robustness of conserva-
tion management choices by using info-gap theory to
ask how much uncertainty can be tolerated before a
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decision would change. This study adds to that
emerging literature, but with a different approach to
probability elicitation.

Probability elicitation is one set of procedures
within the broader context of judgmental forecast-
ing. The variables of interest in probability elicita-
tion are generally specific, well-defined parameters.
Yet, the long time frame for comparative assessment
for forest management alternatives (the topic of in-
terest in this article), and the broad societal perfor-
mance measures relevant for long-term assessment,
both make the judgment tasks less well specified and
more difficult. Hence, we draw on the writing of judg-
mental forecasting to provide additional guidance.

Improving the quality and accuracy of judg-
mental forecasting has been a topic of interest for
decades.(30−32) Stewart and Lusk(31) develop a frame-
work showing that performance in judgmental fore-
casts depends on seven components7, and then re-
view the literature about success in addressing these
components. Many components relate to repeated
judgments with rapid feedback by professional fore-
casters (e.g., weather forecasting), and so are less rel-
evant to expert judgments about the consequences
of nonrepeating events, over the long term. Nev-
ertheless, the basic notions of structuring the judg-
ment contexts clearly, using graphical communica-
tion approaches, specifying the future environment
and scenarios for key variables, attempting to avoid
bias and overconfidence through training, developing
judgment tasks and scales appropriate for the problem
at hand, and combining forecasts are all relevant for
improving judgmental forecasting for complex ques-
tions such as robust climate adaptation. We return to
these points in Section 3.6.

3. METHODS

3.1. Overview

The context for this study is the current MPB
pandemic pest outbreak in British Columbia. The
nature and dynamics of MPB infestations, their co-
evolution with fire and Lodgepole pine, and how the
current outbreak is exacerbated by climate change
are discussed at length elsewhere.(8) Decisions re-
garding how best to clear or harvest, reforest, and

7These factors include: environmental predictability for the fore-
cast context, fidelity of the information system, match between
environment and forecaster, reliability of information acquisi-
tion, reliability of information processing, conditional bias, and
unconditional bias.

rehabilitate areas covered with dead Lodgepole pine
stands are complex in many ways, not least because
of uncertainties over what forest cover types will
thrive several decades into the future in a chang-
ing climate. Here we structure these complex deci-
sions in a specific example and seek the judgments of
technical specialists as to how well a range of forest
land management alternatives to be implemented in
the near term (within five years) would then perform
over the long term (several decades), conditional on
different scenarios for future climate.

The basic framework employed to structure the
judgment tasks relies on the basic steps of deci-
sion analytic concepts and practice, including the
definition of objectives, performance measures, and
context-specific alternatives. We then elicit judg-
ments of technical specialists about the performance
of these alternatives through a series of tasks that
are informed by the practices of probability elic-
itation. In these activities, we are sensitive to is-
sues of improving judgmental forecasting. A research
team composed of foresters with extensive experi-
ence in operational forestry for MPB responses, as
well as decision analysts and climate researchers, de-
veloped the decision framework and elicitation tasks
as an experimental context to explore decision mak-
ing for climate adaptation. These methods are dis-
cussed later.

3.2. Structuring the Judgment Tasks

3.2.1. Decision Context: Study Area

The complex task of forecasting the conse-
quences of alternative forest management strategies
in the face of climate change must be considered
for a specific planning area.(33) A forest-dependant
community in British Columbia with an annual har-
vest area of 2,500 ha in size, which has already ex-
perienced high MPB infestation, was chosen as the
context for this research.8 With help from practic-
ing foresters, current information regarding the local
economy and the forestry land base was presented
to participants to provide context, including maps
depicting the age and volume of pine stands, inten-
sity of the MPB attack and biogeoclimatic zones of
the area. Forest management details such as harvest
volume, existing harvest licenses, salvage percentage,

8An alias for the name of the community was used in the study
process to avoid potential bias on the part of the forest experts
due to prior association with the location.
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Category Objective

Economic Short Term Maximize Overall Net Economic Value
(10 - 30 yrs) (Government, Industry, local employment, etc.)

