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Abstract

:

In Canada, there is almost 30 years of experience in developing tiered and triggered adaptive monitoring programs focused on looking at whether environmental concerns remain when pulp and paper mills, or metal mines, are in compliance with their discharge limits. These environmental effects monitoring programs were based on nationally standardized designs. Many of the programs have been developed through multi-stakeholder working groups, and the evolution of the program faced repeated frictions and differing opinions on how to design environmental monitoring programs. This paper describes key guidance to work through the initial steps in program design, and includes scientific advice based on lessons learned from the development of the Canadian aquatic environmental effects monitoring program.
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1. Introduction


Human activities affect the environment. Greater recognition of project-specific and cumulative influences has resulted in the proliferation of monitoring programs to address multiple purposes. A common form of environmental monitoring is examining exposure areas for residual effects when proponents and operators of activities comply with permitting requirements. In addition to these effect monitoring programs, others can also be designed, including regional ambient programs. In Canada, industry-funded and government-approved environmental effects monitoring (EEM) programs developed for pulp and paper in the early 1990s [1] and metal mining in the late 1990s [2]. The Canadian metal mining EEM program [3] was developed through a multi-stakeholder committee process which took a number of years. The issues creating tension and conflict occurred during discussions involved in adjusting the monitoring approach in multi-stakeholder discussions in Chile [4] and Brazil [5], as well as the evolution of the regional oil sands monitoring program in Canada [6]. Examples of points of conflict include whether the regulated industry can sit at the table as part of the discussions surrounding development, and whether the monitoring should focus on stressors, effects, or values. From a philosophical viewpoint, there are dozens of additional issues to consider as any new regional monitoring program is developed that impact the design and interpretation [7]. Each of the issues requires extensive discussion to resolve an approach, especially when various stakeholders are involved in the development. Such discussions take time to develop trust among participants, and to develop relationships that enable transparency, inclusiveness, clarity, and a common understanding of the objectives, limitations, and deficiencies of approaches, the data generated, and the decisions which can be supported by the monitoring program.



Successful monitoring programs require clear and common understanding of how funding is allocated and the goals of the program. Discussions on each of the issue require time to resolve, since each question has multiple answers, and different stakeholders have different perspectives; based on our experience, these perspectives can be expressed as multiple alternative answers to a series of questions (Table 1). There will be conflicting opinions for each issue that will affect the design of the program. Resolving the misalignments can be challenging, and takes time, patience, and often, good facilitation.



Decisions involve extensive discussions on the array of issues, including the program structure and its administration (who approves study designs, who pays for it, is the focus site-specific or regional, etc.), interpretation (what is an effect, what is unacceptable, will results be combined or interpreted individually, etc.), program objectives (what is the focus, the purpose, is research allowed, etc.), study design (is there a baseline, are there good reference sites, how much power and confidence do you want, how big a change do you want to be able to detect, how quickly do you need a decision, etc.), and data analysis (who analyzes the data, is the data public, how fast do analyses have to be completed, etc.).



Reaching consensus across stakeholders involves the development of trust, an atmosphere of transparency, and a commitment to working together. While a logical flow requires some questions to be answered before others, such as identifying goals and selecting indicators [7], addressing all the questions identified here (Table 1) seldom occurs in order. Regardless, all of the questions require resolution to achieve a design that is acceptable to all groups. Successful approaches used in other programs may also be transferred to the new program. In addition, the approaches may not be static and some approaches may not be feasible or achievable. The following overview describes many of the pitfalls, misalignments, and points of friction that are encountered in addressing these questions, and is meant to provide some guidance for scientists looking to enter into the development of a large regional aquatic monitoring and assessment program in a multi-stakeholder environment.



There is a lot of recent attention given to monitoring in terms of philosophy [8], in terms of enabling communities to participate and design programs [9], and integrating monitoring programs [10]. There is also differing attention to subtle differences between monitoring, modelling, measurement, and research, which will not be dealt with here. The focus of this paper is on the design of the monitoring program: the consequences of decisions around structure, objectives, design, reporting, and interpretation. The consequences of these decisions apply to all monitoring programs, regardless of whether they are designed by communities, by governments, by industry, or by environmental groups. It is the consequences of frictions in philosophies across groups that challenges multi-stakeholder groups to align in the development and design of the aquatic environmental monitoring programs.




2. Essential First Steps


Not surprisingly, as one enters the process, the first challenge is to align clarity around the objective of the program. Monitoring, while its objectives can be tightly defined and the questions narrowly constrained [7] can be widely interpreted. Friction is often generated by a lack of a shared vision around the objectives of the program and what data collection activities are or are not monitoring. A failure to reach agreement on what the monitoring is meant to achieve and how to achieve can become problematic as the program matures [7].



