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Abstract. An expert system, PASSSFA, has been developed to help select the most appropriate
variables for monitoring the effects of extensive land use activities, particularly forestry, on streams.
PASSSFA was initially developed for headwater streams in the northwestern U.S. and Alaska, but the
consistency of the underlying principles make it much more broadly applicable. The selection process
is based on the designated beneficial uses of concern, the type of management activity, accessibility
during high flows, frequency of sampling, and the costs for equipment, data collection, and sample
analysis. A total of thirty potential monitoring variables are considered, and these were selected
because of their sensitivity to land management activities and their effects on key designated uses.
Problems in developing PASSSFA and the use of expert systems are discussed.

I. Introduction

The complexity and diversity of natural systems means that natural resource man-
agement decisions are based on a mixture of governmental regulations, scientific
knowledge, and professional judgement. Land management agencies in the U.S.
and elsewhere are attempting to improve the quality of their management deci-
sions through the use of complex linear models for forest planning (e.g., Kent et
at., 1991), predicting fish habitat (e.g., Milhous et at., 1989), and the effects of
land use on discharge (e.g., USFS, 1992). These and other deterministic models
have been criticized for their presumed accuracy of knowledge and their need to
specificy precise mathematical relationships between the variables in the models

(e.g., Orth, 1987; Beven, 1989; Johnson, 1992).
The rapidly expanding science of artificial intelligence offers an alternative to

the precise algorithms and linear approach of most computer programs (Luger and
Stubblefield, 1989; Abbott, 1991). Artificial intelligence can be broadly defined
as the attempt to develop a machine-based thinking and reasoning capability
(Buchanan, 1989). Expert systems offer particular promise for improving resource
management because they attempt to capture and utilize the judgemental and expe-
riential rules developed by experts in the field (Waterman, 1986). While expert
systems are not a substitute for experienced professionals, the shortage of per-
sonnel with a high level of expertise suggests that expert systems can facilitate
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and improve the quality of resource management decisions. Other advantages of
expert systems include their consistency and ability to incorporate new information

(Stock, 1987).
In the field of water resources, expert systems have been developed to help

select best management practices (Foster et al., 1994; Radwan and Bishr, 1994),
select the best technique for measuring discharge (Simonovic, 1990), assist in water
quality assessment (Ventilla et al. , 1989; Walley et al. , 1992), help calibrate model
parameters (Barnwell et al., 1989; Baffaut et al., 1990; Lumb and Kittle, 1993),
and predict the effect of mine effluents on receiving waters (Booty et al., 1992).
Recent discussions by the senior author with land managers, government officials,
and other individuals throughout the U.S. indicate that expert systems have yet to
be widely used in natural resources management.

The first purpose of this paper is to present an expert system to help select vari-
abies for monitoring the effects of management activities on streams. PASSSFA
(Parameter Selection System for Streams in Forested Areas) was originally devel-
oped for use in the Pacific Northwest and Alaska, but it has been much more widely
distributed because the underlying physical and ecological processes are broadly
applicable. The second purpose of this paper is to use our work on PASSSFA to
illustrate key issues associated with the use of expert systems in natural resource

management.
Like nearly all models or expert systems used in natural resources management,

PASSSFA is not absolute in the sense of listing variables which must be monitored.
Instead, PASSSFA recommends those variables which are most likely to be useful.
The selection process is driven by the management activities of concern, the des-
ignated beneficial uses of the stream, and constraints in terms of access, personnel
time, and other costs (Figure 1).

2. Purpose and Origin of PASSSFA

The selection process and qualitative rules used in PASSSFA were derived primarily
from a recent publication by the U.S. Environmental Protection Agency (USEPA),
Monitoring Guidelines to Evaluate Effects of Forestry Activities on Streams in the
Pacific Northwest and Alaska (MacDonald et al., 1991) (henceforth referred to
as Guidelines). The value of PASSSFA is that it greatly facilitates the variable
selection procedure by putting the information tabulated in the Guidelines into an
interactive, PC-based expert system. PASSSFA also takes the selection procedure
one step further by providing a confidence factor for each recommended variable.
The print version of PASSSFA documents the variable selection procedure by
providing a printout of the user's choices as well as the variables recommended for
monitoring and their associated confidence factors.
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Potential Monitorin~ Variables

temperature, pH, conductivity, dissolved oxygen, intergravel DO, nitrogen,
phosphorous, herbicides, pesticides, peak flows, low flows, water yield,

suspended sediment, turbidity, bedload, channel characteristics, bacteria, algae,
fish, riparian vegetation, riparian canopy opening

DesiQnated Beneficial Uses
Agricultural Water Supply I Hydroelectric PowerDomestic Water Supply

Recreation WanTl-water fishery Cold-water fishery

I

Management Activities
Grazing

Herbicide appl.