Long Term Maximize Overall Net Economic Value
(30 yrs+) (Government, Industry, local employment, etc.)

Social Short Term       
(10 - 30 yrs)

Maximize Non-timber Values                                        
(cultural/spiritual, recreation, aesthetics etc.)

Minimize Community Fire Risk

Long Term        
(30 yrs+)

Maximize Non-timber Values                                        
(cultural/spiritual, recreation, aesthetics etc.)

Minimize Community Fire Risk

Ecological Short Term Maximize Ecosystem Resilience
(10 - 30 yrs) (both terrestrial and aquatic)

Long Term Maximize Ecosystem Resilience
(30 yrs+) (both terrestrial and aquatic)

Fig. 1. Objectives for the decision
context.

and estimated time that the dead trees would still
have value as fiber sources were all documented.

3.2.2. Defining Judgments: Objectives
and Performance Measures

Value-focused objectives are crucial in any de-
cision context. For this research, the foresters on
the study team provided their views on what should
be important for comparing forest management al-
ternatives. The decision analysts also drew on their
previous experience in forest management to de-
fine objectives. The three general dimensions of
sustainability—economic, social, and ecological—are
always relevant to categorize fundamental objectives
in forest management and were used as a starting
point for defining objectives for this work.(33−35) The
set of objectives was kept compact, useable, and un-
derstandable, to make the judgment tasks manage-
able for participants.(36)

Forest management decisions are often made in
an environment in which short-term considerations
or current conditions are highlighted. Yet, foresters
must also consider the long-term consequences of the
decisions on a variety of economic, social, and envi-
ronmental factors due to the significant lag time as-
sociated with stand maturity. A pilot test confirmed
that making judgments for two time periods—the
short term (between 10 and 30 years from now) and
the long term (30 years from now to the end of
the century)—worked effectively to focus attention

away from the immediate short term in the judgment
tasks. The immediate future was purposely ignored
to avoid attention on unusual market conditions.

These judgment tasks did not include issues of
preference regarding the alternatives. Rather the ob-
jectives defined the outcomes that should matter in
comparing alternatives, and the judgment tasks ad-
dressed how well the alternatives would perform on
these objectives, based on the judgment scales de-
scribed in Fig. 1.

3.2.3. Defining Judgment Contexts: Creating
Alternatives

It was a challenge to develop a set of compre-
hensive forest management strategies for the judg-
ment tasks because strategies had to incorporate a
number of key activities and had to be readily inter-
preted by experts in a short workshop. Strategy ta-
bles(25) were employed to develop logical and con-
sistent forest management alternatives. These show
various key actions that managers could undertake,
and, for each of these actions, sets out a realistic
range of implementation levels. Alternative strate-
gies were then developed by identifying sets of im-
plementation levels for each policy variable, and
combining these in various ways (see blue circles in
Fig. 2). These alternatives were also based on the ex-
perience of the foresters on our team, and reviewed
in a pilot test as being reasonable and covering a
range of alternatives beyond current policies.
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STRATEGY A

HARVEST

AAC Uplift
(5-10 years) Retention Target Partition Cut?

SEY%05%04 +
ON%03%03 +

+ 25% 20%
+ 15% 10%
+ 0% 5%

Average Annual
Harvest Volume

Landscape-Level
Residual Structure

Harvest Profile Decrease Decrease
Same as recent Same as recent

Increase Increase

ERIFERUTLUCIVLIS

Silviculture Species Restoration Fire Management

Basic Manage to Pine (> 60%) None Aggressive Suppression
Enhanced Increase other Conifers Plantations Only ($200k) Strategic Suppression

Increase Mixed Wood Comprehensive ($400k) Fuels Management (pb)

* Off-quota; reduced stumpage

Utilization Standards

Decrease
Status Quo
Increase *

Fig. 2. Creating alternatives with a
strategy table for the decision context.

The strategy tables for this project include
policy-level choices in three key domains: harvest
level, silviculture practices, and fire management.
Details regarding these policy choices were provided
for each of the alternatives. Two summary indicators
were also included that reflect the result of cumu-
lative choices—annual harvest volume and residual
landscape structure.