Multiple activities are considered for monitoring. A new program may be seen as an opportunity to get data related to the needs of the program, get data that there has been a desire to collect that may be related to the program, and an opportunity to collect other data related to the region that there has not previously been necessary funding or triggers to collect. While each may be necessary, each of these tasks can be distinct, but may be conflated under an overarching (and potentially inappropriate term) such as monitoring. Such conflation can be confusing and may lead to unnecessary friction.



An essential step to begin is to develop a specific, clear, and concise vision, objective, aspiration, purpose, and scope of the monitoring (see examples in Table 2). The discussions required to reach consensus on the purpose and objectives should not be underestimated. It is essential that there is broad agreement on the objective, purpose and scope, and that any “scope creep” is intentional, directional, and focused, and based on results coming from the program. Similar to the definition of a question (See Section 2.1 and Table 3), if balance between simple and a complex program are not attained, the program may drift toward a facile or grandiose program, respectively.



Once the scope has been developed and agreed upon, it is essential to make some decisions about the philosophical approach to the program. There are three independent philosophies to designing questions:




	
Values-based questions, that deal with perception issues, such as “has the taste or risk from eating fish or shellfish changed?”



	
Stressor-based questions that deal primarily with exposure issues and environmental impact assessment (EIA) predictions, such as “how far did the contaminants travel?”



	
Effects-based questions that deal with the accumulated environmental state, such as “are there residual environmental concerns?” or “are there regional cumulative effects?”








Good monitoring programs need to combine the different philosophical approaches depending on the questions being addressed. Monitoring endpoints need to be a combination of measures that are ecologically relevant and measures that provide a signal before “damage” is irreversible (effects-based), as well as ones that enable you to determine cause, and measures that give you “early warning” (stressor-based), and also include measures that deal with public concerns (values-based) [11,12].



Each approach has embedded assumptions and common practices. Stressor-based questions tend to focus more on the earliest-warning indicators: measures that respond more rapidly, are more reversible, and are easier to relate to a cause. Stressor-based designs have other advantages; measurement techniques may be well-established and large datasets can be accumulated quickly. Stressor-based designs, however, also have disadvantages. In some cases no standard measurement techniques or reference materials may be available, such as ‘naphthenic acids’ in oil sands process-affected waters [13,14]. Safe exposure levels or guidelines may also not be available or may not be applicable. The accumulation of a chemical contaminant is not an impact but it is a stressor and presents a risk of an impact. Programs can become preoccupied with stressors [15] and with understanding mechanisms for stressors which don’t appear to be affecting the biota.



Stressor-based designs have other attributes. In a site-specific industry monitoring program, questions originate primarily from controlling known stressors, and documenting expected or unexpected effects. Controlling known stressors is addressed with a stressor-based design intended to document change associated primarily with known stressors and exposure-response pathways. In general, the stressor-based approach requires data to address broad, basic, and initial questions about known drivers, stressors, and pathways. In addition to regional stressors such as climate change, fire, and invasive species, key drivers associated with activities need to be identified in a conceptual model to focus the description of key stressors. Stressor-based designs equate control of stressors with control of impact. While this approach has merit where and when stressors are clearly problematic, such as dioxin, pure stressor-based designs are sensitive to over-intervention and Type I errors [11].



Documenting unexpected effects or the relevance of changes in stressors is addressed with an effects-based design [12]. Effects-based questions tend to focus on biological endpoints. The measurements are ecologically relevant, but may have a long time lag between exposure and emergence of a detectable change, are harder to reverse, and more difficult to link to a cause.



Finally, values-based questions are the most difficult to handle, as indicators and tools are often more linked to the social science realm, or from a non-aboriginal perspective require translation to western science endpoints to effectively understand the causes and implications of changes. The translation of the questions involves significant challenges with both operationalizing them as well as their design and communication. This remains a substantial challenge for aquatic monitoring in Canada.



Once the philosophical basis for the program has been established, the next initial steps include defining the question, defining what an answer looks like, and deciding what the best indicators are for the desired answer. This description will deal with the important predesign questions at a philosophical level. There are other key, more detailed steps to adjust and adapt the program after the program has started, but they won’t be dealt with in detail here. While trying to describe all of the steps to develop a program can be daunting, it is easier to conceptualize the characteristics of unsuccessful programs (Table 3).



2.1. Defining the Question


The main challenge affecting the design of many past programs is a failure to clearly define the question, to agree on the question, or the tendency to ask too complicated a question (Table 3). Many monitoring programs suffer from trying to answer too many questions with a single approach, and it is important to understand that different components of the program will be required to answer different types of questions. While answers to each may be necessary and valuable, questions about the bioavailability of a contaminant, potential human health effects, or ecological consequences of development require different designs and approaches, needing multiple approaches should not be viewed as a deficiency. The key is to make the questions simple, agree on them, and design the monitoring to clearly answer the questions (e.g., are there regional cumulative effects; is stress increasing in the system; are unacceptable changes happening?). Data that is not contributing to key questions is not relevant to the program.