Forest harvest

Recreation

Placer mining

Road building

Pesticide appl.

Hardrock mining

Fertilizer appl.

t
Costs

Low to medium Frequency of Sampling High

Low to medium Collection Time Required High

Low to medium Equipment Costs High

Low to medium Data/Sample Analysis High

Access

Fig. 1. Schematic view of the consultation process. The highlighted boxes and arrows show one set
of user responses to the sequential requests for information by the expert system. The recommended
variables shown at the end of the consultation are generalized and do not include the associated
confidence factors.
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3. Variable Selection Process

3. LEGAL BASIS FOR VARIABLE SELECTION

Water quality regulation in the U.S.A. is based on the need to protect and enhance
the designated beneficial uses of water (USEPA, 1988). Under the Clean Water Act
of 1972 each state must designate the beneficial uses of each water body within its
boundaries. Typical uses include domestic water supply, hydroelectric generation,
and coldwater fisheries. PASSSFA and the Guidelines explicitly consider six of
the most common designated beneficial uses, and these are listed in Table I and
Figure 1.

Each designated beneficial use has a set of water quality criteria necessary to
fully attain that use, and these criteria can be either narrative or quantitative. The
criteria for domestic water supply, for example, might include color and taste as well
as quantitative criteria for coliform bacteria, nitrate-nitrogen, and heavy metals.
Water quality standards consist of a designated beneficial use and the criteria
necessary to sustain that use. For streams in forested areas, the most stringent
criteria are usually those associated with domestic water supply and coldwater
fisheries (MacDonald etal., 1991).

The regulation of water quality in forested areas has been hindered by the
gap between existing water quality criteria and the known effects of forestry on
certain designated uses. Recommended criteria exist for approximately 100 water
quality variables (USEPA, 1986), but these emphasize the physical and chemical
constituents of water. Only six of these recommended criteria -dissolved oxygen,
temperature, color, turbidity, suspended solids, and perhaps nitrate-nitrogen -are
likely to be affected by forest management activities (MacDonald et al., 1991;
NCASI, 1994). On the other hand, forest management activities are known to
affect stream channel morphology (e.g., bed material particle size, amount of large
woody debris, and number and volume of pools) (Chamberlin etal., 1991). None
of these latter variables have state-specified criteria, yet they are critical to key

TABLEI

List of designated beneficial
uses considered in PASSSFA

Domestic water supply

Agricultural water supply

Hydroelectric generation
Recreation

Warrn-water fishery

Coldwater fishery
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designated uses, such as coldwater fisheries, as well as the overall health of aquatic
ecosystems (Salo and Cundy, 1987; Meehan, 1991).

The list of potential monitoring variables considered in PASSSFA and the Guide-
lines (Table ll) is unusual because criteria haven't been established for many of
these variables, and many are not commonly considered in water quality monitoring
projects. Nevertheless, this broader set of morphologic, biologic, and other physi-
cal variables was used because the variables are: ( 1) sensitive to land management
activities in forested areas, and (2) directly related to one or more designated ben-
eficial uses. Regulatory agencies in several states are currently trying to determine
permissible values and allowable change for several of these variables.

3.2. SELECTING VARIABLES FOR MONITORING

As indicated in Figure 1, the variable selection process used in PASSSFA and the
Guidelines is a sequential sorting based on the designated beneficial use, type of
management activity, the different cost components associated with monitoring,
and ability to access and sample the stream during high flows. The first step
in this process is to determine the designated beneficial use(s) associated with
the stream of interest. If domestic water supply is the only designated use, this
immediately implies that variables such as coliform bacteria and turbidity are
strong candidates for monitoring. Other variables, such as channel characteristics,
are unlikely to provide the necesssary link between land management activities
and the designated use (domestic water supply), and therefore are unlikely to be

useful for monitoring.
The second key factor is the type of management activity(ies ). Forest harvest and

road building, for example, generally have little effect on pH, but can greatly affect
turbidity, suspended sediment concentrations, and stream channel morphology
(MacDonald et al., 1991; Chamberlin et al., 1991).