Four alternative forest management strategies
were developed for the study. Strategies A and
B reflect the range of current forest management
practices in British Columbia. Strategies C and D
provide a wider range of adaptation choices, with
additional flexibility for future decision makers. In
particular, both include increases in landscape level
residual structure and comprehensive restoration
along with replanting a variety of tree species. Costs
for C and D were anticipated to be higher, but with
possible long-term benefits through added diversity
and decision-making flexibility.

3.2.4. Influence Diagrams

Howard(37) emphasizes the role of influence di-
agrams and how they can be used to characterize
“knowledge maps” in terms of uncertain outcomes
for quantities. He stresses influence diagrams as an
important means of graphic communication regard-
ing complex judgments, to show complex causal or
sequential relationships among variables. In our ex-
perience, influence diagrams can play a key role in
probabilistic judgments by clearly illustrating the in-

terdependence between system factors and provid-
ing an alternative method of communicating com-
plex relationships among variables. When applied
to climate adaptation decisions, influence diagrams
can illustrate the linkages between different parts of
complex systems, illustrate exposure pathways, com-
municate vulnerabilities, and identify information
collection needs.(38) For this study, a simple context-
specific influence diagram (Fig. 3) was prepared as
a basis for communicating linkages among climate,
forestry variables and alternatives, accompanied by a
table of the positive and negative biophysical effects
of climate change on forest systems. It was reviewed
and revised by forestry specialists to ensure its rele-
vance for the decision context.

3.3. Structuring the Probabilistic Judgments

3.3.1. Conditioning Judgments: Climate Scenarios

Deep uncertainties regarding future climate can
be acknowledged and communicated with multiple
representations or scenarios.(10) In this study, three
climate change scenarios were employed as the ba-
sis for conditioning the judgment tasks: low, high,
and no further climate change. Climate information
for the study area for the 1961–1990 time period
was presented to create a reference state.9 Seasonal
temperature and precipitation were used as climate

9This time period is recommended by the IPCC as the most recent
30-year “normal” period and is used as the standard reference
period for many climate change studies. See IPCC.(39)
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Fig. 3. The overall influence diagram for
the decision context.

variables due to their direct influence on forest
ecosystems (e.g., tree and vegetation growth, distur-
bances and forest health).

Future projections for temperature and precip-
itation were created based on outputs from various
global circulation models (GCM) run using a range
of future global greenhouse gas emissions scenarios.
This analysis was conducted with web-based tools
available from the Pacific Climate Impacts Consor-
tium.(40) Seven different GCMs were selected based
on the following criteria: geographic reference (we
chose the latitude and longitude for central British
Columbia), time of year (we selected seasonal av-
erages) and emissions scenarios (we used those pre-
sented in the IPCC Special Report on Emissions Sce-
narios, SRES).(39) The emissions scenarios include
the main driving factors behind future emissions,
ranging from demographic to technological and eco-
nomic developments. The GCM results were re-
ported (either in absolute or percentage terms) as the
change between the baseline 30-year mean period
(1961–1990) and future 30-year mean periods. Differ-
ent combinations of GCMs and emissions scenarios
(30 combinations in total) were searched for temper-
ature and precipitation and the full range of results
plotted for each time slice. Using this range enve-
lope, the 10th and 90th percentile results were sum-
marized and interpreted for both potential trends
and the magnitude of uncertainties. The 10th per-
centile became what was described as the low climate
change scenario, whereas the 90th percentile became

the high climate change scenario. A no change sce-
nario was included to help clarify the incremental
costs and benefits of proposed alternatives.(38)

3.3.2. Eliciting Judgments with Likert Scales

We developed Likert scales for use by study par-
ticipants to characterize their views on the perfor-
mance of the four alternative forest management
strategies. These judgments were made in terms of
the set of specified objectives, for each of the three
climate change scenarios.

