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Example Criteria and Methodologies for Prioritizing Indicators
This document includes a number of different examples of how various groups or programs have prioritized ecological indicators based on a set of criteria. 

Section 1: Example criteria for evaluating ecological indicators

· EPA’s evaluation guidelines for ecological indicators (Jackson et al. 2000)
· Considerations For The Development Of A Terrestrial Index Of Ecological Integrity (Andreasen et al. 2001)
· A Planning Approach For Developing Inventory And Monitoring Programs In National Parks (Analytical Hierarchy Process - Peterson et al. 1995)
· Challenges In The Development And Use Of Ecological Indicators (Dale and Beyeler 2001)
· Lake Mead National Recreation Area Vital Signs Workshop Summary (NPS 1999)
· Conceptual basis for designing an effectiveness monitoring program (Noon et al. 1999)
· Canada’s Ecological Monitoring And Assessment Network’s Proposed Core Monitoring Variables: An Early Warning Of Environmental Change (Tegler et al. 2001)
Section 2: Methodologies

· Example of the Analytical Hierarchy Process for Olympic NP (Jenkins et al. 2002)
· Analytical Group Decision Making In Natural Resources: Methodology And Application (Schmoldt and Peterson 2000)
· Northern Colorado Plateau Network’s Summary of Criteria used to rank indicators, from ecological literature (from Mark Miller)
Section 1:  Example Criteria for Evaluating Ecological Indicators
From Evaluation Guidelines for Ecological Indicators  (Jackson et al. 2000)
Application of the Guidelines

Download "EPA Guidelines for Evaluating Ecological Indicators"
Download "Challenges in the Use of Ecological Indicators in .pdf format

This document was developed both to guide indicator development and to facilitate indicator review. Researchers can use the guidelines informally to find weaknesses or gaps in indicators that may be corrected with further development. Indicator development will also benefit from formal peer reviews, accomplished through a panel or other appropriate means that bring experienced professionals together. It is important to include both technical experts and environmental managers in such a review, since the Evaluation Guidelines incorporate issues from both arenas. This document recommends that a review address information and data supporting the indicator in the context of the four phases described. The guidelines included in each phase are functionally related and allow the reviewers to focus on four fundamental questions: 

Table 1.  The four overarching guidelines for indicator development (from Jackson et al. 2000).

	Phase 1 - Conceptual Relevance: 
	Is the indicator relevant to the assessment question (management concern) and to the ecological resource or function at risk?

	Phase 2 - Feasibility of Implementation:
	Are the methods for sampling and measuring the environmental variables technically feasible, appropriate, and efficient for use in a monitoring program?

	Phase 3 - Response Variability: 
	Are human errors of measurement and natural variability over time and space sufficiently understood and documented?

	Phase 4 - Interpretation and Utility:
	Will the indicator convey information on ecological condition that is meaningful to environmental decision-making?




Presentation of the Guidelines
Phase 1: Conceptual Relevance
The indicator must provide information that is relevant to societal concerns about ecological condition. The indicator should clearly pertain to one or more identified assessment questions. These, in turn, should be germane to a management decision and clearly relate to ecological components or processes deemed important in ecological condition. Often, the selection of a relevant indicator is obvious from the assessment question and from professionaI judgement. However, a conceptual model can be helpful to demonstrate and ensure an indicator's ecological relevance, particularly if the indicator measurement is a surrogate for measurement of the valued resource. This phase of indicator evaluation does not require field activities or data analysis. Later in the process, however, information may come to light that necessitates re-evaluation of the conceptual relevance, and possibly indicator modification or replacement Likewise, new information may lead to a refinement of the assessment question.
Guideline 1: Relevance to the Assessment
Early in the evaluation process, it must be demonstrated in concept that the proposed indicator is responsive to an identified assessment question and will provide information useful to a management decision. For indicators requiring multiple measurements (indices or aggregates), the relevance of each measurement to the management objective should be identified. In addition, the indicator should be evaluated for its potential to contribute information as pail of a suite of indicators designed to address multiple assessment questions. The ability of the proposed indicator to complement indicators at other scales and levels of biological organization should also be considered. Redundancy with existing indicators may be permissible, particularly if improved performance or some unique and critical information is anticipated from the proposed indicator.

Guideline 2: Relevance to Ecological Function
It must be demonstrated that the proposed indicator is conceptually linked to the ecological function of concern. A straightforward link may require only a brief explanation. If the link is indirect or if the indicator itself is particularly complex, ecological relevance should be clarified with a description, or conceptual model. A conceptual model is recommended, for example, if an indicator is comprised of multiple measurements or if it will contribute to a weighted index. In such cases, the relevance of each component to ecological function and to the index should be described. At a minimum, explanations and models should include the principal stressors that are presumed to impact the indicator, as well as the resulting ecological response. This information should be supported by available environmental, ecological and resource management literature.