Although one can identify monitoring variables most appropriate for monitor-
ing a specific management activity, most headwater catchments encompass more
than one management activity. Forested basins, for example, are often used for
dispersed recreation and grazing, while road construction and maintenance usually
accompany forest harvest. Mining, small settlements, and concentrated recreation
such as ski areas may also be present.

For this reason both the Guidelines and PASSSFA explicitly consider those
management activities which commonly occur in forested areas (Table ill and
Figure 1 ). Allowing the user to choose the management activities of concern helps
ensure that all potentially relevant variables are listed at the end of a run through

the expert system.
The third set of factors governing the selection of monitoring parameters is

the cost of collecting and analyzing the samples or measurements. In PASSSFA
and the Guidelines these cost considerations are separated into the frequency of
sampling, equipment costs, collection costs, and analysis costs. These costs can
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TABLE n

List of potential monitoring variables considered in
PASSSFA and the Guidelines

Physical and chemical constituents

Temperature

pH
Electrical conductivity

Dissolved oxygen

Nitrogen

Phosphorus

Discharge characteristics

Increase in the size of peak flows

Change in low flows

Change in annual water yield

Sediment

Suspended sediment

Turbidity
Bedload

Channel characteristics

Channel cross-section

Channel width/width-depth ratio

Pool characteristics

Thalweg profile
Habitat types

Bed material particle size

Embeddedness

Surface vs. subsurface particle-size distribution

Large woody debris

Bank stability

Riparian characteristics

Riparian canopy opening

Riparian vegetation

Aquatic organisms
Bacteria

Aquatic flora

Macroinvertebrates

Fish
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TABLE III

List of management activities con-
sidered in PASSSFA.

Forest harvest

Road building and maintenance

Forest fertilization

Herbicide applications

Pesticide applications

Placer mining

Hardrock mining

Grazing
Recreation

vary considerably from variable to variable. The traditional physical and chemical
constituents, for example, generally require frequent sampling over a range of
discharges (Stednick, 1991), while the channel morphologic variables are usually
measured only once a year (e.g., Platts et at., 1983,1987; MacDonald et at., 1991).
The frequency of biological monitoring (e.g., macroinvertebrates or fish) depends
on the expected stresses and the life cycle of the organisms being monitored, but
is most commonly done only 1-3 times each year (USEPA, 1989).

Equipment is the second component of monitoring costs. Although the initial
cost of items such as current meters or analytic equipment may seem high, the
time-averaged costs for equipment are usually low relative to staff time. However,
equipment costs can rapidly escalate when multiple sites are to be continuously
monitored and one must purchase data loggers, automated samplers or sensors, and
the associated hardware and software for data retrieval. Continuous flow data are
often necessary to interpret the data of primary interest (e.g., turbidity), and stations
to measure discharge require a substantial investment of time and equipment.

Collection costs are primarily a function of the amount of staff time required to
obtain a measurement or sample. For many physical and chemical constituents a
simple grab sample at a carefully chosen location can be adequate, and in such cases
the travel time is far greater than the measurement time. Collecting morphologic or
grain-size data also is regarded as relatively inexpensive, but some of the channel
characteristics considered in PASSSFA, such as cobble embeddedness, are more
labor intensive.

Analysis costs vary in terms of both staff time and actual costs. The standard
chemical and physical constituents are relatively simple to analyze, and these can
be done in house or commercially. In contrast, relatively few laboratories can
measure low concentrations of herbicides and pesticides, and intensive monitoring
of these chemicals is expensive. Analyzing macroinvertebrate samples also requires
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specific expertise and is usually more costly than collecting the samples. Analysis
costs for most of the other variables in PASSSFA are moderate to low.

