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ABSTRACT / In response to protection needs in class I wil-

derness areas, forest land managers of the USDA Forest

Service must provide input to regulatory agencies regarding

air pollutant impacts on air quality-related values. Regional

workshops have been convened for land managers and sci-

entists to discuss the aspects and extent of wilderness pro-

tection needs. Previous experience with a national workshop

indicated that a document summarizing workshop discus-

sions will have little operational utility. An alternative is to cre-

ate a knowledge-based analytical system, in addition to the

document, to aid land managers in assessing effects of air

pollutants on wilderness. Knowledge-based methods were

used to design and conduct regional workshops in the west-

ern United States. Extracting knowledge from a large number

of workshop participants required careful planning of work-

shop discussions. Knowledge elicitation methods helped with

this task. This knowledge-based approach appears to be

effective for focusing group discussions and collecting

knowledge from large groups of specialists.

The 1964 Wilderness Act gives the USDA Forest
Service responsibility and authority to manage desig-
nated wilderness areas to preserve, protect, and en-
hance their wilderness character. Many wilderness ar-
eas within the nation’s national forests contain ecosys-
tems and resources that have the potential to become
degraded by existing or future air pollution emissions.
Air quality and air pollution protection for these areas
have not been addressed directly by Wilderness Act leg-
islation. However, protecting the earth and its commu-
nity of life, and promoting, perpetuating, and, where
necessary, restoring the wilderness character of the land
have been promulgated. 1

Congress, through the federal Clean Air Act of
1977 2 (CAA), as amended, gave federal land managers
(FLMs) an affirmative responsibility to protect all those
values possessed by a wilderness area that may be af-
fected by changes in air quality. These air quality-re-
lated values (AQRVs) include visibility, odor, flora,
fauna, geological resources, archaeological resources,
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historical resources, cultural resources, soils, and water
quality (Christian and Scruggs 1985). Protection of
AQRVs is provided through the prevention of signifi-
cant deterioration (PSD) provision of the legislation.
PSD sections of the Clean Air Act provide a permitting
program for certain new sources of air pollution. The
purposes of PSD include preservation, protection, and
enhancement of air quality in national wilderness areas
and other areas with special national values or regional
natural, recreational, scenic, or historic values.

Before construction approval, a proposed major
emitting facility must apply for and receive a PSD per-
mit from the appropriate air regulatory agency (usually
a state agency or the US Environmental Protection
Agency). In addition to certain other restrictions noted
in the CAA,3 any new or increased pollution source
must not cause or contribute to adverse impacts of
AQRVs in any class I wilderness.4 The regulatory
agency can deny a construction permit if the FLM can
demonstrate that there will be an adverse impact to an
AQRV in a class I area. The definition of “adverse
impact” for an individual wilderness depends on the
answers to three questions: ( 1 ) What are the specific

*Author to whom correspondence should be addressed.
lCode of Federal Regulations, Part 36 Section 293.2.
‘Legislation was passed by the US Congress in 1990 ammending the
Clean Air Act. Protection is now extended to land areas that are ex-
tensions of existing wilderness. Implications of those changes to PSD
screening are not completely determined.

342 U.S.C. 7475 (d)(2)(C)(ii) and (iii).
4Class I wildernesses are those wilderness areas over 5000 acres (2041
ha) that were in existence as of 7 August 1977. All other national forest
lands are class II, including new wilderness and expansions to class I
wilderness that occurred after that date.
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wilderness components that should be protected? (2)
To what degree should those specific wilderness com-
ponents be protected? and (3) Will the proposed Facility
result in concentrations or atmospheric deposition
within wilderness areas that could cause established
protection levels to be exceeded? The first two ques-
tions must be answered largely by FLMs in consultation
with the public sector. The last question requires un-
derstanding and extrapolating scientific results to esti-
mate potential effects of pollutant exposure on AQRVs.

Although legislation is in place to protect air quality
in class I wilderness, there has been no mechanism for
FLMs to evaluate the potential effects of air pollutant
concentration and deposition in these areas. There are
approximately 150 PSD applications each year for new
or increased pollution sources that potentially affect
class I areas (R. Fisher, personal communication). The
Forest Service and other resource management agen-
cies must review these applications and accompanying
environmental impact statements and make recommen-
dations to the permit-granting authority. This process
has been extremely difficult because there has been no
analytical procedure to provide scientific guidance for
reviewers.

An initial step to provide this guidance was summa-
rized in a Forest Service report, “A Screening Proce-
dure to Evaluate Air Pollution Effects on Class I Wil-
derness Areas” (Fox and others 1989). This document
describes a screening procedure for helping wilderness
managers conduct adverse impact determinations as
part of PSD permit applications. It includes the results
of the Workshop on Air Pollution Effects on Wilder-
ness, held 2–5 May 1988, at the Institute of Ecosystem
Studies, Millbrook, New York. This workshop con-
vened 40 participants, divided evenly among research
scientists and Forest Service resource managers. The
resulting publication reflects the divergent viewpoints
of these groups. The document contains values of ni-
trogen deposition, sulfur deposition, and ozone concen-
tration for which adverse impacts on terrestrial systems
would be expected. It also includes values of nitrogen
and sulfur deposition for which adverse impacts would
be expected on aquatic systems with different hydro-
logic regimes and buffer capacity. These threshold, or
screening, values were intended as guidelines for iden-
tifying pollutant deposition scenarios that were accept-
able, unacceptable, or required more information be-
fore a decision on the permit application.