One of the points of friction in developing monitoring programs is the role of research-based questions, and the reluctance to adapt a program as more information develops (Table 1). Challenges arise when research is needed to further develop the monitoring tool, or the data collection is not targeted toward finding a specific answer. Curiosity-driven research should not be funded within a monitoring program. If the endpoints and targets are uncertain, research should be done to define the relevant questions and endpoints outside of the monitoring program per se, and there needs to be a research pot to provide funding for these questions.



Designing a successful program depends on what kinds of an answer is desired, and how tightly you can word the question to obtain the answer. Often the temptation is to insert a complex (and potentially unanswerable) question originating from policy or from social desires may be difficult to answer, such as “is mitigation necessary?”, “has recovery occurred?”, or ”what are the cumulative effects of industry?”. It is very difficult to get consensus between stakeholders on how to scientifically answer a question like “Is there a problem?” While defining areas of concern and focusing appropriate mitigation when necessary need to be part of the goals of a regional monitoring program, they are difficult to answer with a single monitoring effort and are more effectively answered with an iterative collection of data that builds the knowledge necessary to make management decisions. The focus of questions should be to define a situation where a monitoring response represents a signal that identifies a situation you want to know more about. In addition, while some questions may be salient and socially desirable, other are affected by technological capacity, safety, missing baseline data, and other issues (Table 1).



There are a number of principles used in the development of the Canadian Environmental Effects Monitoring (EEM) program [2,16] to address these often complex monitoring questions. EEM is a cyclical program with tiers of monitoring that include surveillance, confirmation, extent and magnitude, investigation of cause, and investigation of solutions. It is more effective in many cases to iteratively develop an understanding than to try and do it over a short time period, changing the timing and intensity of monitoring with increasing concern. As understanding increases, the design of specific components can and will improve.



The EEM program has been operating since the early 1990s [1], and long term elements of natural variability will create noise that can challenge the interpretation of ecological data (see [17]). Targets that satisfy the adequacy of data to answer the question need to be defined. The consequences of a measure failing to detect a response should not be that you need to look harder. It is as important to define what represents the absence of an effect than what is an effect.



The primary importance is to get the question scientifically and administratively right. It helps to subdivide complex questions, such as “is there a problem” into sub- (and serial-) questions that are easier to develop an answer to, including:




	
Is there a difference (a statistical difference)?



	
Is there a change (is the difference large enough that it surpasses a trigger that reflects natural variability)?



	
Is it real (requires confirmation of change)?



	
Was it expected (requires an understanding of risk and expected risks)?



	
Is it stable or getting worse (requires temporal data)?



	
How big an area is changing (requires understanding the extent and magnitude of change)?



	
Is it meaningful (requires understanding how important a change is relative to other sites and other indicators)?



	
Where might it be coming from (requires identifying the cause)?



	
How serious is it and do I need to fix it or stop it (requires an understanding of ecological relevance)?








All of these need to be dealt with within a consistent design and operational framework with linked monitoring approaches and indicators interpreted within a broader framework. It bears repeating that the above questions cannot be answered within a single monitoring effort, and requires long(er)-term effort and program designs. For example, causes of observed changes may not be easily identified retrospectively and are limited to the data available. Results of these analyses are hypotheses, but they may nevertheless sometimes be treated as definitive conclusions. A potential response to these restrictions are to collect more data during the surveillance phase in hopes it may be useful in the future, but this strategy does not successfully address the “data first, questions later” criticism [18].




2.2. Defining Answers


In parallel to defining questions, early in the design phase, decisions have to be made to develop a clear understanding of what the target is and what a response will be. For water or air quality indicators, it is usually easier to develop targets, especially if there are existing environmental quality standards or guidelines. The common use of surrogates in monitoring mean defined targets reflecting when a change is unacceptable have not been developed. It is critical in the design of the program to consider the ability to detect changes (the power and confidence of indicators), and to collect the information required to inform a decision on the acceptability of a change. The relationship between the surrogate (measurement) and the assessment endpoint also requires consideration [19].



Making management decisions requires the development of a level of understanding that allows you to determine whether the change is expected and whether it is sustainable, and acceptable? Sustainability is, at its base, a question related to degradation in the environment, whereas acceptability has to do with decisions about restoration to a past or preferred state. It is important to separate the questions of sustainability and acceptability, and the priority has to be to be able to detect degradation, since mitigation of impacts while the situation is still degrading can be challenging. Having lost 25% of the species can be sustainable, but the question of acceptability means that it may not be tolerable. Separating the questions allows progress without fully understanding the historical state—understanding whether degradation that continues to occur can focus assessments. Relationships between the sustainability and acceptability of changes are not commonly explicitly considered or defined in aquatic monitoring programs.



