Considering Scale in Lake Research, Monitoring, and Management

John Rueter and Arick Rouhe

Environmental Sciences and Management Program

Portland State University

PO Box 751

Portland, OR 97207-0751

The physical size, features and rates of the natural processes can be easily estimated for lakes and their basins.  These can be compared to the scale of monitoring and research sampling to determine if they can capture the important processes. Hypotheses or management scenarios can be evaluated for the time and space scales in which they operate and this analysis is useful in crafting more robust and resilient management plans.  Potential management actions need to be evaluated for their spatial extent and time of reversibility in order to choose appropriate decision criteria. Upper Klamath Lake in Southern Oregon is a good case study that illustrates these three uses of scale estimates. Just as we combine multiple views of a lake to build our overall conceptualization of a lake (Figure 1), combining information that we obtain from examining the processes at multiple scales will help us build overall understanding of these systems.

Creating sustainable lake resources  

The goal for management of public lakes should be to create a sustainable resource that will be just as valuable, or even more valuable, for future generations. As lake scientists and managers we can use scientific adaptive management to pursue this goal.  This means we need to approach our work on lakes as experiments in the attempt to understand the system and use our scientific and management manipulations to simultaneously improve the condition of the lake and decrease uncertainty about future management efforts.  According to Norton (2005, pg. 92) scientific adaptive management has three tenets; 1) experimentalism (taking actions capable of reducing uncertainty in the future), 2) multiscalar analysis, and 3) sensitivity to the unique history and nature of each place. This paper focuses on the consideration of scale as a tractable first step in adaptive management and then builds on examples to demonstrate how these three tenets are interrelated. 

Employing adaptive management  to create a sustainable resource helps highlight several issues. First, management actions need be thoughtfully designed to simultaneously decrease uncertainty and improve or protect the environment. Second, our management approach needs to be able to admit that we made mistakes and be prepared to learn from these mistakes. The second issue it highlights is that we might have to use different decision criteria based on the scale of the action and the potential irreversibility of possible mistakes, i.e. consider costs and benefits or invoke the precautionary principle. Using an approach that openly addresses both of these issues will help bring science and management back into cooperation and reverse the current deteriorating, politicized climate for resource management.
Scale of lake processes and monitoring

There are three major attributes for the scale of a lake: cataloging the physical dimensions, comparing the scale of measurements, and  identifying cross-scale processes.  The most useful first step is to characterize the relative spatial and time scales of the objects and processes, i.e. to create a "Stommel" diagram. Physical characteristics should be represented as a range to indicate the size maximum and minimum linear distances across the lake or the diameter of sub-basins in the lake.  The absolute rate of the processes in the lake might not be known as well and the range can represent the reported variation or estimates of the uncertainty. Because of the wide range of these measurements, this can be most easily visualized on a log-log graph.  An example of the beginning Stommel diagram for Upper Klamath Lake system is presented in Figure 2a. 

The next step is to represent the scale of current and planned measurements.  An important consideration is whether the monitoring plan or experimental design can capture the important features of the processes in the lake.  For example, Figure 2b shows the available monitoring in Upper Klamath Lake and what we added (discussed below). The existing monitoring efforts were point samples, weekly sampling and the continual data-logging moored buoys.  If we would have been interested in very fast processes, we could have added some concentrated point samples or more moored loggers.  If we had been more interested in long-term changes in the watershed, we would have needed long time-scale datasets and a long-term data collection plan.  What we were most interested in this particular study was how algal physiological processes and growth may or may not lead to blooms and whether or not this lead to crashes at the whole lake or basin level. There were monitoring gaps just in this time and space region of the Stommel diagram.  To address these gaps, we used a combination of broad scale estimates of the algal blooms captured by satellite images and "high-resolution" transects in which we collect all data on a 1 to 2 meter scale and physically connect weekly monitoring sights to moored data-loggers.  Figure 2b shows that these combination of all of these monitoring approaches bracket the processes that we were most interested in for our study.  The raw satellite images, as available on the NASA website, were sufficient to see eddies and other patterns of algae distribution in the lake.  The high resolution transects helped us detect the local variability around the moored data-loggers (which was very high and is the subject of another paper in preparation). 