These screening values represent extensive scientific
information but do not provide an operational tool for
managers. The national screening procedure (Fox and
others 1989) provides assistance for review of PSD per-
mit applications only at a broad level of resolution for

terrestrial and aquatic wilderness resources. It supplies
little information relevant to a specific wilderness,
unique resources within a wilderness, or individual
plant and animal species. Although visibility is specifi-
cally mentioned as an AQRV in the CAA, there was no
attempt to address that topic at the national workshop.
Furthermore, the information collected on terrestrial
and aquatic resources cannot be updated readily while
in a published format. A similar approach is needed at
a finer level of resolution to furnish guidance for review
of PSD permits applications for specific wilderness and
regions of the United States. In addition, it is desirable
to furnish this guidance in a format that can be readily
modified as prevailing pollutant levels change or as new
scientific results emerge.

The Forest Service has taken this next step by sched-
uling workshops in each of its administrative regions to
develop screening procedures appropriate for local ap-
plication. A challenge for these workshops is to elicit the
best available scientific information for air pollution ef-
fects on natural resources, integrate managerial con-
cerns, and develop an analytically sound and efficient
procedure that can be used for screening PSD permit
applications. This must be accomplished with relatively
little specific information on air pollution effects and
wilderness characteristics in some cases.

Regional workshops are relatively expensive and
time consuming, entail a great deal of planning, as well
as post-workshop compilation of results, and, therefore,
must be efficient and achieve the desired objectives.
These objectives include: (1) identifying resource val-
ues, (2) evaluating pollutant impacts on those resources,
and (3) determining protection levels for those values.

In this article we propose an approach to conducting
these regional workshops using knowledge-based meth-
ods to elicit information and synthesize results. We also
propose a subsequent knowledge-based analytical tool
that can be used to screen future PSD permit applica-
tions. This article presents concepts and rationale used
to structure elicitation of air pollutant issues at the
workshop. An example of workshop results illustrates
some of these conceptual ideas. Based on our experi-
ences, we note some advantages and disadvantages of
this approach and discuss future plans for our analyti-
cal tool.

Workshop Design

PSD Decision Making

Decision making, in general, can be viewed as con-
sisting of three general components (von Winterfeldt
and Edwards 1986): (1) identification of important fac-
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tors that describe a problem, (2) analysis of the interac-
tions of these factors in relation to alternatives or out-
comes, and (3) selection of some criteria to follow in
choosing among possible alternatives. Traditional deci-
sion analysis (von Winterfeldt and Edwards 1986), con-
sists of a set of techniques for selecting among alterna-
tive decisions; these focus on the value, or utility, of
alternatives and on the probabilities of events leading to
those alternatives. Maximization of expected value or
expected utility is the criterion most often used in de-
cision analysis. FLMs, however, must make an exclu-
sionary decision about a PSD permit application based
on a possibly singular effect, that is, an adverse impact
on a single AQRV might possibly lead the FLM to rec-
ommend permit denial. Maximized utility or maxi-
mized value are not easily applied criteria when f-aced
with this type of decision because one single effect can
completely overshadow other factors and, therefore,
dominate the final decision.

It seems reasonable to divide the PSI) screening pro-
cess into two parts based on prior experience with the
national workshop and the three components of deci-
sion making listed above. One part contains the impor-
tant factors necessary in PSD screening, how they are
defined, measured, and monitored, and the criteria
used to decide on a final permit application. This part
includes components 1 and 3 above. The second part
provides analytical techniques to assess potential effects
on all AQRVs, given AQRV descriptions and current
understanding about pollutant impacts. This part cor-
responds to component 2 above. These two parts are
complementary; the first is represented by published
documents (e.g., Peterson and others 1991a, Peterson
and others 199 lb) and the second by a computerized
analysis procedure. These items reside in the public do-
main and are available to anyone interested in scruti-
nizing the general process applied to permit application
review and how the process was applied to any partic-
ular permit. As in any analysis, pencil and paper can be
used to perform necessary steps of the process. How-
ever, such an approach is tedious, error prone, and
time-consuming, and a computer-based analytical tool
is more efficient.

We propose a more information oriented scheme
that addresses how a particular permit might fail to sat-
isfy class I area protection and the steps necessary for an
applicant to satisfy PSD regulations. In this way the For-
est Service, the permit applicant, and any interested
third parties can easily understand where a permit
stands in relation to desired protection. Future results
of scientific research in the area of air quality and its
environmental effects would normally cause frequent
changes in a document that tried to capture this type of

evolving information. In this methodology the pro-
cesses of analysis and decision making have been sepa-
rated and distinguished. Future changes in scientific
understanding therefore can be reflected in the analysis
system with no modification to the published docu-
ment.