To provide a reference point to facilitate cogni-
tive judgments, the rating scale used the status quo
average performance of forest management over the
last twenty years, on each of the objectives. In other
words, the judgments were made relative to the ex-
perience over the last 20 years, which all of the study
participants were familiar with through their work in
the interior forest industry of British Columbia. The
limits of the scale were anchored at least 50% better
and 50% worse than average experience over the last
20 years (Fig. 4). We developed these anchors and
the scale structure through extensive pretesting with
a group of forestry professionals. The intent was to
provide scales that were meaningful, workable, and
clear, in keeping with writing on good practice in con-
structing scales for expert judgments.(43)

One disadvantage of expert elicitation is the
consistent finding that both experts and nonexperts
tend toward overconfidence.(17) Four-step interval
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0

status quo
avg last 20 yrs

1 2 3 4 5-5 -4 -3 -2 -1

 at least 50% 
Worse

at least 50% 
Better

Fig. 4. Likert scale used for all performance judgments.

Net Economic Value
Strategy A
Strategy B
Strategy C
Strategy D

Climate Change Scenario:

LOW CHANGE

Short Term
 (10 - 30 yrs)

0

at least
50% worse

status quo
avg last 20 yrs?

at least
50% better

1 2 3 4 5-5 -4 -3 -2 -1

Fig. 5. Example of how evaluation sheets were presented and expert judgments recorded.

elicitation is a method developed to minimize such
overconfidence.(41) In this approach, experts are
asked to provide four points: their best estimate
(50% in a cumulative distribution function, as well
as a high estimate, a low estimate, and a number
between 1% and 100% representing the confidence
interval range they have created.(41) To simplify the
judgment tasks in this study, this four point approach
was modified by specifying that the high and low
judgments represent the 90% and 10% levels on a
cumulative distribution function, in other words, in-
dicating an 80% confidence interval. Hence, it ef-
fectively became a three-step method(24) with the
stated interval. This approach could increase over-
confidence relative to the four-step procedure, but
simplifies the judgment task.(41) An example of how
evaluation sheets were presented and expert judg-
ments recorded is shown in Fig. 5.

3.4. Elicitation Process

3.4.1. Study Participants

The experts who participated in this study were
selected in two ways. Based on the views of foresters
on the study team, we first invited specific individ-
uals to participate. We also asked those recognized
experts to suggest names of other individuals. We
sought individuals who were knowledgeable about is-
sues of forest management in the context of the MPB
infestation and with experience in the forest industry
of interior British Columbia.

3.4.2. Development of Materials for the Elicitation
Process

In keeping with the goal of developing RDM
methods that could be widely employed at less cost
than standard modeling and elicitation, we decided
to conduct this elicitation project in a large facil-
itated workshop. All participants were introduced
simultaneously to the issues, the structure of the
judgments and the process explained, and their judg-
ments were documented in an individual elicitation
instrument (referred to here as a workbook). The ad-
vantages of such an approach are that all participants
receive the same information, and have the benefit
of asking questions and participating in discussion
of the tasks. The drawback is that the structure of
the judgments and the conditioning information must
be decided in advance and be uniform among all
participants.

The steps outlined earlier in this section pro-
vided the basis for preparing the extensive elicitation
workbook. In sequence, the workbook stated the de-
cision context, provided extensive information about
the forest community and land base, outlined the
objectives and performance measures, summarized
the alternatives, discussed the climate scenarios, and
provided worksheets that summarized the required
judgments. The workbook also solicited preliminary
information and follow-up comments about the judg-
ment tasks from participants. An initial step in the
elicitation was to ask participants to rate their knowl-
edge, and that of the forest industry as a whole, of
various aspects of climate change. This elicitation
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workbook was pilot-tested with forestry specialists
and somewhat revised to improve the structure.