In order to effectively manage the environment, you need to be able to measure responses to the stressors or you are not effectively tracking development. One of the stumbling blocks to move forward in environmental management has been the hesitancy to measure a change for fear that someone would be forced to fix it. At some level, with sensitive enough tools, you will be able to measure environmental change associated with development. This challenge becomes more acute as technological sophistication advances and smaller and smaller quantities of chemicals can be measured [20]. Understanding the ecological relevance of a change, in other words the sustainability and the acceptability of that change, that is relevant for decision-making and counterbalances the potential threat of over-intervening.



The focus of monitoring should be on detecting changes, especially changes that are getting worse, before they become ecologically relevant, and while there is time to limit any potential damage. It is easier to define what an answer looks like if you look at the sub-questions, than if you try to define the answer based on whether or not there is a problem, and it helps to understand that different sets of data will be required to answer different questions, and the study design needs to incorporate the ability to tier the analyses. For example:




	
Is there a difference: involves comparing the data from a site of interest to relevant local reference site(s);



	
Is there a change: is a question asked over time at a single site, in comparison with available historical or reference data;



	
How big an area: involves a spatial data set;



	
Is it getting better or worse: involves a spatial data set over time;



	
How serious is it: requires ecologically relevant endpoints across a range of reference sites.








The key is to set a target that reflects the level of concern, and it is critical to set the target at a level that demonstrates acceptable environmental quality to reduce the tendency to look harder when effects are not present.





3. Designing an Adaptive System


An important indicator of a “world-class” monitoring program is that it be “adaptive and robust: an approach that can be evaluated and revised as new knowledge, needs, and circumstances change and that ensures stable and sufficient funding” [6]. It is important to develop a framework for an adaptive monitoring strategy, and to develop triggers to improve your sensitivity and monitoring program management responses [10,21,22] (Table 1). Many of the traditional monitoring endpoints do not have the sensitivity and response times necessary to allow the program to respond in a proactive, protective fashion. Early decisions are needed for determining the key parameters that would signify a change in monitoring is needed, and the level of change that would be required to change the management strategy. Power analysis can then be conducted to determine whether the sampling intensity is sufficient to allow protection.



In an adaptive monitoring cycle, monitoring design, emphasis, and focus evolves through feedback loops that accelerate or decelerate activity as necessary, and includes other components to improve the program over time [10,11,22]. Adaptive monitoring is composed of hypothesis-driven questions linked to conceptual effect pathways, via tiers of monitoring. Movement between tiers is governed by triggers and reflects adjustment of intensity, frequency, and focus of monitoring to channel effort where there is the most concern.



The Canadian EEM program provides one model of an adaptive monitoring program [1,2]; a similar model has been developed in Brazil [5]. Monitoring questions can be divided into long-term, focused, and baseline studies. Long-term (surveillance) studies should form the core of the monitoring program. They integrate adaptive, but bounded and prescriptive steps (tiers) guided by trigger exceedances. They provide consistent monitoring of sites and indicators over a time period typically >5 years to evaluate the state of the environment. Consistency of measurements and sites is intended to address multiple interpretative objectives, including answering site-specific, local, and regional questions. Periodic adaptation of the long-term monitoring network is required to ensure it achieves the stated monitoring objectives, but also as a mechanism to adopt new information as more is learned. In long term programs, regular sampling of sites would typically occur every 3 or 4 years for endpoints other than routine chemistry.



Focused studies (extent and magnitude) are typically a 2–3 year monitoring/research spatially limited activity usually triggered by signals generated by the long-term monitoring network and designed to answer a specific monitoring question related to evaluating the extent and magnitude of a change of concern, or to address specific knowledge gaps about system processes or function. Focused studies are also used for special (and possibly stand-alone) topics, including feasibility of candidate monitoring tools or to resolve an unanticipated issue.



Baseline studies primarily deal with meeting minimum baseline data requirements (≥3 years) to more effectively evaluate the occurrence of change during the long-term studies and in areas that will be developed further in the future or have been exposed to an event. It is important to note that “baseline” does not need to refer to a historical condition. Since sustainability is an issue of degradation, the current state can be used as an indicator to track progress or change. Historical state does need to be estimated to help assess acceptability and recovery, but the absence of historical data should not be used as an excuse to limit monitoring.



There are additional types of studies that may be triggered via long-term, focused, or baseline work:




	
Confirmation studies: a repeat of surveillance monitoring, on an accelerated pace, to evaluate the replicability of a change.



	
Investigation of cause (IOC): are generally hypothesis-driven studies designed to characterize the potential cause or source of an issue after evidence that the change is real and importance is obtained. IOC is a type of focused study.








All of the components and approaches need to be integrated into an overall approach (Table 4).