The third step is to examine the cross-scale processes. In lake basins this includes the flows of water, transport of other nutrients and movement of species (Peters et al. 2008). The flows of water and nutrients in from the watershed and out of the lake are taken into account through the straightforward calculations of turnover time.  In some lakes, in-lake circulation currents will be important.  For example, in Upper Klamath Lake a hydrodynamic model (Woods et al. 2008) and satellite images demonstrates that buoyant algal blooms are concentrated in very specific regions of the lake.  This localized concentration is an important cross-scale process and illustrates how it requires an understanding of the water column processes (buoyancy) interacting with whole lake processes (currents) to predict sub-basin distribution.  Cross scale processes are a major emphasis in studies that focus on monitoring networks of ecosystem and there has been dramatic recent progress (Peters et al. 2008).

Some assumptions depend on scale 

As is evident from the Stommel diagram exercise, all processes that we study or attempt to manage are scale-dependent. Because of this, scientific hypotheses proposed for lake control are also scale-dependent. Elucidating these scale relationships can be useful for both understanding what the science means and also as a way to mix scale-dependent strategies for more robust or resilient outcomes.  For example, two hypotheses for control of algal blooms have been proposed for Upper Klamath Lake. Currently the most accepted hypotheses is that reductions in phosphorus loading will reduce the density of the algal blooms and improve water quality by decreasing the excursions into high pH during the bloom growth and subsequent crashes that degrade water quality from low dissolved oxygen (Walker 2001).  This hypothesis is familiar and commonly applied to lakes.  The second, alternative, hypothesis is that the marshes in and around the lake would have reduced algal blooms and that their removal over the last century has allowed these blooms to go unchecked (Geiger et al. 2005).  Both of these hypotheses share a common historical narrative (Table 1).

Table 1. Narratives of the history of Upper Klamath Lake and Agency Lake that led to too much algae.  Both of these narratives begin with land use changes (farming or draining and diking marshes) and end up with large populations of algae in the lake that can cause nuisance blooms that may result in ecologically disruptive crashes.

	P control
	Limno-humic control

	Land use changes

	More non-point sources of P
	Less marsh connected to the lake

	Increase P loading
	Less humic acids into the lake 

	Initial algal growth
	Lower inhibition of spring algal growth

	Positive feedback cycles that lead to higher internal loading from sediments
	Colony growth in spring outstrips grazing control by Daphnia

	Uncontrolled AFA growth which leads to blooms and crashes


 An important point from this comparison of the narratives is that the underlying hypothesized causes operate at different scales. This means that remediation approaches for each hypothesis should also be formulated at different time and space scales. Limiting the phosphorus loading to the lake has been estimated to take several decades and the TMDL process that is used to drive and manage P-reductions is being applied to the entire upstream basin (Walker 2001).  In contrast, although wetlands have been removed from the entire lake, restoration of in-lake or adjacent mashes is taking place on the scales of kilometers of shoreline and areas of 10 to 1000 hectares. These marshes can be re-established on time scales of 5 to 10 years and the impact on water quality could be extremely local (only several hundred meters away from the marsh edge) and during limited times of the year (such as when water is being pushed through the marsh). Thus the current restoration tools work on very different scales. This provides an opportunity for management efforts to be truly "multiscalar" by employing a combination of strategies that look for short-term effects through increases in marsh and long-term effects from reducing P loading.  