3.5. Elicitation Workshop

Fourteen participants attended a half-day work-
shop carried out in conjunction with the annual meet-
ing of British Columbia Forest Professionals. For-
est experts from a range of backgrounds including
academia, industry, government, consulting, and pest
management were invited to participate. The work-
shop began with an introduction to the study and
a review of baseline information relating to climate
change. Discussions then focused on creating com-
mon baseline assumptions and defining key elements
to hold constant throughout the evaluation (e.g., as-
sumptions about external policy, price, and political
events). Experts discussed the relevant evidence as a
group before making their assessments individually.
This combination of group presentation and individ-
ual judgments helps to avoid “group-think,” which
can result in a misleading convergence of opinion,
dominance of a few individuals though they have
no greater expertise, and exacerbation of overconfi-
dence.(10,28,41)

Participants completed one worksheet for each
of the three climate change scenarios. On each work-
sheet, the participants used the scale to character-
ize how well they thought the four strategies (A–D)
would achieve the four objectives (economic value,
community fire risk, nontimber value, and ecological
resilience) under that particular climate scenario. An
example, for the objective of short-term economic
values, is shown in Fig. 5.

Participants took approximately an hour and a
half to complete the elicitation worksheets and pro-
vide comments in the workbook. The judgment tasks
were completed individually with virtually no discus-
sion after the initial presentation of the decision con-
text and tasks. A written evaluation and group dis-
cussion of the process at the end of the workshop
provided valuable feedback.

3.6. Improving Judgmental Forecasts

Recognizing the difficulty of the judgment tasks
required in this process, we took several steps drawn
from the research on judgmental forecasting to help
improve the elicitation process and the findings.
Referring back to Section 2.3, we structured the
judgment contexts clearly, specified the future envi-
ronment and scenarios for key variables, and used

graphical communication and elicitation approaches
to improve understanding. We also held a discus-
sion at the beginning of the workshop regarding the
persistent overconfidence that occurs in many prob-
abilistic judgment tasks, and suggested that the ex-
perts consider the full range of ways in which sur-
prising results could occur, aside from uncertainties
directly addressed in the climate scenarios. We de-
veloped judgment tasks and scales appropriate for the
problem at hand. Finally, as discussed in the next sec-
tion, we combined the judgmental forecasts among
the experts.

3.7 Analysis

Results from all the expert elicitation work-
sheets, for each climate scenario, and from each of
the experts, were coded into a database. We ana-
lyzed the data with five broad strategies. First, we
examined the set of judgments from each individ-
ual to see whether the results showed consistency
based on criteria outlined in the next section. Second,
we examined the patterns of responses by reviewing
histograms for each question to see if the responses
were unimodal, diffuse, or bimodal (indicating strong
differences in views). The responses were unimodal
or diffuse, with no bimodal responses that spanned
both sides of the scale. Third, given these patterns,
we wanted to combine the forecasts in keeping with
the writing on improving expert judgment processes,
and to provide a compact way of interpreting the
hundreds of judgments involved. We lacked expe-
rience or information that would be required for
some types of calibration analysis(17) so we adopted a
straightforward approach of averaging across all par-
ticipants. That is, all the high estimates (90% on a
cumulative distribution function), medium estimates
(50%), and low estimates (10%) for each alternative,
on each objective, conditional on the climate fore-
cast, were averaged over the 14 participants. Fourth,
we conducted extensive sensitivity analyses to exam-
ine the implications of treating the elicited judgments
as parameter values to reflect different hypothetical
preferences weightings of the objectives. Fifth, we
analyzed the individual responses to compare the al-
ternatives preferred by each individual to the aggre-
gated results.

4. RESULTS

An initial step was to examine the results
from each participant. These results showed that in
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general participants seemed to be thoughtfully com-
pleting the tasks. Indicators were points such as:
an association between hotter weather and greater
fire risk, longer term consequences generally seen
as more uncertain, and higher climate scenarios
generally associated with greater uncertainty and
worse performance on the objectives.10 As noted ear-
lier, a review of the histograms did not show any
strongly bimodal results, which would argue against
averaging.

Judgments were averaged across participants to
identify robust alternatives and explore other pat-
terns. Although there is a wide range of results that
could be discussed, we focus here on some key as-
pects of the judged performance of the alternatives:
first in terms of climate scenarios, then time periods
and objectives, then range of uncertainty, and finally
in terms of seeking robust alternatives. Each set of
judgments is described in turn.