3.1. Development of Triggers


Identifying unexpected change and confirming expected changes are occurring is a purpose of monitoring. Monitoring triggers can be designed to initiate more detailed studies (tiers) at specific locations, more locations, or using more detailed questions or information from additional indicators, etc. Observations that are “different than expected” will be flagged by the definition of expected normal ranges, or triggers [21,22]. Triggers can be developed from existing data where adequate, or from the published literature as an interim trigger if local data are not available. They can also be based on time-since-last sampling (time triggers aka regular site rotation), applied randomly where neither data nor time triggers have been exceeded (in a surveillance/confirmation mode), or triggered in by findings in another component (i.e., changes in water quality). To develop a baseline, a minimum of three years of data are needed; during these baseline years, spatial comparisons predominate. Following the baseline collection period, test years will work in a surveillance mode and focus on testing for change within a location, locally and regionally.



When change exists, it is a priority to address whether the change was expected or unexpected, and whether it is stable or getting worse. When changes are higher than expected (exceed a trigger), confirmation monitoring is triggered, and then focused monitoring to examine the extent and magnitude are conducted. If change is of sufficient concern, studies can proceed directly to the investigation of the cause.




3.2. Defining How Big a Difference Is Going to Be Interpreted as a Response or Signal


The ability to make predictions and an awareness of the magnitude of difference that should be a warning signal are important tools for risk assessment and management. These warning signals should be used to adapt the monitoring program, including turning off and on monitoring stations when the signals warrant a change in strategy, and prompting site-specific evaluations when ecologically significant changes are occurring. At new developments, an increase in seriousness of lower level changes can be predictive of future potential higher level concerns.



A critical component of a monitoring program must be to develop the baseline understanding of how much variability exists in measurements, and how big a difference will signify a meaningful change. Natural variability is one of the major concerns. Noise in field measurements arises because of several factors, including natural variability in environmental factors, the adequacy of reference data, the linkage of the indicator to meaningful performance, the presence of confounding factors other than the stressors you are interested in, and measurement and sampling error. There is a lot of confusion between conflicting and overlapping issues that affect interpretation such as whether the reference site you are using is valid, how much of the noise in the data is natural variability, and whether changes are ecologically relevant. The key things to move toward an answer is deciding what is a reference to compare to, how much natural variability is there (and how do I reduce the noise), and how big a difference is ecologically relevant.



Any monitoring program needs to be iterative, using data to adapt the program and improve the interpretation of the outputs. The most effective manner is to develop triggers that allow the program to adapt, including for turning on and off stations or measurements, for establishing new stations, for evaluating the adequacy of measurements and for changing the frequency of monitoring. The program should be designed to adapt and evolve while maintaining the integrity of the monitoring system, stations, and measurements. Program tiers can include surveillance, confirmation, focused monitoring, and investigation of cause, and each level should have triggers (Table 5).



Responses that surpass a pre-designed target response level act as a warning signal that monitoring needs to increase to develop an assessment process. Trigger development needs to focus on defining the size of a change that will mean that I am concerned enough to increase monitoring or enter assessment or investigation of cause. Defining these triggers is critical to understanding what an answer to the questions will look like. The focus of the trigger needs to be more sensitive than a trigger that warrants a management response in terms of mitigation or correction.



During the early stages of sampling, an enhanced monitoring program is needed to develop the triggers and the background information to interpret potential future changes, should enhanced monitoring be required. As the triggers are developed, sufficient information will become available that sites or sampling times become redundant, and sites or times can be triggered off to reduce monitoring costs, as long as parameters at key sites stay within defined levels (below triggers). Values that exceed trigger levels turn back on some of these sites or sampling frequencies to understand the extent and magnitude of the deviation, and to determine the significance of deviations.





4. How Do I Pick the Right Indicators?


There are opposing camps in the philosophy of picking indicators from those that want to “capture the variability” and those that want to “focus the assessment.” All decisions about indicators (endpoints) are a forced compromise between decisions about the relative importance of the ecological relevance, the tolerance for a time lag, the desire to want to know cause, and the reversibility of a change. Changes at the community level (biodiversity) are hard to reverse, take a long time to develop, and are difficult to link to a cause, but they are highly relevant and the ones that best resonate with decision-making. At the other extreme, changes in molecular or physiological endpoints occur quickly, are easy to reverse and easier to link to a cause, but are not very relevant ecologically. Monitoring at the community level accepts that there are many easier to reverse changes that would have been detectable earlier than you would detect a community change. Monitoring at the physiological level means that there are many changes you can detect that may not translate into effects at higher levels of organization.



Traditional monitoring approaches have been very bad at anticipating potential issues, have lacked the sensitivity to be predictive, and have often focused either on upper level community and biodiversity issues that do not allow sufficient time lag to correct changes before they may become irreversible, or totally on chemistry and biomarkers that lack the information on ecological relevance to allow decisions about acceptability. Biomarkers are a good tools to confirm exposure of fish, and residency, but if they don’t impact higher functions (growth, survival, reproduction, energy storage) then they aren’t meaningful other than as exposed. If they do impact higher function it is easier, cheaper and faster to measure the whole organism endpoints.