Rationale for a Knowledge-Based Approach

The objective of workshops for screening regional
air quality was to provide a forum for managers and
scientists to determine AQRVs and to describe air pol-
lution impacts on them. Time constraints demanded,
however, that this forum also circumscribe boundaries
to direct conversation toward relevant topics and away
from peripheral issues. For this reason, we developed a
conceptual framework to govern group discussion. The
structure is designed to be sufficiently flexible to allow
participants to describe wilderness components and to
establish realistic estimates of pollutant impacts, moni-
toring procedures, and decision criteria. The nature of
the information collected from workshop participants
(some of it, experienced-based judgment) and its incor-
poration in an analytic software tool suggested that we
apply methods used for knowledge-based system devel-
opment.

By identifying the type of subjective judgment
needed for construction of an analysis system, we de-
signed workshops to do the following: produce exactly
the knowledge needed by that system, scrutinize the
current state of knowledge about targeted discussion
topics in air quality management, and obtain valuable
workshop output for a published report. The first
point, of course, is the inherent goal of knowledge elic-
itation. The second idea has been mentioned in the lit-
erature (e. g., Starfield and Bleloch 1986) as an ancillary
benefit of knowledge-based system development but
has not been exploited previously in the manner pro-
posed here. Production of a workshop document is
closely tied to the second idea and represents one of our
primary objectives for the overall project.

One of the seminal ideas in the knowledge-based
approach is a focus on knowledge—its acquisition, rep-
resentation, and utilization, Knowledge is treated as an
entity, separate from any algorithms used to apply it to
specific problems. This concept provides a powerful
mechanism for structuring workshops, in which the ob-
jective is to elicit knowledge about a relatively restricted
subject area. Because the number of participants in-
volved in discussions at such a meeting is large, satisfy-
ing workshop objectives within a limited timeframe re-
quires a well-defined outline of discussion topics and
desired results. The following section presents a con-
ceptual basis for the structure of these workshops.
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Conceptual Basis for Air Quality Workshops

Analyzing knowledge about a particular subject area
helps one elucidate which knowledge is important, how
the different pieces of knowledge are related to one
another, and how that knowledge is applied to decision
making or problem solving. These three elements con-
stitute the stages of knowledge analysis and correspond
to the components of decision making mentioned
above. We refer to these as factor analysis, structure
analysis, and strategy analysis, and describe them in
more detail below.

Factor analysis. Factor analysis consists of several
steps that describe the concepts, or factors, that are rel-
evant to problems in a subject area. First, all factors
must have a name to label them. This is not always as
trivial as it may sound; some abstract concepts are dif-
ficult to enclose within a meaningful label (Benfer and
Furbee 1989). Most people encounter some degree of
difficulty with the task of creating lists of factors ab ini-
tio. We were fortunate to have a fairly well-established
list of terms that were understood by most participants
(e.g., AQRVs, sensitive receptors, pollutant loadings).
These terms are really classes, and participants are left
to define specific instances of these classes (e.g., subal-
pine forest as an example of an AQRV) for particular
wilderness areas. Second, each term must have a de-
scription to clearly distinguish it from other terms and
to minimize any ambiguity. Third, possible values that a
factor may assume also need to be identified. If the
values are qualitative rather than quantitative, then
there also should be definitions for those qualitative val-
ues (e.g., significant deterioration of native fish might
be defined as: a measurable reduction in density of fish
populations). These three factor analysis steps create a
sort of vocabulary with which statements about air qual-
ity can be generated.

Structure analysis. A list of factors without any cohe-
sive structure conveys little knowledge about a subject
area, just as a vocabulary without any grammar results
in poorly formed sentences. Structure analysis pro-
duces a framework that arranges the three factor anal-
ysis steps into highly organized relationships. As a re-
sult, the one-dimensionality of lists from factor analysis
is transformed into a deeper, higher dimensional struc-
ture. Organizing factors by defining interrelationships
permits the construction of powerful ideas. These ideas
are represented by associations between factors, associ-
ations that allow one to hypothesize a statement about a
particular factor given some knowledge about other
factor(s). The result of this organization is an opera-
tional description of how to use the factors formulated
in the factor analysis stage.

Strategy analysis. To continue with the linguistic anal-
ogy, strategy analysis deals with rules of composition.
That is, under what conditions does one use particular
factors (vocabulary elements) and their interrelation-
ships (grammar) to solve particular problems (compose
meaningful prose) ? Strategy analysis deals with the uti-
lization of factor and structure knowledge and is essen-
tially knowledge about knowledge, or "metaknowl-
edge.” Strategies are most often used to focus a search
for solutions (therefore reducing effort) or to select be-
tween particular alternative solutions during the final
decision steps.