4.1. Climate Scenario

A first step was to consider differences in the
performance of alternatives across climate scenar-
ios. The patterns in the forest management strategies
were generally similar for the no (mean = –0.4) and
low (mean = –0.55) climate change scenarios with
a significantly worse performance across all objec-
tives and time frames for the high climate change
scenario (mean = –1.4). In other words, the experts
judged that on average, across all objectives, alterna-
tives and time frames, the alternatives were expected
to perform substantially worse on the higher climate
change scenario over the period to the end of the
century. This is not surprising, because the high cli-
mate change scenario indicates warming of nearly 5◦

by 2080, which will likely lead to major changes in
landscape level land cover. The range of uncertainty
regarding performance on the high climate change
scenario is also greater than for the other two. To
conserve space, the tables for these results are avail-
able on supplementary information files.

4.2. Time Period

When judgments were considered separately for
the two time periods, there was a notable difference

10Had the results for any individual shown decreasing uncertainty
over the long term with greater climate change, we would have
excluded them from the analyses. No individual was excluded,
nor were any individual judgments.

in the predicted performance of the strategies mod-
eled after current forest management practices (A
and B) and those representing a departure from sta-
tus quo management (C and D). The differences are
significant, but the figures are not shown to conserve
space. The results indicate that Strategies C and D
are expected to perform better over all climate sce-
narios and all objectives compared to the more stan-
dard Strategies A and B.

4.3. Objectives

When the scales are changed to show the perfor-
mance of each of the strategies in terms of objectives,
as shown in Fig. 6, clear differences appear across
objectives in the performance of Strategies B and C.
For example, Strategy B is rated especially poorly in
terms of its impacts on ecological resilience. Strat-
egy C is rated highly on nontimber values but rela-
tively poorly on community fire risks. For Strategies
A and D, in contrast, the median ratings are quite
similar across all of the objectives, with Strategy A
scoring relatively poorly on all objectives and Strat-
egy D receiving comparatively high scores. The com-
munity fire risk objective is judged the most sensitive
to climate change having the largest expected differ-
ence in median ratings between no and high climate
change. In contrast, ratings for net economic value do
not vary greatly between climate change scenarios.

4.4. Uncertainty

Participants’ uncertainty can be interpreted by
their reported 80% confidence intervals, expressed
as the mean difference between participants’ highest
and lowest estimate for each rating. When averaged,
participants had similar confidence in their judg-
ments associated with the no and low climate change
scenarios, significantly less confidence in judgments
for high climate change and overall more confidence
in short-term judgments than long-term. The two ob-
jectives contributing the most to these differences in
judgment confidence were ecological resilience and
nontimber values.

4.5. Robustness

One of the more important results, from the
standpoint of identifying robust alternatives and in-
forming forest management policies with respect to
preferred climate change adaptations, is the com-
parison of the overall performance of the four
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 Objectives Compared Across Climate Change
Scenarios
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Fig. 6. Judgments across objectives.
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Fig. 7. Overall performance of
objectives.

management strategies. This comparison, shown in
Fig. 7, clearly illustrates that Strategy D outperforms
the other three strategies (strategies averaged over
the three climate change scenarios, the four objec-
tives, and the two time periods). Reported confi-
dence intervals for the four management strategies
are similar. Strategy D therefore performs compara-

tively well across all three climate change scenarios
without the deterrent of lowered participant confi-
dence in their responses.

Notably, the strategy most closely modeled af-
ter current status quo forest management, Strategy
A, ranks third in average performance across cli-
mate change scenarios when compared to the other
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Table I. Ranking of Strategies (Sensitivity Analysis)

A B C D

High climate change Aggregated over all 3 4 2 1
Low climate change objectives and 3 4 2 1
No climate change time frames 3 4 2 1
Short term Aggregated over all 3 4 2 1
Long term objectives and cc 3 4 2 1

scenarios
Community fire risk

(CFR)
Aggregated over all

time frames and
cc scenarios

3 2 4 1

Ecological resilience
(ER)

3 4 2 1

Net economic value
(NEV)

3 4 2 1

Nontimber values
(NTV)

3 4 1 2

Overall Aggregated over all
objectives, time
frames, cc
scenarios

3 4 2 1

strategies. When compared in more detail to pre-
ferred Strategy D, it is evident that both Strategies C
and D are rated higher than Strategy A over all four
objectives and both time periods. In other words, the
current status quo policy seems to be the less robust
than others over all objectives, all climate scenarios,
and over the long term.