Monitoring programs need to have overlap in indicators and need to include three types of indicators:




	
Early warning indicators that tell you whether predicted or anticipated changes are happening; they are usually at lower levels of organization, or direct measures of the stressors of interest;



	
Performance (effects) indicators that are integrators that tell you whether the accumulation of stress is affecting indicators that threaten sustainability;



	
Biodiversity type indicators that tell you whether changes at lower level are important enough that damage has been done.








The relevant balance of indicators will vary with how well you understand your situation, how much warning is needed, and how much tolerance there is for time lags, and in general how much protection is warranted. The key concept is to define the target that will mean the environment is protected. There are two types of protection you need to worry about—protection from finding a response that is not real (type I statistical error), and protection from not finding a real response when it exists (type II statistical error). In the first case, an adaptive monitoring program responds to finding an “effect” (a change greater than a critical effect size) by triggering confirmation steps, which include changing the frequency of monitoring, and potentially the extent and magnitude of sampling. If the effect is not real, the program can revert to its previous monitoring state and intensity, and there is enhanced protection from false positives. So type I errors (finding a response that was not real) should not be a major concern for monitoring, as long as there are conservative requirements for confirmation in case an effect is detected.



In the second case, the power of any design is determined by the probability of making a false declaration of an effect. Power is one of the factors involved in determining the number of samples (or years) required for developing the information required to make decisions, but the driving force is the variability of the measurement endpoint. Other factors affecting power (sample size, critical effect size, and statistical criteria) can be easily adjusted but it takes more effort to reduce the variability and retain sensitivity. It is also the variability in the endpoint between rounds of cycling at a site which is not changing (the natural variability), that drives both your ability to detect an effect and the size of a critical effect size that can cost-effectively trigger a change in monitoring strategy. The time lag before a detectable response occurs also has a major impact on the sensitivity and responsiveness of a program.



In any adaptive monitoring program, the consequence of not detecting an effect is to keep monitoring at the existing level, or after some confidence builds, to reduce monitoring intensity and frequency. False negatives are the real thing to worry about because over time changes which were undetected have the potential to translate into broader and more significant changes if they persist. A type II error (not finding a real effect) is the main issue that stakeholders worry about—there is concern if you didn’t find something that you missed it because you weren’t looking hard enough. So the only solution to avoiding type II errors is to increase your power (by increasing your sample size and reducing your variability) so much that you increase your chance of type I errors. Simply, the only solution to missing an effect is to find effects that are not real using a very sensitive monitoring program. Therefore, the response to any determination of effect has to be tempered, and include steps for confirmation, and extent and magnitude before evaluating the significance of a change. As mentioned earlier, with sensitive enough tools it is possible to measure change which is both sustainable and acceptable.



It is important for the adaptive monitoring strategy to focus on changes that mean protection, and that achieving good performance in those levels gives comfort that management changes are not warranted. The critical factors to consider in choosing the types of questions that are needed are:




	
How confident am I if I don’t see a change in my measurement endpoints that nothing important is happening (am I monitoring at the right level?);



	
If I do detect an effect, where is the next obvious place I would look to evaluate how important it is (where else do I need baseline data?);



	
What is the variability in the measurement endpoints (within and between cycles) and how much power does that give my study, given the sample sizes and frequency of monitoring that I can afford (how much statistical power do I have?);



	
How big a change in these endpoints should create a situation where I want to know more information (what is the critical effect size?); and



	
How confident am I that a change in these endpoints gives me concern that specific operation is having a potential impact (what is the potential that I can link changes in these endpoints back to specific operations?).








The indicators have to address a clear question that is relevant to the objectives of the program, and have to have an answer that is definable, and that is relevant to the program. Asking scientists what they want to measure is not as important as asking the government and industry, under which conditions (what results) would make them change how they manage the system or their operations. One of the common problems in developing a monitoring program is the tendency for everybody to want to include their measure, or redundant measures, or pet measures, because everybody feels that their measurement is the “best.” In general, all scientists want to measure what they are good at and what they have experience with, so there needs to be some real input into indicator selection from decision-makers. The important question is what level of change will be needed to make decisions. The Canadian EEM program focused on benthic invertebrates and fish, with supporting information from chemistry and toxicity tests, because those are the levels at which decisions are usually made under Canadian legislation. The challenge with zooplankton, phytoplankton, and biomarkers is that if you see effects, you (at least in Canada) would have to trigger in further study to determine the ecological relevance of the changes (unless you are going to regulate based on zooplankton changes if they don’t result in changes to fish or benthos).