Phase 2: Feasibility of Implementation
Adapting an indicator for use in a large or long-term monitoring program must be feasible and practical. Methods, logistics, cost, and other issues of implementation should be evaluated before routine data collection begins. Sampling, processing and analytical methods should be documented for all measurements that comprise, the indicator. The logistics and costs associated with training, travel, equipment and field and laboratory work should be evaluated and plans for information management and quality assurance developed.
	Note: Need For a Pilot Study
If an indicator demonstrates, conceptual relevance to the environmental issue(s) of concern, tests of measurement practicality and reliability will be required before recommending the indicator for use. In all likelihood, existing literature will provide a basis for estimating the feasibility of implementation (Phase 2) and response variability (Phase 3). Nonetheless, both new and previously-developed indicators should undergo some degree of performance evaluation in the context of the program for which they are being proposed.
A pilot study is recommended in a subset of the region designated for monitoring. To the extent possible, pilot study sites should represent the range of elevations, biogeographic provinces, water temperatures, or other features of the monitoring region that are suspected or known to affect the indicator(s) under evaluation. Practical issues of data collection, such as time and equipment requirements, may be evaluated at any site. However, tests of response variability require a prior knowledge of a site's baseline ecological condition.
Pilot study sites should be selected to represent a gradient of ecological condition from best attainable to severely degraded. With this design, it is possible to document an indicator's behavior under the range of potential conditions that will be encountered during routine monitoring. Combining attributes of the planned survey design with an experimental design may best estimate the variance components. The pilot study will identify benchmarks of response for sensitive indicators so that routine monitoring sites can be classified on the condition gradient The pilot study will also identify indicators that are insensitive to variations in ecological condition and therefore may not be recommended for use.
Clearly, determining the ecological condition of potential pilot study sites should be accomplished without the use of any of the indicators under evaluation. Preferably, sites should be located where intensive studies have already documented ecological status. Professional judgement may be required to select additional sites for more complete representation of the region or condition gradient.


Guideline 3: Data Collection Methods
Methods for collecting all indicator measurements should be described. Standard, well-documented methods are preferred. Novel methods should be defended with evidence of effective performance and, if applicable, with comparisons to standard methods. If multiple methods are necessary to accommodate diverse circumstances at different sites, the effects on data comparability across sites must be addressed. Expected sources of error should be evaluated.

Methods should be compatible with the monitoring design of the program for which the indicator is intended. Plot design and measurements should be appropriate for the spatial scale of analysis. Needs for specialized equipment and expertise should be identified.

Sampling activities for indicator measurements should not significantly disturb a site. Evidence should be provided to ensure that measurements made during a single visit do not affect the same measurement at subsequent visits or, in the case of integrated sampling regimes, simultaneous measurements at the site. Also, sampling should not create an adverse impact on protected species, species of special concern, or protected habitats.

Guideline 4: Logistics
The logistical requirements of an indicator can be costly and time-consuming. These requirements must be evaluated to ensure the practicality of indicator implementation, and to plan for personnel, equipment, training, and other needs. A logistics plan should be prepared that identifies requirements, as appropriate, for field personnel and vehicles, training, travel, sampling instruments, sample transport, analytical equipment, and laboratory facilities and personnel. The length of time required to collect, analyze and report the data should be estimated and compared with the needs of the program.

Guideline 5: Information Management
Management of information generated by an indicator, particularly in a long-term monitoring program, can become a substantial issue. Requirements should be identified for data processing, analysis, storage, and retrieval, and data documentation standards should be developed. Identified systems and standards must be compatible with those of the program for which the indicator is intended and should meet the interpretive needs of the program. Compatibility with other systems should also be considered, such as the internet, established federal standards, geographic information systems, and systems maintained by intended secondary data users.

Guideline 6: Quality Assurance
For accurate interpretation of indicator results, it is necessary to understand their degree of validity. A quality assurance plan should outline! the steps in collection and computation of data, and should identify the data quality objectives for each step. It is important that means and methods to audit the quality of each step are incorporated into the monitoring design. Standards of quality assurance for an indicator must meet those of the targeted monitoring program.

Guideline 7: Monetary Costs
Cost is often the limiting factor in considering to implement an indicator. Estimates of all implementation costs should be evaluated. Cost evaluation should incorporate economy of scale, since cost per indicator or cost per sample may be considerably reduced when data are collected for multiple indicators at a given site. Costs of a pilot study or any other indicator development needs should be included if appropriate.

Phase 3: Response Variability
It is essential to understand the components of variability in indicator results to distinguish extraneous factors from a true environmental signal. Total variability includes both measurement error introduced during field and laboratory activities and natural variation, which includes influences of stressors. Natural variability can include temporal (within the field season and across years) and spatial (across sites) components. Depending on the context of the assessment question, some of these sources must be isolated and quantified in order to interpret indicator responses correctly. It may not be necessary or appropriate to address all components of natural variability. Ultimately, an indicator must exhibit significantly different responses at distinct points along a condition gradient. If an indicator is composed of multiple measurements, variability should be evaluated for each measurement as well as for the resulting indicator.
Guideline 8: Estimation of Measurement Error
The process of collecting, transporting, and analyzing ecological data generates errors that can obscure the discriminatory ability of an indicator. Variability introduced by human and instrument performance must be estimated and reported for all indicator measurements. Variability among field crews should also be estimated, if appropriate. If standard methods and equipment are employed, information on measurement error may be available in the literature. Regardless, this information should be derived or validated in dedicated testing or a pilot study.

Guideline 9: Temporal Variability - Within the Field Season
It is unlikely in a monitoring program that data can be collected simultaneously from a large number of sites. Instead, sampling may require several days, weeks, or months to complete, even though the data are ultimately to be consolidated into a single reporting period. Thus, within-field season variability should be estimated and evaluated. For some monitoring programs, indicators are applied only within a particular season, time of day, or other window of opportunity when their signals are determined to be strong, stable, and reliable, or when stressor influences are expected to be greatest. This optimal time frame, or index period, reduces temporal variability considered irrelevant to program objectives. The use of an index period should be defended and the variability within the index period should be estimated and evaluated.

Guideline 10: Temporal Variability - Across Years
Indicator responses may change over time, even when ecological condition remains relatively stable. Observed changes in this case may be attributable to weather, succession, population cycles or other natural inter-annual variations. Estimates of variability across years should be examined to ensure that the indicator reflects true trends in ecological condition for characteristics that are relevant to the assessment question. To determine inter-annual stability of an indicator, monitoring must proceed for several years at sites known to have remained in the same ecological condition.