Another key step in the variable selection process is to determine whether one
can safely access the monitoring location and take samples during high flow events.
Many of the most commonly measured water quality parameters are flow depen-
dent and discharge data are required to calculate both flux and load. Some variables,
such as bedload and suspended load, should be systematically sampled at different
locations within the channel cross-section (Edwards and Glysson, 1988). If repre-
sentative samples can't be collected at the site of interest during high flow events,
then most of these flow-dependent variables are precluded from monitoring.

Obviously PASSSFA does not include all the factors which might influence
the selection of monitoring variables. Historic data, local controls on channel
morphology, and extrinsic controls on aquatic organisms can affect the selection of
monitoring variables. Time must also be allocated for travel, data checking, data
storage, and quality assurance/quality control, but these factors are more difficult to
characterize and were not explicitly included in the variable selection procedure.

4. Development and Use of PASSSFA

4. STRUCTURE OF AN EXPERT SYSTEM

An expert system has three key components -the inference engine, the rule base,
and the goal (Luger and Stubblefield, 1989). In the case of PASSSFA, the goal is
to select those variables which are most likely to be useful given the user-defined
management activities, designated uses, and constraints in terms of access and
cost. The goal in PASSSFA is defined as a plural goal because one variable often
is not sufficient and the user should be aware of all variables likely to be useful
for monitoring. Thus PASSSFA sorts through the rule base until all variables have
been evaluated.

The inference engine is the process by which the expert system attempts to
achieve the specified goal (Luger and Stubblefield, 1989). Most expert systems use
either a forward chaining or a backward chaining approach, although Engel et at.
(1991) list ten different techniques for information representation and reasoning.
In forward chaining, known facts are compared to IF statements in the rule base.
Satisfying the IF statement then yields new 'facts' , and the program continues to
either satisfy IF statements or request additional information from the user until
the goal is achieved.

In backward chaining, the expert system starts with the goal and works back-
ward to determine the conditions necessary to achieve that goal. Again there is an
interactive process whereby the expert system combines the fulfillment of IF state-
ments with requests for new information until the program is able to determine the
validity of allIF- THEN statements. PASSSFA uses a backward chaining approach
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Rud 241 I Rulel24m I RUI~ 24" I I
Variable
Identification If (ParaD = CJassJ1 81 )

Then (Parameters =

Suspended_Sediment
CNF 85)

If (ParaE = ClassJ1B1)

Then (Parameters =

Turbidity CNF 85)

If (ParaE = ClassJ1 B1 )

Then (Parameters =

Bacteria CNF 85)

;:"""""""""""""""""""c

:" TO SCREEN ::

::""~"~"~~"I~~E~""::

~""""""""

Rule 24k Rule 24j
Access

If (ParaC = Class J1 B) AND

(ACCESS = AII_Flow-

Conditions)
Then (ParaD = ClassJ1B1)

If (ParaC = Class J1 B) AND
(ACCESS = Low_to-

Moderate_Flows_Only)
Then (Parameters = None-

Available_Given-
Constraints CNF 95)

~

RUI.~ IFrequency

of Sampling

Rule 24e

If (ParaB = ClassJ1 ) AND If (ParaB = ClassJ1 ) AND
(FREQ = High) (FREQ=Low_to_Medium)

Then (ParaC = Class J1 B) Then (ParaC = Class J1A)

RUle~ I~
~~:~ I

Designated
Beneficial Use If (ParaA = ClassJ) AND

(Benef_Use =

Agric- Wtr _Supply)
Then (ParaB = ClassJ2)

~

Rules 1 -., I
RUt IManagement

Activity

Fig.2. Sample sequence ofIF- THEN rules used in PASSSFA to recommend variables for monitoring
the effects of grazing on streams used for domestic water supply. CNF indicates the confidence factors
for rules 24j and 241-24n.

to identify all of the most likely variables for monitoring given the user-specified
issues and conditions (Figure 2).

Remarkably few lines of computer code are required to program a basic infer-
ence engine, particularly when an AI-compatible language is used (Luger and Stub-
blefield, 1989). However, most developers use commercial expert system shells,
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as these have an inference engine and other features to facilitate the development
of an expert system (Engel etal., 1991).