When there are conflicts or disagreement about what measures should be used, a series of tiered criteria can be developed to screen endpoints for their relevance to the program. Once the key questions have been developed, and decisions made as to what the answers need to look like to make decisions, the screening criteria can be applied to help make decisions about the suitability, applicability, and acceptability of proposed indicators. While there are an abundance of criteria for selecting indicators, most of the long lists of criteria are biased and self-serving. The Canadian EEM program settled on a relatively simple list (sentinels needed to be abundant, exposed and the indicators needed to be measurable).



Other important criteria are balanced, relatively easy to measure (cost-effective), not redundant, and will trigger a concern when relevant change is present. During the development of the federal EEM program, the kinds of criteria used to evaluate measures included evaluations of whether the measures:




	
Answer a clear relevant question;



	
Have a published, peer-reviewed analytical protocol;



	
Are commercially available;



	
Have an adequate baseline or reference for comparison to (what would a change be?);



	
Have defined targets and interpretation process (what would happen if threshold exceeded; i.e., when does a change occur?).








For measures such as chemical analytical methods, there were additional criteria, including issues such as whether there has been a valid interlaboratory comparison for analytical endpoints, and whether the detection limits known, specified, adequate, and achievable and whether adequate analytical standards are available. There are other additional criteria that can be used, but would need to be developed for any specific program.



Once the indicators are developed, there are additional steps including deciding where and when to sample to get the most sensitive indicators [23], determining how big a difference is going to be interpreted as a response [22,24], and determining how many samples you will need to detect the effect.




5. Final Considerations


Regardless of the effort put into designing a program, there are some common weaknesses that are difficult to design around, including concerns about the adequacy of reference sites, the presence of confounding factors, and the influence of natural variability [25]. There is an under-appreciation for the role of scientific consensus, replicating results, and other brakes in the process between research findings to management intervention (to stop us from making decisions based on flawed information). There are some key final considerations that need to be considered during the development of a monitoring program, including that most programs try to do too many different things at once. It is necessary to make the questions simple, and to have clear agreement on how data will be interpreted. There are trade-offs (strengths and weaknesses) in any monitoring program, and there is a lot of noise in data and you need to work to understand what drives natural variability to get to more sensitive monitoring programs. Finally, it will take considerable amounts of time to understand the influences of natural variability—answers do not come quickly.
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Table 1. Issues and concerns for developing a multi-stakeholder aquatic monitoring program.
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	Program structure and administration
	1. The program should be developed by
	Industry, government, multi-stakeholder



	
	2. Industry should be allowed input or review
	Yes, No



	
	3. Studies should be paid by
	Industry, government, other



	
	4. Requirements should be
	Written into a permit, a regulation, OR are voluntary



	
	5. Goal is to
	Identify impaired areas inform adaptive management, prevent problems, restore conditions



	
	6. Management decisions required
	Within 10 years, within 5 years, soon



	
	7. Monitoring program focus
	Site-specific, regional, national



	
	8. Participants measure the same things
	Yes, No



	
	9. Effort varies depending on the level of concern
	Yes, No



	
	10. Is there a core program, with site-specific requirements
	Yes, No



	
	11. Will results be used to change intensity or requirements
	Yes, No



	
	12. Study designs approved by
	Government, peer review, industry



	
	13. Results received by
	Program office, regulator, industry



	
	14. If the study is inadequate
	Program resample, proceed to next cycle



	
	15. If a change is detected
	Regulatory action, management action, change intensity of monitoring



	
	16. Decision will be based on
	Ecological integrity and biodiversity, impact on water use, fish use or the fishery, increasing change



	Program Objectives
	17. Focus of the program is
	Human perspective and use, ecological perspective, both



	
	18. Main purpose
	Monitoring, surveillance, assessment, prediction



	
	19. Main focus
	Unknown stressors, cumulative stressors, specific development



	
	20. Design to look for
	Stressors, effects, protecting values



	
	21. Is research allowed
	Yes, No



	
	22. Program looks for
	Change, effects, impacts



	Study design
	23. Pre-development data
	Yes, No



	
	24.If sites that are confounded or dangerous to sample
	Alternative methods, monitoring is not necessary at all sites



	
	25. When change is detected
	Trigger studies, identify cause, fix change



	
	26. Consequence of seeing a change
	Collect more information, define cause, management decision



	
	27. Decisions will be based on
	Individual results, a pattern of responses, weight of evidence



	
	28. Reference data
	Historical data, temporal within site, comparable reference sites, gradient



	
	29. Regional reference data
	Within program, external



	
	30. Natural variability
	Not relevant, detected, understood



	
	31. Confounding factors should be
	Avoided, detected, identified



	
	32. Focus
	Species used by people, most exposed, all are important



	
	33. Level of confidence desired (alpha)
	1 in 10 (0.10), 1 in 20 (0.05), OR 1 in 100 (0.01)



	
	34. Level of power desired
	80%, 90%, 95%



	
	35. How big a change do you want to detect
	Statistical difference, predefined effect size, two standard deviations



	Data Analysis and reporting
	36. Site data will be analyzed by
	Industry, government, an independent agency, the public