Guideline 11: Spatial Variability
Indicator responses to various environmental conditions must be consistent across the monitoring region if that region is treated as a single reporting unit. Locations within the reporting unit that are known to be in similar ecological condition should exhibit similar indicator results. If spatial variability occurs due to regional differences in physiography or habitat, it may be necessary to normalize the indicator across the region, or to divide the reporting area into more homogeneous units.

Guideline 12: Discriminatory Ability
The ability of the indicator to discriminate differences among sites along a known condition gradient should be critically examined. This analysis should incorporate all error components relevant to the program objectives, and separate extraneous variability to reveal the true environmental signal in the indicator data.

Phase 4: Interpretation and Utility
A useful ecological indicator must produce results that are clearly understood and accepted by scientists, policy makers, and the public. The statistical limitations of the indicator's performance should be documented. A range of values should be established that defines ecological condition as acceptable, marginal, and unacceptable in relation to indicator results. Finally, the presentation of indicator results should highlight their relevance for specific management decisions and public acceptability.
Guideline 13: Data Quality Objectives
The discriminatory ability of the indicator should be evaluated against program data quality objectives and constraints. It should be demonstrated how sample size, monitoring duration, and other variables affect the precision and confidence levels of reported results, and how these variables may be optimized to attain stated program goals. For example, a program may require that an indicator be able to detect a twenty percent change in some aspect of ecological condition over a ten-year period, with ninety-five percent confidence. With magnitude, duration, and confidence level constrained, sample size and extraneous variability must be optimized in order to meet the program's data quality objectives. Statistical power curves are recommended to explore the effects of different optimization strategies on indicator performance.

Guideline 14: Assessment Thresholds
To facilitate interpretation of indicator results by the user community, threshold values or ranges of values should be proposed that delineate acceptable from unacceptable ecological condition. Justification can be based on documented thresholds, regulatory criteria, historical records, experimental studies, or observed responses at reference sites along a condition gradient. Thresholds may also include safety margins or risk considerations. Regardless, the basis for threshold selection must be documented.

Guideline 15: Linkage to Management Action
Ultimately, an indicator is useful only if it can provide information to support a management decision or to quantify the success of past decisions. Policy makers and resource managers must be able to recognize the implications of indicator results for stewardship, regulation, or research. An indicator with practical application should display one or more of the following characteristics: responsiveness to a specific stressor, linkage to policy indicators, utility in cost-benefit assessments, limitations and boundaries of application, and public understanding and acceptance. Detailed consideration of an indicator's management utility may lead to a re-examination of its conceptual relevance and to a refinement of the original assessment question.

From Considerations For The Development Of A Terrestrial Index Of Ecological Integrity
(Andreasen et al. 2001) 
Multiple levels of information are needed to make effective decisions and the ideal indicators for measuring ecosystem integrity will incorporate information from multiple dimensions of the ecosystem. A terrestrial index of ecological integrity would be a useful tool for ecosystem managers and decision makers. The ideal requirements of the terrestrial index of ecosystem integrity (TIEI) are that it be comprehensive and multi-scale, grounded in natural history, relevant and helpful, able to integrate concerns from aquatic and terrestrial ecology, and that it be flexible and measurable. (Andreasen et al. 2001)

Table 2. Information required to evaluate a candidate metric (from Andreasen et al. 2001).
	Candidate metric

(name/description)
	Information required



	Component of

ecosystem integrity
	Does the proposed metric relate to composition, structure, or function?



	Scale
	What temporal/spatial scale(s) of ecosystem integrity is/are addressed by this metric?

	Organizational level
	Does the metric relate to population, community, ecosystem, watershed, or landscape levels of integrity?

	Applicability
	Could this metric be used throughout the ecoregion?

	Endpoint(s)
	What is/are the specific endpoint(s) for which this metric provides information?

	Ease of interpretation
	Are changes in the metric value easily interpreted by the public and decision makers? Is the metric (or the correlated endpoint(s)) relevant to societal values and risk management objectives?

	Aquatic/terrestrial
	Is/are the endpoint(s) aquatic or terrestrial? Does the metric provide information on the linkage between terrestrial and aquatic ecosystems?

	Biotic/abiotic
	Does the metric relate to biotic or abiotic ecosystem components?

	Measureability
	Can the metric be quantified using available scientific technology? Are the measurements sensitive to sample size?

	Established relationship
	Are published studies available to confirm the relationship between the metric and the endpoint(s) of interest? Provide citation or indicate that scientific research would be required to establish the relationship.

	Level of confidence
	Do published studies provide measures of the statistical confidence that can be placed in the relationship?  Provide statistical values (preferably R2) with sample sizes, explain basis of confidence, or write in “?”

	Indicator range
	Can the total range of the metric be specified? Is there a reference condition within the ecoregion that can be used to specify an “ideal” or pre-settlement value for the metric? Is literature available to specify an “undesirable” value based on legal constraints, toxicological testing, or serious ecological impacts? Is the metric capable of providing continuous assessment of ecosystem integrity across the full range?

	Sensitivity
	How large a change in the metric is needed to determine that a significant change in the endpoint has occurred?

	Early warning potential
	Could a significant change in the metric be detected early enough to permit remedial action and ecosystem risk management?

	Availability
	Is the metric already being monitored throughout the ecoregion by other government or private organizations (e.g. NASA, Forest Service, EMAP, Audubon Society, etc.)? Will a specific monitoring program have to be established by the state to provide continuing assessment?

	Cost
	What is the cost to acquire the existing data or fund the specific monitoring teams?

	Diagnostic ability
	Is the metric able to distinguish anthropogenic influence from natural change?