The third and most difficult part of an expert system is the rule base (Gordon,
1989). The rule base can be structured in many different ways (Engel et al.,
1991), but most commonly is formulated as a series of IF-THEN rules. Often a
knowledge engineer, familiar with the development of expert systems, extensively
questions one or more recognized experts. The knowledge engineer then uses this
information to first define the process by which experts solve the problems of
concern, and then develop a rule base which incorporates the quantitative models
and/or heuristic rules needed to solve the domain of problems being addressed
(Luger and Stubblefield, 1989).

More than one expert should be consulted in the development and testing of a
rule base. Differences in expert opinion should be resolved or captured through a
probabilistic approach. The development of a rule base will also identify ambiguous
situations which are best addressed by requiring more data from the user and
formulating additional rules.

The successful development of an expert system depends on the quality and
articulateness of the expert (Gordon, 1989), the definition of an appropriate domain
for the expert system, the selection of an appropriate expert system shell (Cit-
renbaum et al., 1988), and the capability of the knowledge engineer to develop
an appropriate structure and rule base (e.g., Windon and Massey, 1991). Expert
systems typically will improve decision-making in complex domains, but their
performance is related to their ability to capture most of the complexity necessary
for expert decision-making.

4.2. DEVELOPMENT OF PASSSFA

The development of PASSSFA was greatly facilitated because it stemmed directly
from the logic and knowledge set out in Monitoring Guidelines to Evaluate the
Effects of Forestry on Streams in the Pacific Northwest and Alaska (MacDonald
et al., 1991). This publication developed the conceptual basis for designing mon-
itoring projects and selecting variables as described previously. It also provided a
series of tables which evaluated the 30 variables listed in Table II relative to each
of the selection criteria discussed previously.

The first table rated the effect of each variable (Table 11) on the six designated
beneficial uses (Table I) on a four-point qualitative scale. Water temperature, for
example, was rated as having an important and direct effect on coldwater fisheries,
but little or no effect on domestic water supply or hydroelectric generation.

A second table rated the effect of the nine management activities (Table III) on
each of the potential variables for monitoring. Again a qualitative four-point scale
was used to indicate that road construction and maintenance, for example, has a
major effect on turbidity but no substantial or direct effect on pH.
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A third table rated each variable as low, medium, or high with regard to: (1)
the typical frequency of sampling, (2) the flow conditions which normally must
be sampled, (3) the time needed to collect a sample or the necessary data, (4)
the time or cost of analyzing the sample or data, and (5) the cost of the required

equipment.
In some cases a range of values was used to explicitly recognize the uncertainty

associated with the intensity of management activities, the range of natural vari-
ability, and the variation in monitoring objectives. This uncertainty could be better
represented in PASSSFA than in the Guidelines by using the confidence factors
described below.

The Guidelines qualitatively combined these data into a final table on the 'useful-
ness' of the different variables to monitor the effects of each management activity.
Again these rankings were done on a four-point qualitative scale, as a quantitative
weighting and ranking would have been too arbitrary and implied more rigor than
is possible.

PASSSFA is basically a more refined, computerized version of these tables.
The rankings in the tables were incorporated into a series of IF- THEN rules. The
backward chaining process then repeatedly sorts through these rules until each
variable either is recommended or deemed inappropriate. In theory approximately
450,000 rules would be needed to cover all possible combinations, but we were
able to reduce the number of rules to just over 300 by grouping the variables into
successively smaller classes. Figure 2 shows that ClassJ, for example, represents
all variables affected by grazing, while ClassJl represents those variables which
are affected by grazing and which might limit use for domestic water supply. Since
variables can often be grouped (e.g., turbidity and suspended sediment, nitrogen
and phosphorus, or channel characteristics), variable-specific rules are only needed
in the final stage of the variable selection process when specific confidence factors
must be assigned (e.g., Rules 24j and 241-24n in Figure 2).

A relatively inexpensive expert system shell, VP-Expert, was used to develop
PASSSFA and produce an executable version for distribution. Limitations within
the VP-Expert shell forced us to develop two executable versions. The standard
version routes the list of recommended variables to the screen, while the print
version routes a listing of the user's choices and the recommended variables to an
on-line printer.