Strawman

These three knowledge analysis ideas were incorpo-
rated into the design of a workshop “strawman,” which
provided guidance for technical discussions. A straw-
man is an object (in our case a discussion outline)
erected to provide a target for criticism. As such, it be-
comes, in reality, an artificial construct that is unimpor-
tant in itself. Rather it is designed to stimulate thoughts
and/or actions by a critical audience. By creating such a
foil we hoped to provide a relatively unrestricted struc-
ture for workshop conduct, Any meaningful outcomes
from its use do not reside in the strawman, but in the
discussions and ideas it generates.

The general topics to be addressed by workshop par-
ticipants were threefold; these are reiterated in the left-
hand portion of Figure 1. There is a one-to-one corre-
spondence between these three topics and the afore-
mentioned knowledge analysis components. Factor
analysis pertinent to PSD screening include: AQRVs
and their components (sensitive receptors) and air pol-
lutants specified in the CAA. Structure analysis ad-
dresses the relationship of sensitive receptor health to
associated pollutant exposure levels. Finally, strategy
analysis produces decision criteria for applying the
knowledge about factors and exposure-effect relation-
ships. We now examine more closely the details of fac-
tor, structure, and strategy knowledge depicted on the
right-hand side of Figure 1 and how they were inte-
grated into the strawman.

Step 1: Define AQRVs. An extremely critical aspect of
the effort at these workshops was for managers and
scientists to identify exactly which AQRVs are present
in each wilderness. Before each workshop AQRV de-
scriptions were written by FLMs on the basis of general
national guidelines. While these guidelines proved use-
ful, they omitted some important attributes of AQRVs
that might confuse an AQRV’s response to pollutants.
Consequently, we extended the national guidelines by
defining AQRVs in the following way:
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Figure 1. Each workshop focused on
the three major questions of air
resource management listed on the left.
These were translated into the three
separate aspects of knowledge (factor,
structure, and strategy analysis) and
then used to prepare a strawman
discussion guide.

1. An AQRV is a major aspect of a wilderness that can
be substantially affected, directly or indirectly, by
air pollution.

2. An AQRV contains “significant parts” that are
readily impacted by air pollution.

3. An AQRV should be, at least, (a) an ecosystem level
component of the wilderness, (b) a unique feature
of the wilderness (often this uniqueness provided
the impetus for wilderness designation), or both of
these.

4. An AQRV should be delineated so that air pollut-
ant impacts are homogeneous throughout.

The first two points are part of the original guidelines;
the terminology adopted for significant parts is “sensi-
tive receptors.” The relationship between AQRVs and
sensitive receptors is illustrated in Figure 2. By append-
ing points 3 and 4, we attempt to circumscribe the no-
tion of an AQRV. In this way an AQRV possesses some
minimum value worth protecting and yet does not ex-
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Class I Area

Figure 2. Class I wilderness areas are composed of air quality-
related values (AQRVs) that also may be divided into signifi-
cant parts or sensitive receptors (shaded ovals).

hibit a heterogeneous response to pollutants through-
out its defined range. Using these guidelines, an AQRV
should be described in terms of landscapes, ecosys-
tems, or watersheds, i.e., large cohesive collections of
related biogeographic features, or as a unique feature
of the wilderness.

Step 2: Define sensitive receptors. Because an AQRV of-
ten consists of several distinct “features” (even in broad
terms), using an AQRV as the smallest unit of interest
may be too broad and diverse. There is little scientific
understanding about air pollutant impacts on extensive,
ecosystem-level values. Varying amounts of knowledge
do exist, however, for individual components (i.e., sen-
sitive receptors) of an ecosystem or AQRV. Sensitive
receptors represent distinct components of an AQRV
that are (or may be) affected by air pollution and have
some management priority for protection. Generally,
sensitive receptors indicate degradation prior to detect-
able changes to an extensive AQRV. As such, sensitive
receptors are useful both as indicators of pollutant im-
pact and as conceptual descriptors of an AQRV.

Step 3: Define possible receptor conditions. In the next
step of the strawman, participants specify greater detail
about each AQRV sensitive receptor. In addition to a
description of each sensitive receptor completed in the
previous step, possible conditions exhibited by each sen-
sitive receptor are identified. An obvious descriptor of
receptor condition is a numerical scale by which the
receptor is usually measured, e.g., pH for lake water
acidity. While it is possible to use pH values and talk

about them, at some point it becomes necessary to in-
terpret what particular pH values really mean in terms
of the observed condition of lake acidity. To incorpo-
rate this interpretive step into PSD screening analysis,
we asked participants to define condition classes for
each sensitive receptor. Condition classes are defined in
terms of ranges of values from the underlying measure-
ment scale. For example, a condition class of “no dete-
rioration" for lake pH might be defined as “long-term
reduction in pH of 0.0-0.5.” Similarly, other qualitative
condition classes can be defined, e.g., “slight
deterioration,” “ moderate deterioration,” and “severe
deterioration.”

We emphasized guidelines to aid participants in writ-
ing condition class descriptions of sensitive receptors.