From A Planning Approach For Developing Inventory And Monitoring Programs In National Parks
(Peterson et al. 1995)
Analytical Hierarchy Process (AHP)

The Analytical Hierarchy Process (AHP) utilizes a series of progressively more refined or detailed factors to define criteria used in the inventory and monitoring process.  Participants in the process select the criteria and then discuss methods of further subdividing the criteria.  In such a way, the participants gain a better understanding of a criterion and its linkage to the relevant indicator.  Rankings are assigned at each level. This approach helps to:

· organize complexity.
· incorporate quantitative information and knowledge and intuition.
· consider trade-offs among competing criteria.
· determine the best program alternatives.
· communicate to others the rationale for a decision.
· incorporate group judgments.
The following table lists possible criteria and sub-criteria used to prioritize indicators (in this case, “projects”) as part of the inventory and monitoring process.  The accompanying diagrams help illustrate and define the hierarchy.  The citation is specific to the National Park Service and provides a full explanation of the AHP as well as an example involving relevant indicators.
Table 3. Seven objectives of top level of I&M hierarchy (from Peterson et al. 1995)

Objective 1: Support Management Decision Making

The three most important criteria for determining how well a project supports management decision making are:

1. How important the decision is for which the project supplies supporting data

2. How badly the data are needed to make an informed decision

3. How well the project provides the data needed for the decision

Objective 2: Influence External Decisions Relevant to Park Management

The three most important criteria for determining how well a project provides data to support non-NPS decision making relevant

to park management are:

1. The importance of the decision to the park

2. The potential for park managers to influence the decision

3. The degree to which information from the project increases the influence of the National Park Service over the decision

Objective 3: Satisfy Legal Mandates

The two most important criteria for determining how well a project satisfies existing or potential legal requirements are (Figure 6):

1. The degree to which legal mandates are binding requirements

2. Whether data from the project is sufficient to satisfy the legal mandates

Objective 4: Maintain Familiarity with Park Resources

This objective is the first of three that are relevant to l&M activities that give resource managers a better understanding of natural resources. The four most important criteria for determining how well a project helps managers stay familiar with the resources with which they work are (Fig. 7):

1. The importance of the resource involved in the project

2. Whether the resource is changing

3. The amount of current knowledge of the resource

4. The degree to which the project fills gaps in current knowledge

Objective 5: Understand Ecosystem Function

This objective is the second of three that are relevant to l&M activities that give resource managers a better understanding of natural resources. The three most important criteria for determining how well a project helps improve understanding of ecosystem function are (Fig. 8):

1. The importance of the resource involved in the project

2. The amount of current knowledge of the resource

3. The degree to which the project considered fills in gaps in current knowledge

Objective 6: Provide Background Information for Use by Other Projects and Programs

This objective is the third of three that are relevant to l&M activities that give resource managers a better understanding of natural resources. The most important criterion for determining how well a project provides useful background material is (Figure 9):

1. How useful the information will be

Objective 7: Provide Background Information Against Which Areas Outside the Park are Compared

The three most important criteria for determining how well a project helps provide background information for other areas are (Figure 10):

1. The regional importance of the resource involved in the project

2. The comparability of the resources and areas compared

3. The usefulness of the project for providing a warning about changes in resource conditions at the regional scale
From Challenges In The Development And Use Of Ecological Indicators
(Dale and Beyeler 2001)

The following are criteria for prioritizing ecological indicators as listed by Dale and Beyeler (2001).  Note that the authors emphasize that ecological indicators need to encompass the full complexity of ecological systems (composition, structure, function) and need to be scientifically defensible and rigorous.  Further, they suggest that management goals and objectives be well defined.  The most difficult challenge, however, may be incorporating social and economic goals into the ecological indicator selection process (Dale and Beyeler 2001).
Ecological indicators:
· are easily measured.
· are sensitive to stresses on system.
· respond to stress in a predictable manner.
· are anticipatory: signify an impending change in the ecological system.
· predict changes that can be averted by management actions.
· are integrative: the full suite of indicators provides a measure of coverage of the key gradients across the ecological systems (e.g. soils, vegetation types, temperature, etc.).
· have a known response to natural disturbances, anthropogenic stresses, and changes over time.
· have low variability in response.
From Lake Mead National Recreation Area Vital Signs Workshop Summary 

(NPS 1999)

Desirable characteristics of indicators: 

· have dynamics that parallel those of the ecosystem or component of interest. 

· are sensitive enough to provide an early warning of change. 

· have low natural variability.
· provide continuous assessment over a wide range of stress. 

· have dynamics that are easily attributed to either natural cycles or anthropogenic stressors. 

· are distributed over a wide geographical area and/or are very numerous. 

· are harvested, endemic, alien, species of special interest, or have protected status. 

· can be accurately and precisely estimated. 

· have costs of measurement that are not prohibitive. 

· have monitoring results that can be interpreted and explained. 

· are low impact to measure.

· have measurable results that are repeatable with different personnel.
From Conceptual basis for designing an effectiveness monitoring program
(Noon et al. 1999)

The list of candidate indicators can be narrowed by focusing on those with the following properties:

· Their dynamics parallel those of the larger environmental component or system of  ultimate interest;

· They each show a short‑term but persistent response to change in the status of the environment;

· They can be accurately and precisely estimated (that is, a high signal‑to‑noise ratio);

· The likelihood of detecting a change in their magnitude is high, given a change in the status of the system being monitored;

· Each demonstrates low natural variability, or additive variation, and changes in their values can readily be distinguished from background variation; and

· The costs of measurement are not prohibitive.

From Ecological Monitoring And Assessment Network’s Proposed Core Monitoring Variables: An Early Warning Of Environmental Change
(Tegler et al. 2001)

Link to Summary of EMAN Prioritization Process.
The Ecological Monitoring and Assessment Network (EMAN) in Canada has put considerable effort into developing a suite of core variables that will be used to monitor the condition of natural resources across Canada and provide early warning of ecosystem change.  The overall goal of EMAN is to “promote the acquisition of relevant and consistent data that can be used to report on national trends and provide an early warning of ecosystem change.” After reviewing the literature and other large-scale integrated monitoring programs in the United States and Canada, the EMAN program evaluated 1,770 potential indicators using three primary criteria to produce a list of 188 candidate monitoring variables, and then did a more detailed evaluation of those using twenty criteria based on data quality, applicability, data collection methods, data analysis and interpretation, existing data and programs, and cost effectiveness to select a draft set of core monitoring variables (CMV).