4.3. OPERATION OF PASSSFA

PASSSFA is keyboard-driven and operates on any mM or mM-compatible com-
puter. The program begins with four introductory screens on the origin, use, and
limitations of PASSSFA. Following these informational screens the user begins a
run through the program ('consultation'). At this point the program recognizes that
the goal cannot be achieved until the user identifies the management activity(ies) to
be monitored. A series of IF- THEN rules then assign a class of potential monitoring
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variables ('parameters' in the rule base) to each management activity (bottom of

Figure 2).
The program then recognizes the need for infomation on the designated ben-

eficial use(s), and this triggers a second query to the user. With this additional
information PASSSFA identifies the basic subclass of variables appropriate to each
management activity and designated use (Figure 2). In many cases, such as the
combination of fertilizer application and coldwater fisheries, there is a very limited
set of possible monitoring variables and relatively few rules are needed to finalize

the list of recommended variables.
By repeated passes through the rule base, the inference engine determines what

additional information is needed to determine the validity of all IF clauses. Thus
the number and sequence of queries to the user can vary among consultations. Once
the plural goal is achieved, the list of recommended monitoring variables is routed

either to the screen or the user-designated printer.
In some cases a consultation will conclude with the statement "None available

given constraints" (e.g., rule 24j in Figure 2). This means that no variable is likely
to be useful given the selected management activity, designated beneficial use, and
constraints in terms of cost or access. The user must then decide which, if any,
constraint to relax in order to generate one or more recommended variables for

monitoring.
Another possible response is "Unlikely to have adverse effects". This situation

occurs when a management activity, such as forest fertilization, is unlikely to have
any adverse effect on the selected designated beneficial use, such as hydroelectric

generation.
At the end of a consultation PASSSFA not only lists the recommended variables,

but also assigns a confidence factor to each recommended variable. The expert sys-
tem shell provided a scale of 0 to 100 for these confidence factors, but the inherent
uncertainty in recommending variables means that we only used 5-point incre-
ments (e.g., 70, 75, 80). Since we also only recommended those variables which
were most likely to be useful, the minimum confidence factor is 65. Conversely,
there are very few cases where we were absolutely certain that a given variable
would be useful, and for this reason very few combinations generate variables with

confidence factors higher than 90 or 95.
The intent of the confidence factors is to provide a relative ranking of the

likely usefulness of each variable recommended at the end of a consultation.
Confidence factors were assigned for each variable in each case by a small panel of
experts. The confidence factors were then reviewed by the authors for consistency;
discrepancies were brought back to the panel for further review and revision. A
series of cautionary notes in PASSSFA and the user's guide explicitly state that
the confidence factors are relative indices based on professional judgement and not

absolute values that will apply in all cases.
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4.4. PROBLEMS IN THE DEVELOPMENT AND USE OF PASSSFA

The development ofPASSSFA was greatly simplified because most of the informa-
tion to be captured in the rule base was already present in a form conducive to the
development of an expert system. It was necessary to convene a panel of experts
to finalize the list of recommended variables for each possible situation and assign
confidence factors, but the consistency in logic meant that this process was not as
time-consuming as it might initially appear. As a result, most of the problems in
developing PASSSFA stemmed from the inherent limitations of the expert system
shell.

Table IV lists the problems encountered in developing PASSSFA and our solu-
tions. The most serious limitation was the means by which PASSSFA recalculates
the assigned confidence factors when a variable is selected by more than one rule.
In such cases the assigned confidence factor is determined by summing the two
confidence factors and then subtracting the product. If, for example, forest fertil-
ization and forest harvest were the two management activities, benthic algae might
be selected in both cases. The difficulty of monitoring benthic algae would suggest
a low confidence interval in each case, but if the individual confidence factors were
75 and 70, the program would assign a value of [(0.75 + 0.70) -0.75 x 0.70] x
100, or 93. .

Although this recalculation of confidence factors follows standard certainty the-
ory as applied to expert systems (Luger and Stubblefield, 1989), it is not appropriate
in the case of PASSSFA. Multiple selection of a potential monitoring variable may
make for a more efficient variable (i.e., a variable can serve more than one purpose),
but this does not necessarily increase its likelihood of providing useful information.
The problem could be avoided by limiting the user to one designated use and one
management activity, but this would require the user to conduct a series of separate
consultations and thereby eliminate one advantage of using PASSSFA.