●

●

●

The number of condition classes and their labels
need not necessarily be identical for all sensitive re-
ceptors. For example, a sensitive receptor whose re-
sponse to air pollution ranges over a broader set of
distinguishable characteristics might be described
using more condition classes because additional
classes can be easily discriminated.
Sensitive receptors that are more important for pro-
tection may also warrant greater discriminatory ca-
pability through more condition classes.
Because these classes describe general categories,
utilize uncertain numerical values, and represent
possibly vague interpretations, value ranges used to
define these classes may reasonably be expected to
overlap somewhat. This notion attempts to incorpo-
rate the concept of fuzzy sets as described by Zadeh
(1965). Sensitive receptor conditions are difficult to
divide into distinct classes with absolute boundaries.
Crisp boundaries are not observed when viewing
these receptors in the real world; we often impose
boundaries and thresholds for convenience. Rather,
our representation and interpretation of measur-
able quantities, such as lake pH, should reflect the
intuitive nature in which we reason about them.

Step 4: Define relative sensitivity of receptors. For a man-
ager to monitor and assess pollutant impacts on an
AQRV, it is useful to understand which receptors are
most sensitive to pollutants. Subjective comparisons are
made between receptors by ranking them in order of
sensitivity, 1 ton ( 1 being most sensitive), indicating how
sensitive that receptor may be to various pollutants. Re-
ceptor sensitivity varies by pollutant, so a separate rank-
ing may be necessary for each pollutant. Two different
receptors may have an identical ranking if they have
similar sensitivity to a particular pollutant. Elasticity, re-
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silience, and inertia to change of each receptor are im-
portant criteria when determining relative sensitivity.

Step 5: Define possible air pollutant impacts on receptors.
In this step, specific pollutant loadings are associated
with the different sensitive receptor condition classes.
The idea is to estimate the resource impacts that can be
expected from various levels of different pollutants.
These exposure-effects relationship are extremely crit-
ical to the FLM for making decisions about “adverse
impacts.” In general, each sensitive receptor–pollutant
pair will have its own list of exposure-effect relation-
ships. Furthermore, a reliability value maybe appended
to each exposure-effect relationship to reflect the con-
fidence that a particular pollutant exposure may pro-
duce a particular effect in a sensitive receptor. These
reliability values are subjective assessments, phrased in
qualitative terms (e.g., low, moderate, high). Loading
values listed in these exposure-effect relationships in-
dicate likely shifts in sensitive receptor condition. Again,
overlapping ranges of loading values are used to indi-
cate uncertainties associated with loading value effects
and to incorporate condition class vagueness. The
FLM’s definition of “adverse impact” will ultimately be
based on these relationships, on the biophysical limita-
tions of the resource, and on FLM perceptions of the
public’s preferences.

Step 6: Define possible effects of air pollutunt interactions.
Some scientific evidence exists for interaction effects
between pollutants. That is, the presence of a particular
pollutant can modify the effect of another. Interactions
between pollutants may result in impacts that are either
synergistic or antagonistic. When the resultant effect of
two or more pollutants is different than each of them
acting independently, an interaction has occurred. An
interaction effect is recorded as a belief, i.e., reliability,
that a particular interaction will occur between pollut-
ants. Because of the current state of scientific knowl-
edge about individual pollutants, specifying interactions
can reasonably only be expected to include the follow-
ing: the pollutants involved, the type of interaction (an-
tagonistic or synergistic), and the reliability that such an
interaction does occur.

Step 7: Define current condition of receptors. Before as-
sessing the impact of air pollutants on a wilderness, an
FLM must have some knowledge of the current state of
its AQRVs. Current pollutant exposure levels in wilder-
ness are not well established because of difficulties as-
sociated with monitoring air quality in remote areas.
Before these workshops, there was some attempt to col-
lect and organize the data that exist on pollutant load-
ings. Based on these loading data and on the exposure–
effect relationships discussed above, it is possible for the

FLM to estimate what the current condition of sensitive
receptors might be. He or she may then use this knowl-
edge about the resource to help formulate the limits of
acceptable change.

Step 8: Define limits of acceptable change. From the in-
formation that has been gathered in the previous steps,
it should be possible to produce an informative analysis
for any particular permit application. For that analysis,
a permit applicant must provide estimates for projected
pollutant loadings, and current pollutant loadings (if
otherwise unknown), in any wilderness that might be
affected by the proposed construction. All of the pre-
ceding steps deal with aspects of analysis designed to
summarize and simplify current scientific knowledge.
Nonetheless, before this knowledge can be applied to
any particular PSD permit, a FLM must determine what
constitutes “adverse impact” for wilderness resources,
i.e., what are the limits of acceptable change. Particular
AQRVs, or even individual sensitive receptors, may
have different limits of acceptable change. These limits
provide constraints on the amounts and dispersal of
pollutants in terms of the impacts they produce.