The following three reports that describe the process in detail, and provide more information on the monitoring variables that were evaluated, can be downloaded from http://www.eman-rese.ca/eman/reports/publications/intro.html
· Environment Canada. 2000 - A Comparison Between the EMAN Core Monitoring Variables and Monitoring Activities at EMAN Sites - Report prepared by North-South Environmental Inc., Campbellville, Ontario, for Environment Canada, EMAN Coordinating Office, Burlington, Ontario, Canada 

· Environment Canada. 2000 - Case Studies to Test the Efficacy of EMAN Core Monitoring Variables - Final Consultants Report prepared by North-South Environmental Inc. Campbellville, Ontario, for Environment Canada, EMAN Coordinating Office, Burlington, Ontario, Canada. 

· Environment Canada. 2000 - Selecting Core Variables for Tracking Ecosystem Change at EMAN Sites - Final Consultants Report prepared by Geomatics International Inc. Guelph, Ontario, for Environment Canada, EMAN Coordinating Office, Burlington,Ontario, Canada

Goal: To select about twenty-five (25) core variables, that work together as a suite, to detect and track change within the ecosystem.

Objectives: 

· Selected variables should identify significant changes in ecosystems so as to trigger and guide the design of more detailed investigations.

· Selected variables must be suitable for measurement and comparison among a variety of sites.  The variables should be selected so as to be measurable at each of a series of ESC's that may have ranges of climatic, topographic, soil and vegetation conditions.  Optimally, variables would be applicable to forest, grassland, tundra, marine, freshwater and wetland ecosystems of Canada.

· Selected variables should be characterized by cost-effective sampling methods.  This may include simple, low-tech or low-cost data collection methods.  This does not, however, preclude the selection of variables that have more complex or expensive collection methods providing they can be shown to be cost-effective, e.g. data collection every five years results in low annual cost.

· Selected variables should fit easily into existing monitoring programs, with a preference given to the selection of existing national and international indicators where possible.

Table 4: Primary criteria used to evaluate the preliminary monitoring variables.  (from Tegler et al. 2001)
	Primary Criteria
	Explanation of Criteria

	1. Monitoring variable will provide meaningful data on changes in Canadian ecosystems
	· monitoring variable addresses one or more environmental themes and issues 

· monitoring variable data may be related to an ecosystem moving out of its normal range of resilience that may lead to degradation 

· monitoring variable is sensitive 

· monitoring variable integrates ecosystem stresses over space and time 

· monitoring variable is scientifically valid and accepted 

	2. Monitoring variable can be applied across a range of ecosystems types
	· monitoring variable can be used over a wide range of climatic, soil, topographic and vegetation conditions

	3. Monitoring variable is cost-effective to monitor and evaluate
	· monitoring variable sampling cost-effective, e.g. a relatively simple sampling method applied frequently or a more complex method applied infrequently 

· monitoring variable sampling can be carried out by anyone with a strong interest in the natural environment with appropriate training and/or using a detailed guide


Table 5: Secondary Criteria used to select proposed monitoring variables of ecosystem change (Weight is x1 unless indicated).  (from Tegler et al. 2001)
	Criteria
	Explanation of Criteria
	Examples of application
	Score
	Weight

	DATA QUALITY

	Sensitive to change
	· indicator has a high signal to noise ratio, it does not exhibit large, naturally occurring variability 

· indicator responds to small changes in the environment
	· very sensitive to change 

· moderate sensitivity 

· not sensitive (a lot of variability)
	3
2
1
	x2

	Trend or threshold detection ( changes)
	· over time indicator provides data on positive or negative trends in ecosystem integrity
	· provides good trend information 

· trend difficult to interpret 

· does not provide trend information 
	3

2
1
	 

	Relevance (measure of ecosystem change)
	· indicator measures changes in ecosystems which are beyond normal variation
	· extremely relevant 

· relevant 

· not relevant
	3
2
1
	x2

	Response time (fast/moderate/slow)
	· indicator lag time between changes in ecosystem integrity and response of indicator measure
	· fast response time 

· moderate response time 

· slow response time
	3
2
1
	 

	Repeatable
	· high precision in data collection (low error)
	· high precision 

· adequate precision 

· low precision
	3
2
1
	 

	Accurate
	· indicator provides a true measure; limited chance for false readings
	· indicator provides a true measure 

· limited chance for false readings 

· false readings are common
	3

2

1
	 

	APPLICABILITY

	Number of ecozones where useable
	· see ecological framework
	· applicable to both marine & terrestrial ecozones 

· applicable to all marine or terrestrial ecozones 

· applicable some marine or terrestrial ecozones
	3


2

1
	 

	Integration of ecosystem components
	· indicator is a response to more than one ecosystem structure or function component
	· incorporates a large number of components 

· incorporates a few components 

· incorporates one component only
	3

2

1
	 

	DATA COLLECTION METHODS 

	Data collection methods well documented
	· clear step by step reference of methods available for the indicator 

· methods are validated and commonly accepted
	· clear step by step accepted methods published 

· methods available but not commonly accepted 

· methods undeveloped or proposed
	3


2

1
	 

	Specialized knowledge not required for data collection
	· indicator sampling can be carried out by anyone with a strong interest in the natural environment with appropriate training and/or using a detailed guide
	· suitable for volunteer implementation 