4.6. Sensitivity Analysis

Clearly, averaging scores over objectives treats a
unit change in any of the objectives as equally impor-
tant in selecting among the alternatives. We recog-
nize the problems and limitations with this approach,
because it ignores differences in preferences over the
objectives among participants. This is one of the key
issues arising with the research design.

To address this limitation, we conducted sen-
sitivity analyses regarding a range of hypothetical
weights on objectives (Table I). The averaging ap-
proach effectively weights objectives equally. We
also examined weighting schemes in which the weight
on each averaged objective is doubled separately for
each objective. We also considered weighting each
objective 5, and 10 times higher than each of the
other objectives. Though not shown in Table I for
simplicity, the extended sensitivity analysis showed
Strategy D is preferred even when weights are var-
ied dramatically, including weighting each individ-
ual objective 10 times greater than the other objec-

tives. Nontimber values would have to be 16 times
greater than other objectives to change the preferred
alternative.

4.7. Individual Results

To further test the implications of aggregation
across individuals and averaging over objectives and
time frames, we examined the results from the in-
dividual perspective (e.g., what alternative would
a given individual prefer, given their stated judg-
ments). The individual results were quite similar to
the aggregated results. When the objectives and time
frames are weighted equally, 10 of the 14 individu-
als gave results that would indicate they would pre-
fer alternative D, two would prefer C, and two would
have C and D tied. Note that alternatives C and D
are relatively close in terms of characteristics. The
lack of preferences for A or B is notable, because
these reflect current policies and land-management
approaches.

5. DISCUSSION

It is important to recognize that the approach
followed here differs markedly from how elicited
expert judgments are typically used in decision an-
alytic practice. The standard approach would be to
obtain probabilities for some variable that is an in-
put to a larger modeling effort to characterize the
performance of a given alternative on one of the
objectives for the decision at hand.11 Then a sepa-
rate value model can be constructed, based on the
views of one or many decision makers, to evaluate
the alternatives by combining the performance esti-
mates and value perspectives through expected value
or expected utility analysis.(43) Here we are directly
eliciting the performance of the alternatives on all
the objectives, in terms of two time frames, with the
use of constructed scales. Then it is possible to con-
sider the effects of reasonable weights on the objec-
tives, and use the concept of dominance, to see if
one alternative would be consistently preferred over
a wide range of value perspectives, as was done in
this analysis. Yet another step, and further extension,
would be to elicit weights on the objectives from a
societal decision maker, or sets of decision-making

11Another use of expert elicitation, which has grown in promi-
nence in recent years, is to attempt to characterize the impacts
of climate change on some important variable, without attention
to decisions to address the variable. An example is Ref. (28).
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perspectives, and use these value models in con-
cert with the performance estimates derived here. In
other words, if the nature of the alternatives is such
that one or a set of alternatives emerges as preferred,
based on reasonable weights, then the analysis could
stop, as occurred in this study. If the value perspec-
tives are extremely crucial to the choice of alterna-
tives, then one could continue on to elicit value mod-
els from societal decision makers and use them in
conjunction with the elicitation results.(43) Hence the
type of analysis presented here could be extended to
address more complex values if needed to differenti-
ate among the alternatives.

The approach to RDM used in this article clearly
uses fewer resources than standard RDM and seems
to provide information to policy makers in a short
time frame. How valuable, accurate, or useful this
information is cannot be judged in any straightfor-
ward way. We expect that it could inform and have
an impact on the choice of management alterna-
tives that involve significant long-term consequences
to the province. Hence, it has the potential to have
value in the traditional sense of value of informa-
tion.(43) We cannot test the calibration of the expert
judgments outlined here, although we can say that
the patterns make sense, are robust over sensitiv-
ity analyses, and the process was designed to avoid
obvious pitfalls in judgmental forecasting. However,
all judgmental forecasting, and indeed all forecasting
for nonrepeating extreme events, faces challenges in
terms of calibration and validation.