Step 9: Define decision criteria. An informed decision
then becomes possible, but the manager must apply this
information based upon some decision criteria. Given
that air pollutant effects have been estimated and limits
of resource change have been set, FLMs must also de-
cide how much deterioration, if any, can be allowed.
This is where economic, social, and political issues, as
well as physical and biological science considerations,
come into play. Previously, air pollutant impacts were
only described for sensitive receptors. So, before a FLM
can extrapolate this knowledge to prevent significant
deterioration of AQRVs, air pollutant effects on indi-
vidual sensitive receptors must be aggregated to de-
scribe their collective contribution to deterioration of
each AQRV. This aggregation process is, essentially, a
decision procedure because it specifies those conditions
that signal significant deterioration of AQRVs. Some
considerations that are important for this aggregation
process are the following: numbers of receptors in an
AQRV; sensitivity of those receptors; diagnostic impor-
tance of those receptors, i.e. how strongly they indicate
AQRV health; and human consequence of deteriora-
tion.

Step 10: Define needs for data collection. As noted
above, there are few data on pollutant depositions in
wilderness in the western United States. In some cases
there may be insufficient information or inadequate
quality of information to make a reliable permit recom-
mendation. Consequently, there may be a need for ad-
ditional data collection before making an informed de-
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termination of possible adverse impacts. Such a data
collection effort is designed to improve decision reliabil-
ity. A data collection effort often may be requested of
the permit applicant.

Step 11: Define need to monitor AQRVs and receptors. In
addition to a lack of reliable loading data, there may be
little information available on sensitive receptors in a
particular wilderness and their current health status.
Workshop participants may also outline needs for in-
ventory and monitoring of particular receptors. Inven-
tory and monitoring programs identify both the oc-
curence and ongoing condition of sensitive receptors.
These programs increase the knowledge base of wilder-
ness resources that the FLM has available to manage the
wilderness and to make permit recommendations.

These 11 strawman steps constitute an outline for
discussions of technical issues at the workshops. The
methods used to implement this format in a group set-
ting, however, must still be specified. A brief review of
some pertinent techniques are presented in the follow-
ing section.

Knowledge Elicitation from Workshop Participants

The process of extracting knowledge from people is
often referred to as knowledge elicitation. once ex-
tracted, this knowledge must be organized and formal-
ized so that it can be represented and processed by a
computer. Elicitation can be difficult due to the unex-
plicit nature of human knowledge-the manner in
which it is stored and used. This bottleneck is exacer-
bated when multiple experts are used, for example, in a
workshop setting. Complications associated with pursu-
ing multiple experts include these: consuming addi-
tional time; obtaining agreement between experts; and
providing a forum, document, or medium that records
and facilitates dialog between experts (Schmoldt and
Rauscher 1991). Benefits of knowledge elicitation from
multiple experts can be substantial, however, despite
these disadvantages (Mittal and Dym 1985). In fact,
these benefits are essential for the success of the work-
shops.

A number of structured group interaction and elic-
itation techniques exist (e.g., Boose 1986, Crawford and
Demidovich 1981, Dalkey and Helmer 1963, Schmoldt
and Bradshaw 1988, Van de Ven and Delbecq 1971). A
more loosely structured method was desirable, given the
size of the workshops and the flexibility we felt was es-
sential. However, the method had to direct workshop
participants to discuss and resolve the issues outlined in
the strawman.

Questionnaires have been used in situations in which
it is difficult to physically meet with an expert or where
it maybe necessary to extract very detailed and specific

knowledge about some topic (Olson and Rueter 1987,
Schmoldt and Rauscher 1991). Questionnaires may
provide for short answers, extended prose, or multiple-
choice answers. Composing lists and categories of lists
represents a variation on this idea and has been used to
elicit knowledge about insects and pathogens (Schmoldt
1987). We designed our workshop discussion guide
(strawman) around the concept of a questionnaire for-
mat. Questions that required short answers or comple-
tion of predesigned tables were used to implement most
aspects of the strawman. Longer prose responses were
expected and were recorded by a member of each
group for some of the latter discussion points.

Workshop Output: An Example

The knowledge-based methods described here were
implemented at two of the Forest Service regional
workshops in May 1990. This approach was successfully
applied for the Pacific Northwest Region (16 class I ar-
eas in Washington and Oregon) and the Pacific South-
west Region (20 class I areas in California). Approxi-
mately 25 scientists (from universities, federal agencies
and private industry) and 25 resource managers from
the National Forests in each region participated in each
workshop. Considerable introductory material was pro-
vided prior to the workshop, and additional informa-
tion on air pollution effects and regulatory require-
ments was covered at the workshop.

Explaining the use of the strawman required ap-
proximately two hours before actually using it to elicit
information. Workshop participants were divided into
subgroups that specialized in developing screening pro-
cedures for terrestrial resources, aquatic resources, or
visibility. They remained in these subgroups through-
out the workshop, although there was considerable in-
teraction among groups, to share expertise. For exam-
ple, a soil scientist could provide valuable information
to both terrestrial and aquatic subgroups and a resource
manager assigned to a terrestrial group could provide
information pertinent to a specific wilderness that was
needed by an aquatic subgroup. This exchange of in-
formation among subgroups was a key to the success of
the strawman process. The total time required to de-
velop the screening guidelines and supporting informa-
tion for each wilderness was approximately two days
(800 person-hours).