· suitable for guided volunteers 

· specialized training required
	3

2

1
	 

	Specialized equipment not required
	· common field equipment used; e.g. quadrates, micro-voltmeter, oxygen sensor, etc.
	· no equipment required 

· equipment easy to obtain and use 

· equipment difficult to obtain and use
	3
2

1
	 

	DATA ANALYSIS & INTERPRETATION

	Analysis cost-effective
	· field measurements provide the raw data for interpretation 

· lab analysis is available and cost-effective for periodic sampling
	· field measurements provide raw data 

· lab analysis is cost-effective 

· requires comprehensive and costly lab analysis
	3

2
1
	 

	Information is easily communicated & presented
	· simple tables, graphs, charts can be used to clearly present the results of the data analysis
	· end product easily presented & comprehensible 

· somewhat easily presented and comprehensible 

· not easily presented and comprehensible
	3


2

1
	 

	EXISTING DATA/PROGRAMS

	Number of years of available data
	· more years of available indicator data is desirable 

· data among years must be comparable
	· long-term or continuous data set available 

· some data available 

· no data available
	3

2
1
	x.25

	Number of stations with available data
	· more stations with available data is desirable 

· data among stations must be comparable
	· more than 20 stations 

· between 1 and 20 stations 

· one or no stations
	3
2
1
	x.25

	Number of stations across a range of ecozones
	· more ecozones with available data is desirable 

· data among ecozones must be comparable
	· more than 10 ecozones 

· between 1 and 10 ecozones 

· one ecozone
	3
2
1
	x.25

	Data readily available or shared
	· indicator data published or can be obtained free of charge
	· good meta data freely available in a usable format 

· freely available or usable or poor meta data 

· meta data not available
	3

2

1
	x.25

	Base line conditions established
	· indicator conditions representative of a healthy natural system have been determined
	· baseline conditions established and available 

· incomplete baseline data available 

· no baseline established or available
	3

2

1
	x.25

	Trend analysis completed
	· sufficient indicator data has been collected and analyzed to show trends over time
	· trends established and available 

· incomplete trend data available or analyzed 

· no trend data available or analyzed
	3

2

1
	x.25

	COST

	  
	· low average annual cost of indicator measurement and analysis
	· relatively inexpensive 

· moderately expensive 

· very expensive 
	3
2
1
	x3


Section II.  Methodologies
Use of the Analytical Hierarchy Process

From A Framework for Long-term Ecological Monitoring

in Olympic National Park:  Prototype for the Coniferous Forest Biome
(Jenkins et al. 2002)
The process seems most productively applied to monitoring questions (rather than indicators) and can be summarized as having the following steps (Peterson et al. 1994, 1995):

Identify the objectives of the monitoring program. The objectives should be based on those of the national program (Chapter 1.2) but may include some additional ones reflecting the local program. For example, an additional objective for Olympic National Park might be to meet the expectations of a prototype park. Peterson et al. (1995) recommend working with no more than seven objectives.

Identify criteria that can be used to determine how well each monitoring question meets each objective.

Determine a quantitative weight for each objective, and criterion within objectives, according to its importance relative to other objectives and criteria. For example, all criteria may be considered equal, or some may have greater importance than others.

Rate each monitoring question for each criterion across all objectives on a scale of 1-5 according to how well it meets the criterion.

Calculate the final rating for each question by weighting the scores for each question as determined above and sum across all criteria.

Identify a cut-off point or some other criterion for determining which questions will be included in the monitoring program and which will not. Those that will not be included at this stage may be considered at a later time should resources or priorities change.

Many monitoring questions can be addressed using more than one indicator.  Thus, priorities also need to be established for the potential indicators within each monitoring question.  Indicators could be chosen for each question by repeating the analytical hierarchy process within each question using different objectives. Objectives for indicators may include cost, availability of protocols, desirable statistical properties, etc. Alternatively, chosen indicators could simply reflect the priority of the question. Accordingly, questions with a higher priority are appropriate for a more intensive effort than those with lower priority.

The analytical hierarchy process, or any other formal process for setting priorities, is merely a tool—decisions are ultimately made by, and the responsibility of resource managers.

Condensed from Analytical Group Decision Making In Natural Resources: Methodology And Application  (Schmoldt and Peterson 2000)

 (N.B.--Methodology used at a fire-disturbance workshop and based on the analytical hierarchy process or AHP)
Divide into Small Workgroups
Each workgroup:

· consisted of four to six members (divided by their expertise),
· dealt with a single topic, 
· had a discussion leader (not a facilitator, in the sense of being impartial and
· being uninvolved in discussions) who used a flip chart, and 

· a recorder (who takes notes, maintains idea lists, and records judgments. 
· Group members were allowed to participate in other workgroups.
General Agenda

· a half day of general and technical presentations on the first day
· a brief introduction to the workshop structure/process (including the use of brainstorming, the AHP, the straw document, and subsequent analyses of priority vectors).
· all day on the second day and for 2 hours on the morning of the third day to discuss and synthesize their results
· Total time spent in workgroups was 10 hours.
· a summary presentation to the entire group by a workgroup member
· questions and suggestions offered to each workgroup (plenary debriefing).
Workgroup Discussion (in a limited timeframe)
· A straw document was used as a discussion template that allowed us to pre-assign topics to small workgroups and to help “jump-start” workgroup discussions (Schmoldt and Peterson 1991).
· All straw document content was open for revision by the workgroups except the primary topics.
Hierarchical Organization of Topics
· The AHP method was used. (See A Planning Approach For Developing Inventory And Monitoring Programs In National Parks (Peterson et al. 1995) summarized previously.)

· The hierarchy used generic concepts of primary topics, key questions, and responses built into the straw document and generated by an initial focus group.