	
	37. Broader program data will be analyzed by
	Industry, government, an independent agency, the public



	
	38. Data analyses need to be available within
	1 year, 2 years, 5 years



	
	39. Study results will be
	Public, only summaries are public, limited circulation, confidential



	
	40. Summaries will be available
	Internet, public presentations, public reports, scientific literature



	
	41. Data summaries will include
	Public summaries, evaluations against triggers, comparisons against predictions



	Interpretation
	42.Will any change be interpreted as significant
	Yes, No



	
	43. It is important to decide what an effect
	Is, is not



	
	44. The importance of a change will be decided by
	Pre-defined triggers, best professional judgement, scientific or peer review



	
	45. Does unacceptable change have to be decided in advance
	Yes, No



	
	46.The acceptability of a change is decided by
	Government, stakeholders, it is a negotiation



	
	47. An unacceptable change should
	Be fixed, monitored more closely, it depends



	
	48. An ecologically relevant change is
	Any change, a change that is getting worse, a change that threatens biodiversity



	
	49. An unsustainable change is
	Any change, change that threatens growth, reproduction, survival and use, any change is important



	
	50.The monitoring system should be adapted
	When needed OR every 3, 5 OR 10 years
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Table 2. Example of initial needs for program design. The example below is for a major event, and is meant as an example of the specificity required.
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	Vision
	Any effects of an event are detected, tracked, and mitigated, and recovery tracked and documented.



	Objective
	To be able to detect change and predict effects, and adaptively manage for changing environmental conditions, with a science-based, integrated and transparent monitoring program.



	Aspiration
	Monitoring will identify the magnitude and extent of changes associated with an event or development (and how it is changing over time), and effects on receptors that can be associated with the event.



	Purpose
	To understand the impacts of an event and to develop a better understanding of the variability in responses in the system.



	Scope
	To detect site-specific, local, and regional change in areas of impacted by the event.
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Table 3. Common problems with monitoring programs that represent the major failures in programs, in order of priority.
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	1 Ask too complicated or an unanswerable question



	2 Not know what the answer is that you are looking for



	3 Decide what endpoints are important after you start



	4 Let non-scientific factors decide the approach and design



	5 Figure out how big a change represents a concern after you start



	6 Decide how many samples you need after you finish collecting



	7 Assuming one study design can answer any possible question



	8 Assume your data is good when you get it



	9 Fail to adapt to your design or approach as you learn more



	10 Assume that you understand what is going on
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Table 4. A breakdown of components of an idealized regional monitoring program.
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	1. Monitoring exposures (stressor-based)



	 a. Source (routine monitoring by industry)



	 b. Ambient (baseline and enhanced stations; water includes quality and quantity stations, tributary, mainstem and lake/ocean)



	 c. Deposition



	 d. Receptor exposures



	2. Monitoring ecosystem effects (effects-based)



	 a. Component (community and/or sentinel species components; for water need mainstem, tributary and lakes/ocean)



	3. Stakeholder-driven monitoring issues (values-based; triggered by regional stakeholder concern)



	4. Cross-components



	 a. Background/baseline



	 b. Baseline data for new sites



	 c. Supporting data (meteorological, hydrological)



	5. Focused monitoring (triggered in by a specific concern)



	 a. Extent and magnitude of effects or responses



	  i. Spatial distribution



	  ii. Temporal distribution



	  iii. Change from historical



	 b. Examination in alternate species, approaches or levels of organization



	6. Research (prioritized data gaps)



	 a. Investigation of cause (when effects are seen)



	  i. Characterizing exposures/ sources



	  ii. Ecological consequences of impacts



	  iii. Management implications



	 b. Modelling



	  i. Development—improving data, equations or testing assumptions



	  ii. Validation—data integration, confirmation or calibration



	  iii. Estimating predicted or historical trends



	7. Methods development fingerprinting, new measurement validation or remote sensing
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Table 5. Examples of tiers (or phases) of monitoring, similar to those used in environmental effects monitoring.
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	Tier
	Example Trigger
	Question
	Frequency





	Basic
	
	Are there changes?
	Regular



	Confirmation
	Difference beyond a critical effect size threshold (natural variability)
	Can we confirm them?
	More often



	Extent
	Confirmation of changes (reference site adequacy)
	What is the extent and magnitude of the change?
	More stations and indicators



	Cause
	Change across a sufficient area or of a sufficient magnitude, or is getting worse (temporal consistency)
	What is the cause?
	Research-oriented



	Concern
	Change exceeds “ecological relevance”
	What is the solution and do I have to mitigate or compensate?
	Hopefully never
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