Each subgroup had a group leader, a facilitator, and
a recorder. The group leader guided discussion of tech-
nical issues. The facilitator was charged with managing
group dynamics. This arrangement ensured that dis-
cussions remained focused, that input was provided by
everyone in the group, and that dominance by one or
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Table 1. Potential effects of ozone on ponderosa pine
are described via condition classesa

Age (yr) of
needles with Needle retention

Condition class chlorotic injury (percent of normal)

No injury None > 8 0
Slight injury 5 70-80
Moderate injury 3-4 40-70
Severe injury 1–2 0-40

aTwo separate criteria are used to define condition classes, age of in-
jured needles, and percent needle retention.

two individuals was avoided. The recorder took notes
throughout the discussions and summarized informat-
ion at the end of the workshop. When possible, the task
of recording was rotated among subgroup members to
avoid removing any single individual from involvement
in the discussion. Each subgroup had a microcomputer
into which all written information was entered during
and after discussion periods. Each subgroup submitted
their summaries in hardcopy and on diskette at the end
of the workshop.

The results of these workshops are summarized in
Forest Service publications and the knowledge-based
system software associated with them (Peterson and
others 1991a, Peterson and others 1991b). A brief ex-
ample is presented here to illustrate how the strawman
process works. The information in the example is from
the Pacific Northwest Region workshop and summa-
rizes the screening guidelines for one aspect of terres-
trial resources for a particular AQRV. It follows closely
the conceptual model in Figure 1 for detailing factor,
relationship, and strategy knowledge.

This example will focus on the Eagle Cap Wilderness
located in eastern Oregon. Five different AQRVs were
defined for this wilderness: alpine meadows, subalpine
forest, low-elevation forest, high-elevation lakes and
streams, and visibility. With the exception of visibility,
each of these AQRVs is a discrete ecosystem-level com-
ponent of the wilderness. We will focus only on low-
elevation forest in this example. Three sensitive recep-
tors were identified within this terrestrial AQRV: pon-
derosa pine, Douglas-fir, and lichens.

Various condition classes were defined to encompass
the range of possible conditions of ponderosa pine with
respect to the effects of ozone. Four condition classes
were defined for ponderosa pine (Table 1 ) based on
level of chlorotic injury (yellowing associated with symp-
tomatic ozone damage) and needle retention in the
crown. These condition classes are based on several
published studies on the effects of ozone on ponderosa
pine and other conifers (e.g., Pronos and others 1978,

Table 2. Associating pollutant exposure levels with
condition classes of each sensitive receptor is an
important result of the workshops

Condition class Ozone concentration (ppb)

No injury < 45
Slight injury 46-55
Moderate injury 50-80
Severe injury > 8 0

aPonderosa pine response to ozone exposure is listed here.

Miller and others 1983, 1989, Duriscoe and Stolte
1989). It should be noted that two condition class de-
scriptions are provided here-one using age of injured
needles and a second using percent needle retention.
Because the FLM has “affirmative responsibility,” he or
she may err on the side of AQRV protection (D. Had-
dow, personal communication). Hence, the criterion ac-
tually used in any particular case can represent a worst-
case scenario.

Ozone is potentially the worst phytotoxic air pollut-
ant to these receptors. The relative sensitivity of these
receptors to ozone is: lichens > ponderosa pine >
Douglas-fir. This relationship is based on previous stud-
ies of the effects of ozone on trees (e.g., Hogsett and
others 1989) and lichens (e.g., Nash and Wirth 1988).
Lichens and ponderosa pine are about equally sensitive
to ozone, hence the use of “ > ” symbol. The dose-re-
sponse relationship for the effects of ozone is better
quantified for conifers than lichens, so we will focus on
ponderosa pine as a sensitive receptor in the rest of this
example.

The next step in the process was to identify how
exposure to various levels of ozone is related to these
condition classes. Ranges of ozone concentration expo-
sure, based on 7-h growing season means, are associ-
ated with each condition class (Table 2). These values
represent expert judgment on the relationship between
exposure and injury, based on published literature and
personal knowledge and experience of workshop par-
ticipants. Despite our recommendation to use overlap-
ping ranges of values, it was often difficult to convince
workshop participants of their utility. Reluctance to
adopt this approach is evidenced in the two tables. The
current condition of the sensitive receptor ponderosa
pine in low-elevation forests of the Eagle Cap Wilder-
ness was judged to be “no injury,” based on the criteria
stated above, knowledge about the current health of
ponderosa pine at that location, and sketchy data on
current ozone concentrations.

The rest of the strawman exercise was primarily de-
scriptive and expository. The terrestrial subgroup
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noted that some interactive effect was likely to result
from exposure to combinations of elevated levels of
ozone and sulfur, ozone and nitrogen, and sulfur and
nitrogen. However, there are insufficient experimental
data to predict the nature of this interaction. There are
also probable interactions with other environmental
stresses such as low soil moisture, unfavorable temper-
ature, insect pests, and pathogens. Workshop partici-
pants were encouraged to take extensive notes during
the strawman process to document their conclusions
and rationale, as well as to provide appropriate refer-
ences.