This recalculation of confidence factors was not an issue in the print version
because the shell only allowed the user to select one management activity and one
beneficial use. Consideration of multiple management activities or beneficial uses
therefore requires sequential consultations with the print version, but comparisons
are both documented and facilitated with the hard copy output.

The problem with the recalculation of confidence factors could have been avoid-
ed by directing the expert system to produce separate lists of recommended vari-
abIes for each activity and each designated use at the end of a consultation. Howev-
er, this alternative was precluded because the software had a 1000-character string
limit for any input or output screen.

This latter constraint also limited the amount of explanatory text which could
be put on the final screen with the list of recommended variables. If a user chose
to select all nine management activities, all six designated beneficial uses, and
high values for all the cost and access factors, the list of recommended variables
would require more than 800 characters. Thus we had to limit the explanatory text
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TABLE IV

List of problems encountered in developing PASSSFA and our solutions

Problem Solution

Cautionary and explanatory text was
shifted to the introductory screens.

2. 2. No solution found. Several warnings to
the user were included in PASSSFA and
the User's Guide.

3. 3.

4. 4.

No solution found. User must print and
compare the results from a series of
consultations.

No solution found. No character format-
ting was included within PASSSFA.

5. 5. These commands ,

using combinations

within VP-Expert.

6. 6. Error tracking and trouble shooting was
done by manually checking the rule base.

7.

No screen, including the final list of rec-
ommended variables, can exceed 1,000
characters in length.

If the user chooses more than one man-
agement activity or designated use, a
variable may be selected by more than
one rule. In such cases confidence fac-
tors are recalculated by adding them
together and subtracting the product.
This results in unrealistically high con-
fidence factors.

The print version did not allow the user
to select more than one management
activity or beneficial use.

The possibilities for character format-
ting (e.g., underlining, italics) indicated
in the VP-Expert documentation result-
ed in flawed displays (e.g., umlauts over
the vowels).

Some commands used in the develop-
ment of a working expert system are
not recognized in the compiled (run-
time) version for public distribution
(e.g., SORT, EXECUTE, PRINTON-
PRINTOFF).
Trouble shooting aids identified in the
documentation were difficult to use and
not very effective.

Technical help from the software distrib-
utor was very limited.

7. Authors used trial and error in lieu of
technical assistance.

preceding the variables to less than 200 characters. This in turn forced us to place
most of the cautionary information on the confidence factors in the introductory
screens where it is less likely to be read or remembered. Exceeding the 1000
character limit causes the program to lock up the computer and no further action is
possible until the computer is rebooted.

A series of other programming and software difficulties slowed the development
ofPASSSFA. In particular, the time required for the inference engine to sort through
the rulebase became unacceptably long on a 386-based computer when the rulebase
exceeded approximately 500 rules. Since we did not want to limit the program to
more powerful microprocessors, we had to design and structure the rule base to

were emulated by
of other commands
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minimize the number of rules. As noted earlier, this was achieved primarily by
grouping the variables into classes.

Another common problem in developing a rule base is the identification and
elimination of duplicate rules. In the case of PASSSFA, it was relatively easy to
identify the presence of duplicate rules because the resulting confidence factors
were different than the values assigned in the rule base. Finding the duplicate
rules was more problematic because the tree diagrams and other diagnostic tools
contained in the expert system shell were difficult to understand and not well suited
to our needs. Hence both the elimination of duplicate rules and error checking was
done by d time-intensive manual review of the rule base.

Other problems with the expert system shell were found by trial-and-error,
and these were generally resolved by taking a different tack (Table IV). char-
acter formatting was theoretically possible but eliminated in the final version
because it would lead to flawed displays. Commands used in the development
of the executable version were found not to work in the runtime version for public

dissemination.
The more general lesson from our experience is that software manuals tend to

emphasize program features rather than limitations, and additional time should be
budgeted for diagnosing problems and then learning to work around them. Shells
with a longer history of use are less likely to contain undocumented bugs. It follows
that anyone wishing to develop an expert system should know exactly what will be
required of the shell, and carefully match their needs to the features of the shells
under consideration. In our case we did not switch to a different shell because
of cost, unfamiliarity with other shells, a reluctance to back away from the effort
already invested, and the belief that the limitations in Table IV, while severe, did
not compromise the primary purpose of PASSSFA.

s. Limitations of PASSSFA and Implications for Other Expert Systems

A major limitation of PASSSFA and other expert systems is the difficulty of val-
idation. By definition, expert systems are based on heuristic, empirical rules and
professional judgement. Any attempt to validate the recommendations or conclu-
sions will be confounded by differences in professional opinion as well as actual
'errors' in the results (O'Keefe et al., 1988). In the case of PASSSFA, these lim-
itations are explicitly recognized, and the recommended monitoring variables are
identified as best professional judgement rather than absolute guides.