· This structure could be modified by workgroups they developed their own topics, questions, and responses, but the global hierarchy was necessary to allow discussions to be consistent and comparable across the workshop.
Workshop Process Steps

Each group discussed and analyzed their primary topic. The steps enumerated below were recommended to facilitate workgroup conduct, and these steps were followed as closely as topics and time permitted. Ranking of key questions according to feasibility was optional, because this type of comparison could be awkward or unrealistic for some topics (see Step 3 below for greater elaboration on “feasibility” of questions).  The AHP ranking technique has features that make it easy to implement (pairwise comparisons) and provide reliable results (judgment consistency metrics). To ensure that workgroups did not get bogged down in any particular phase of discussion, periodic deadlines were instituted during the second day. These deadlines were not absolute but were intended to keep discussion moving and to prevent hurried attention to important steps later in the process. All six steps of the workshop process were completed by each workgroup in the time allotted. The level of detail and completion achieved by each workgroup varied by topic (Schmoldt et al. 1999). 
Step 1: Brainstorm the Key Questions

Within each of the four primary topics, important questions needed to be answered.  The straw document (Schmoldt et al. 1999) contained some examples of these, but workshop participants could identify other key questions that might be more appropriate.  Key questions were to be simple and concise, and participants were to avoid combining multiple or related ideas within the same question. Because this task involved idea/concept generation, rather than judgment, we felt that workgroup members would be able to reach agreement on these concepts without any formal procedures.

The intent of brainstorming is to generate lots of ideas, or in this case, key questions. In this step, workgroup members were to offer up ideas while someone recorded them. The objective was to generate key questions as quickly as possible.  No evaluation of questions was to be made; rather, judgment was deferred until the discussion step below. When the production of additional key questions began to dwindle, further enumeration was to be suspended and discussion commenced.
Step 2: Discuss the Key Questions

Key questions identified by brainstorming were further refined, and workgroups were asked to restate key questions to include a clear and unambiguous statement of the question and a thorough explanation of its rationale and its position within the primary topic. Recorders were asked to edit these descriptions as necessary and print out copies for all workgroup members to reference in subsequent discussions.
Step 3: Rank the Key Questions

By ranking only responses to each key question (see Step 6), it would be possible to prioritize research within each key question. Nevertheless, priorities that are more global can also be generated if key questions within each primary topic are also ranked with respect to importance and feasibility. Therefore, it was decided that ranking key questions would provide valuable additional information for making subsequent research agenda decisions. Feasibility of a key question, in this context, implies an ability/inability to answer a question; questions themselves are not infeasible. While workshop continuity would not have been disrupted if this key-question ranking step was delayed until later in the process, it was performed immediately following key question discussion so that discussion points were reflected in the judgments.  The workgroup members compared the key questions with respect to importance and feasibility. In this particular workgroup, members felt comfortable with announcing pairwise judgments verbally, while the recorder entered them into the spreadsheet. Other workgroups entered their values into judgment matrices on data sheets, which were subsequently entered into the spreadsheet model. The former process is faster, and verbal feedback on others’ scores helps ensure that individuals are making the proper comparison in each case. Potential pressure to conform does exist using verbal judgments, however.
Step 4: Brainstorm the Responses

As in Step 1 above, brainstorming can also be used effectively to quickly enumerate a list of potential responses to each key question. It was not critical whether the enumeration of responses to all the key questions preceded discussing responses to a particular key question or, alternatively, whether enumeration and discussion of all responses to each key question were performed in turn. The only requirement was one of deferred judgment; no evaluation or critique was allowed in this step. 
Step 5: Discuss the Responses

Because responses were intended to resolve an issue or provide a solution to the problem addressed in the key question, supporting rationale for each response was requested of the workgroups. These justifications were to include literature references, summarized research results, and other logical or philosophical support. Recorders edited these discussions into electronic summaries that were distributed to workgroup members before ranking.
Step 6: Rank Responses

The same procedure was used to rank responses to each key question in turn. The number of responses varied with each key question. Again, however, workgroup members compared responses for each question with respect to importance. Statistical analyses of the results were conducted.

	Northern Colorado Plateau Network’s Summary of Criteria used to rank indicators, from ecological literature (from Mark Miller)
Indicator evaluation criteria, v.2.  Changes from v.1:  Categories I-IV modified from those of EMAP (Jackson et al. 2000) to match Fancy's set.  Individual criteria rearranged among categories and lumped to minimize redundancy where possible.  An additional category (V. Existing Data) and several additional criteria added from EMAN (Tegler and Johnson 1999).  Category VI is not applied to individual indicators but is used to assess entire suite of selected indicators.  See accompanying MS Word file for list of cited literature (indicator_evaluation_v2.doc). 

	

	I. MANAGEMENT SIGNIFICANCE & UTILITY
	 

	I.a
	Relevant to the assessment question / management concern?  Provides information useful to management decision?
	Jackson et al. 2000*

	I.b
	Sensitive to stresses on system?  Responsive to specific stressor?
	Dale and Beyeler 2001, Jackson et al. 2000

	I.c
	Quantitative management thresholds (standards) for the indicator can be determined and used to delineate acceptable from unacceptable ecological conditions? 
	Jackson et al. 2000, VERP**

	I.d
	Predicts changes that can be averted by management actions?
	Dale and Beyeler 2001

	I.e
	Responsive to management action within relatively short period of time?
	VERP

	I.f
	Indicator produces results that are clearly understood and accepted by scientists, policy makers, managers, and the public?  Indicator is easily communicated?
	Jackson et al. 2000, Herrick et al. 1995

	I.g
	Policy makers and and resource managers are able to recognize the implications of indicator results for stewardship, regulation, or research?
	Jackson et al. 2000

	I.h
	Distributed over a broad geographical area, or otherwise widely applicable?   (Can be applied over a wide range of climatic, soil, topographic, and vegetation condition?)
	Noss 1990, Tegler and Johnson 1999
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	II. ECOLOGICAL SIGNIFICANCE & SCIENTIFIC VALIDITY
	 