Sustainable management decision criteria need to be scale dependent

 Managing lakes to be sustainable resources for future generations entails substantial risks, uncertainties and unknowns. The technical aspects of managing the risk (through assessment and management techniques) needs to be combined with organizational learning activities that are able to detect and respond to problems or mistakes in management.  The ability to change management approaches clearly requires that it is possible to reverse what has been done to that point.  If it is not possible to undo a management action, then that action must be considered under a more stringent decision criteria before it is implemented. Two common decision criteria in these cases are the "precautionary principle" and the "safe minimum standard".  The precautionary principle says, "in situations of high risk and high uncertainty, always choose the lowest-risk option" and the safe minimum standard says, "save the resource, provided the costs of doing so are bearable" (Norton 2005, pg 346).   For our purposes in this paper, these two decision standards are very similar and, whichever is chosen, would set more stringent criteria for any action that was irreversible than for actions that could be reversed over shorter time scales.  This can be visualized as a decision square (Figure 3) in which any proposed action is evaluated for the space scale (from local to full ecosystems) and the time it would take to reverse the action (from immediate to longer than a human lifespan).  Actions that are relatively small in scale and can be reversed could be judged by cost-benefit analysis methods, but if these actions were irreversible and large scale, then the stricter criteria should be used.

Consideration of scale as a heuristic device

Studying the different dimensions of the scale of a problem is a method that can potentially uncover or highlight new characteristics or management opportunities. In this sense, consideration of scale is a method to frame questions about the management and science processes needed to manage lakes. Even though we have presented a set of steps for describing the scale of processes and measurements in a lake, we intend this to be more as a heuristic device for uncovering new information rather than an algorithm for solving the problem.  

Explicitly defining the scale of the processes, monitoring and management approaches also opens the door to examine the other two tenets of adaptive management that are  place specificity and the need for direct experience (Norton 2005). Studying the place specific information of a lake can be treated as a project that attempts to create an awareness of how this lake differs from the general models of lakes of its size and relative location. This objective can also be approached as the study of a unique complex system that must be understood on its own before generalizations can be made. Although few lake managers might have enough time to thoroughly describe their lake as a separate, unique, and complex entity, it is important to consider that application of general models might not always hold. For example, Upper Klamath Lake can be considered an outlier based on size (it is the largest in Oregon), elevation (it is at 1760 m), position in the basin (it is uncharacteristically in the middle), and management constraints (it contains protected species not found in other Oregon lakes).  Thus, it should not be expected a priori that this restoration of this lake could be based on a generalized model of an "average" lake. 

The other basic tenet of adaptive management is that direct experience is make decisions.  Again, addressing the peculiarities of the scale of processes in a particular lake will require some direct observation and measurements. In Norton's (2005) view of scientific adaptive management any dispute needs to be resolved through specific information on the lake, not by applying general theories to the lake.  For example, because hydrodynamic models shows transport of buoyant algae to certain parts of the lake sampling for sediment studies need to be put in context of hydrodynamic model, not chosen arbitrarily or separate from that information (Woods et al. 2008). Thus the consideration of scale and the collection of the information to create a Stommel diagram support the effort to establish more rigorous scientific adaptive management strategies that are directly linked to the specific lake being managed.

Conclusion: Scale considerations are a helpful place to start   

Addressing issues of scale in a lake can serve as a process to link management and science more closely.  Decisions that maintain or re-establish the lake as a sustainable common resource should be using scientific adaptive management. Highlighting the specifics of time and space scale can uncover unique characteristics of a lake and lead to understanding the scale difference between hypotheses for the problems, and by extension, possible treatment plans for the lake.  Moving toward a more rigorous level of scientific adaptive management can be a daunting set of tasks; assessing the scale attributes of lake management is a foundation for incorporating more direct experience and place specificity into this strategy.  Because this approach relies on direct experience to resolve any disputes, it avoids the polarization that comes with pre-experiential ideologies (Norton 2005). Thus, scientific adaptive management can help lake scientists and managers collaborate to intentionally and thoughtfully bring in the characteristics that we value about lakes into a rigorous and open process.  
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Figure 1. Two views of Upper Klamath Lake. a) Open water. b) Marsh fringe. 
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Figure 2. a) Relevant time scales of natural processes in Upper Klamath and Agency Lake. b) Bracketing of these scales with a combination of measurement and monitoring approaches.
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Figure 3. Decision Square for choosing between using SMS (safe minimum standard) or CBA (cost-benefit analysis) based on the scale and reversibility of an environmental project. Adapted from Norton 2005.