An even more difficult task is to evaluate the effect of an expert system such as
PASSSFA on the quality of natural resource management decisions. Hundreds of
copies ofPASSSFA have been distributed throughout the U.S. and Canada, but there
has been no systematic attempt to assess its use or accuracy. Feedback and continued
development of an expert system generally requires: (1) an institutional structure
which supports the dissemination and use of a particular expert system, and (2)
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a continuing need for the expertise provided by the expert system. Occasional
feedback from users has shown only that PASSSFA is considered helpful and easy
to use.

A second limitation of expert systems is the problem of incorporating all the
factors relevant to the problem at hand. The application of expert systems to
natural resources management is particularly difficult because of the tremendous
variability in local conditions and the unpredictability of future events. PASSSFA
recommends the most likely variables for monitoring based on current under-
standing and average conditions. Inevitably, however, there will be some situations
where the recommended variables are less applicable. Other factors, such as stream
type, operator skill, and use of best management practices, are important in deter-
mining the likely response of a stream to a given set of management activities.
Both PASSSFA and the user's guide explicitly state that the recommended vari-
ables must be evaluated in the context of local professional judgement and site
conditions (Figure 1).

Increasing the complexity of an expert system will generally make it more
realistic, but this additional complexity will also make its development, use, and
validation more difficult. The most commonly suggested improvement for PASSS-
FA is to add a component on statistics. Users would like to be able to quantitatively
evaluate their ability to detect change as a function of sample size, variability, level
of significance, and statistical power. Ideally these calculations could be coupled
with the estimated variability of the recommended variables, and this could be
done by linking a separate statistical component to PASSSFA.

Such an integration of models and expert systems is probably the most effective
way to assist natural resource decision-making. Expert systems are limited to
certain types of problems and usually do not provide feedback on the implications
of a certain choice. Decision-support systems are increasingly common and offer
more flexibility in terms of incorporating and manipulating information. Neural
networks represent another approach which may provide more scope for self-
learning and may require less time to capture and organize expert opinion.

The critical step is to clearly identify the goals and projected use of an expert
system or other computer-based program. The complexity of natural systems means
that expert systems like PASSSFA cannot make absolute r~commendations or
completely substitute for professional knowledge. In the field of natural resource
management, expert systems are probably most useful as an initial guide, a check
on one's judgement, and a stimulus for further investigation.

6. Conclusions

Expert systems can improve natural resource decision-making by providing an
independent and relatively unbiased opinion ('best professionaljudgement'). How-
ever, the rule base that forms the core of expert systems cannot fully capture the
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complexity of natural resource systems, the variability in management activities,
and the complete range of management options. Hence expert systems must be
considered a decision support tool rather than a substitute for professional training
and experience.

PASSSFA is an expert system which identifies those variables most useful
for monitoring the effects of forestry and other extensive land use activities on
streams. The list of potential monitoring variables has been extended to include
tho~e channel morphologic and biologic variables which are both sensitive to
management and can be directly related to key designated beneficial uses such as
domestic water supply or coldwater fisheries.

PASSSFA uses a backward-chaining procedure to achieve its plural goal. The
first two steps in the selection process require the user to identify the designated
beneficial use(s) of water and the management activities. Additional information
is solicited as necessary on accessibility during high flows, frequency of sampling,
and funds available for equipment, sample collection, and sample analysis. The list
of recommended variables and their respective confidence factors is routed either
to the screen or a printer. Since most of the knowledge in PASSSFA was obtained
from an existing publication by the senior author, the problems in developing
PASSSFA stemmed primarily from limitations of the commercial expert system

shell.
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