	II.a
	Relevant to ecological function or critical resource it is intended to represent (sound, defensible linkage)?
	Noss 1990, Jackson et al. 2000

	II.b
	Reflects functional status of one or more key ecosystem processes or the status of ecosystem properties that are clearly related to these ecosystem processes?  [NOTE: Replace term ecosystem with landscape or population, as appropriate.]
	Herrick et al. 1995, Whitford 1998, Seybold et al. 1999, Whitford 2002, Herrick et al. 2002

	II.c
	Reflects the capacity of key ecosystem processes to resist or recover from change induced by exposure to natural disturbances and/or anthropogenic stressors?  [NOTE: Replace term ecosystem with landscape or population, as appropriate.]
	Herrick et al. 1995, Whitford 1998, Seybold et al. 1999, Whitford 2002

	II.d
	Indicator is anticipatory – i.e., signifies an impending change in the ecological system?
	Noss 1990, Dale and Beyeler 2001

	II.e
	Peer-reviewed literature exists to support association of indicator with its ecological attribute?
	Pyke et al. 2002
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	III. FEASIBILITY & COST OF IMPLEMENTATION
	 

	III.a
	Well-documented methods exist?
	Jackson et al. 2000

	III.b
	If methods don’t currently exist, does development seem technically feasible?
	Jackson et al. 2000

	III.c
	Sampling does not significantly impact site or protected organisms?  (Is nondestructive?)
	Jackson et al. 2000

	III.d
	Sampling does not significantly affect subsequent measurements of the same parameter or simultaneous measurements of other parameters?
	Jackson et al. 2000

	III.e
	Logistical requirements are feasibly met? (Includes training, travel & site accessibility, sampling time, sample transport, sample processing & analysis, etc.)
	Jackson et al. 2000

	III.f
	Indicator can be measured rapidly?  (Includes preparation time, time per measurement, number of different types of measurements needed for the indicator, number of replicates required per site, and operator training time.)
	Herrick et al. 1995

	III.g
	Easily measured?
	Noss 1990, Dale and Beyeler 2001, VERP

	III.h
	Specialized equipment required for data acquisition or analysis?
	Tegler and Johnson 1999

	III.i
	Specialized knowledge required for data aquisition or analysis?
	Tegler and Johnson 1999

	III.j
	Large sampling window (in time)?
	VERP

	III.k
	Full costs of implementation are not excessive?  (Includes costs associated with pilot studies and protocol development, as well as long-term sampling, analysis, and data management.)
	Jackson et al. 2000

	III.l
	Cost-effective sensitivity to change?
	Noss 1990, Whitford 1998, VERP

	III.m
	Long-term data management feasible?  
	Jackson et al. 2000

	III.n
	Methods and standards developed to meet quality-assurance objectives?
	Jackson et al. 2000
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	IV. RESPONSE VARIABILITY
	 

	IV.a
	Possible to estimate / control measurement errors introduced by human observers and/or instruments during data collection, transport, and data analysis / management?  Quantitative, objective, and repeatable?  High precision of measurement?
	Jackson et al. 2000, Herrick et al. 1995, VERP

	IV.b
	Possible to estimate & evaluate short-term (within-season) temporal variability in data?  Factors driving short-term variability are understood – including relationships to natural drivers and anthropogenic stressors?
	Jackson et al. 2000

	IV.c
	Possible to estimate & evaluate long-term (among-year) temporal variability in data?  Factors driving long-term variability are understood – including relationships to natural drivers and anthropogenic stressors?
	Jackson et al. 2000

	IV.d
	Factors driving spatial variability in data are understood and can be accounted for via stratification or other means?  Locations in similar “condition” yield similar measurements?
	Jackson et al. 2000

	IV.e
	Has limited and documented sensitivity to natural variation?
	Dale and Beyeler 2001, Karr 1991, VERP

	IV.f
	Has a known response to disturbances, anthropogenic stresses, and changes over time?
	Noss 1990, Dale and Beyeler 2001

	IV.g
	Responds to stress in a predictable manner?  Is unambiguous?  Has low variability in response to particular stressors?
	Dale and Beyeler 2001, Whitford 2002

	IV.h
	Indicator is able to discriminate differences among sites along a known condition gradient?
	Jackson et al. 2000, VERP

	IV.i
	Indicator is susceptible to sensitivity analysis?
	Herrick et al. 1995

	IV.j
	Capable of providing a continuous assessment over a wide range of stress?
	Noss 1990, VERP

	IV.k
	Indicator’s discriminatory ability meets data quality objectives, factoring in variability as well as precision and confidence levels desired by the program?  (This determination typically requires application of statistical power analyses. –i.e., indicator is capable of detecting 20% change in ecological condition over 10-yr period with 90% confidence.)
	Jackson et al. 2000
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	V. EXISTING DATA & PROGRAMS
	 

	V.a
	Baseline data available?  
	VERP

	V.b
	Indicator already is monitored within park?  Number of years?  Number of stations?
	Tegler and Johnson 1999

	V.c
	Indicator is monitored outside of park?  Number of years?  Number of stations?
	Tegler and Johnson 1999

	V.d
	Data readily available or shared?  Can be obtained from elsewhere free of charge?
	Tegler and Johnson 1999
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	VI.  PROGRAM INTEGRATION
	 

	VI.a
	Integrative – the full SUITE of indicators spans key environmental gradients (e.g., soils, elevation, terrestrial > riparian > aquatic), ecological hierarchy (landscapes, ecosystems, populations), spatial scales, and system characteristics / components (including structure, function, and composition)?
	Dale and Beyeler 2001

	*also see Barber (1994) and Kurtz et al. (2001).
	

	**National Park Service (1997)
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