The final steps of the strawman process were prima-
rily recommendations and criteria for decision making
with respect to a permit application relevant to each
AQRV. For example, the terrestrial subgroup recom-
mended that much more data be collected on exposure
of ponderosa pine and other plant species, especially
lichens, to pollutants in the Pacific Northwest. They
suggested that effects be dealt with at the population
level, because detecting effects would be easier than at
the ecosystem level. The subgroup also recommended
that additional research be conducted on sensitive re-
ceptors in the AQRV to determine their tolerances for
air pollutants under controlled experimental condi-
tions. Finally, they recommended that decisions about
effects on AQRVs in the Eagle Cap Wilderness re-
quired some inventory and monitoring of resources by
the permittee or the Forest Service or both. It was sug-
gested that this information be collected over a period
of at least three years to describe adequately biological
and chemical features of natural processes in the wil-
derness.

The strawman example summarized above for an
AQRV and sensitive receptor represents expert judg-
ment by scientists and resource managers at the work-
shop. The quantitative and qualitative information are
to be used as guidelines only in the decision-making
process. The recommendation by the Forest Service to
grant or not grant a permit can rely on these guidelines
in addition to any other information that might affect
the decision, including information that was not avail-
able at the workshop. The decision can, of course, be
based on political or economic criteria. The screening
guidelines provide guidance from a scientific perspec-
tive.

Workshop Evaluation and
System Implementation

The knowledge-based approach described here has
now been used to develop screening guidelines to pro-

tect air quality in wilderness in the Pacific Northwest
and Pacific Southwest regions of the USDA Forest Ser-
vice. These regions include 36 of the 88 class I areas
under Forest Service management.

The workshop format as guided by the strawman
process proved to be an efficient approach to eliciting
high-quality information from a group of experts in a
short time, It may be possible to obtain the same type of
screening guidelines through a distributed question-
naire (de Stieguer and others 1990, Pye and others
1989), Delphi process (Schmoldt and Bradshaw 1988),
or expert opinion from a few scientists and resource
managers. However, the workshop forum provides a
much broader range of expertise and opinions than
would be possible by these other methods. In the case of
the workshops for the Pacific Northwest and Pacific
Southwest regions, many of the scientists were regarded
as leaders in the field of air pollution effects. The re-
source managers who attended provided input to a sys-
tem that they will ultimately use. The merging of scien-
tific and managerial perspectives was a unique feature
of the workshops.

Although knowledgeable experts use their judgment
and experience almost daily, they often are reluctant to
have these intuitions scrutinized and recorded. Their
approximate, and heuristic, mental models may be lack-
ing in experimental scientific support and their ratio-
nale is often difficult to explain to others; however,
these internal models often perform well with limited
information and represent the best knowledge available
on poorly understood scientific questions. This hesi-
tance frequently is experienced in one-to-one interac-
tions with experts; our experiences in this workshop
setting did not differ substantially from this norm. The
strawman structure, however, provided a strong sense
of purpose and a stepwise progression that encouraged
participants to overcome difficulties with expressive-
ness. Facilitators were also instrumental in encouraging
the extraction and recording of judgments.

Subgroups at the workshops usually ranged from 6
to 16 individuals. Even with smaller subgroups, how-
ever, group dynamics became very important. Facilita-
tors and group leaders are crucial ingredients to work-
shop success and should be selected carefully. A posi-
tive, “can do” attitude toward workshop objectives, an
unbiased manner on technical issues, and people-man-
agement skills are important qualities for people in
these positions. We observed large differences in group
effectiveness and efficiency depending on the skills and
attitudes of the individuals in these key roles.

One of the interesting features of this workshop ap-
proach to knowledge elicitation is the finite time hori-
zon it imposes. In traditional knowledge elicitation sce-
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narios, there often exists no definite termination point
to the interview process. Hence, it becomes possible for
one of several involved parties to protract the elicitation
procedure. In the workshop setting, however, a definite
end point exists and everyone is aware of it. Participants
recognize what must be accomplished because of the
strawman format. Even in instances when a group did
not budget its time carefully to conform to these con-
straints, group members found a way to complete their
work as the remaining time diminished. In our meth-
odology, subject matter experts must assume more re-
sponsibility for the pace of their progress and the qual-
ity of the results.

Workshop results are currently being implemented
in a knowledge-based analytical system. FLMs in two
regions of the western United States will have access to
the best available science regarding air pollution im-
pacts in particular wilderness areas. At the present time
permit applications are reviewed at the regional level.
However, given the distributed nature of Forest Service
land management, it may be reasonable to expect fu-
ture application of this system to filter down to more
local management levels, i.e., individual forests. In such
a capacity, this system can serve as another tool available
to FLMs as they strive to meet land management objec-
tives.
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