One important finding of this study, with clear
implications for provincial resource management
strategies, is that these results show that current poli-
cies being pursued in response to the MPB crisis in
British Columbia perform relatively poorly—that is,
relative to other reasonable alternatives in terms of
long-term robustness over climate forecasts, a range
of objectives, and two time frames. This finding should
be relevant input to the provincial government.

In the face of high biological uncertainty, devel-
oping optimal solutions that assume a single model
accurately reflects reality will not be as effective
as identifying strategies that are robust and adapt-
able.(10) In this study, Strategy D can be described
as a robust strategy as it meets all objectives rea-
sonably well (better than average compared to for-
est management over the last 20 years) across all
climate change scenarios. Both Strategies C and D
can be described as adaptive strategies as they take
a long-term perspective and broaden future adapta-
tion options by providing comprehensive restoration

and enhanced silviculture, resulting in greater for-
est diversity and landscape level residual structure.
These strategies also involve greater variety in treat-
ment choices, more forest land retained in its natu-
ral state, and less commitment of initial resources.
These findings are in keeping with stated perspec-
tives of ecologists for increasing resilience of for-
est systems.(44) More broadly, when the participants
identified Strategies C and D as more likely to per-
form better over the long term, they are reflecting the
approach of more quantitative approaches to RDM,
in that these alternatives create more flexible paths
for addressing uncertain future conditions.

Strategies C and D outperform Strategy A (mod-
eled after the British Columbia response to MPB) on
all objectives and time periods across climate change
scenarios. Even if climate conditions remain con-
stant (no further change), forest management choices
made recently in British Columbia are rated rela-
tively low in meeting the expressed objectives com-
pared to the alternatives, given the two time frames
for the analysis.

It is important to recognize that choices made
in the design process almost certainly influenced the
results to some degree. Of course, the same com-
ment could be made about any approach to expert
elicitation. Extensive discussion, testing, and revision
before the workshop provided the basis for choices
regarding the objectives, performance measures, elic-
itation scales and alternatives analysis. Two particu-
larly crucial choices were: (1) the choice of the time
frames (with no attention paid to the next 10 years or
very short term); and (2) the choice of the end points
on the performance scales (Fig. 4). We feel both ap-
proaches make use of the question structure to help
grapple with common biases (such as myopia) in
elicitations.

More broadly, large uncertainties and complex-
ity associated with land management decisions in the
face of climate change prove a challenge to manage
through any decision process. Instead of proceeding
through a difficult characterization of uncertainty as
a precursor to defining policy choices, this RDM ap-
proach asks experts to assess and compare several
realistic policy choices across uncertain future con-
ditions. The focus then becomes understanding the
uncertainties within the context of the alternatives
and how they can be more confidently incorporated
through greater flexibility in decision making. Such
approaches are viewed as inherently more compati-
ble with the realities of the policy-making process.(45)

These realities include recognition that “science for



Exploring Robust Alternatives for Forest Management 2111

policy” must be responsive to policymakers’ needs
for expert inputs at a particular time given available
information, even if those judgments include consid-
erable subjectivity.(42)

Involving experts in judgment-based forecasts
related to climate change adaptation has other ben-
efits as well. A commonly stated benefit of decision-
making processes that involve stakeholders is learn-
ing, both about the decision context and methods
of framing and making decisions.(46) Ohlson et al.(38)

suggest that “practitioners require simple, straight-
forward guidance to begin gaining practical experi-
ence in developing and evaluating climate change
adaptation strategies.” In this study, participants
rated the state of knowledge in the forest industry
about various aspects of climate change as poor (the
lowest rating on the scale).

Not unexpectedly, participants rated the judg-
ment tasks as difficult. However, the results indicate
thoughtful task completion and participants gener-
ally responded that additional information would not
have improved their ability to make good judgments.
Other feedback and recommendations included us-
ing the judgment results as a starting point for dis-
cussion or creating consensus judgments as a group.
Using these results as a starting point for discus-
sion would provide a good forum for understand-
ing how experts view the various functional rela-
tionships among variables as well as exploring and
building on the elements of the management strate-
gies presented.
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