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Abstract  

Integration of biological and physical sciences will be essential to understanding, management, and conservation of ecological integrity of river systems.  Most attempts at integration have focused at relatively small scales and few processes that belie the complexity of natural systems.  The reality is that we are unlikely to build mechanistic models with suitable detail to predict ecological responses to management actions in the foreseeable future.  Two ideas have been proposed to guide management in the face of that uncertainty.  One is that management should use the natural variability in key environmental patterns, processes, or disturbance as a reference.  Management more consistent with natural variation should lead to more diverse, resilient, and productive biological systems.  A second argues that retaining some areas as essentially unmanaged reserves to conserve and represent as much biological diversity as possible provides the only assurance of long-term persistence.  Because we lack detailed inventory of biological diversity, conservation and restoration of the full range of historically available environments and habitats may be a practical alternative. Both ideas are strongly dependent on emerging concepts of scale.  The key or dominant processes or patterns that we might reference will change with the scale of interest.  Context and the linkages between elements or across scales may be as important in structuring biological systems as the conditions within the habitats used by individual organisms.  In general we may have to consider larger spatial and longer temporal scales than we have in the past.  Both ideas essentially view the physical environment as a template for the expression, maintenance, and evolution of ecological diversity.  Better definition of natural variation and how it has been or may be altered by human intervention is a major challenge for the integration of physical and biological research for conservation management.  To conserve or restore a diverse physical template we must recognize the ecologically important differences in physical characteristics among streams or watersheds that we might represent in conservation or restoration reserves.
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Introduction

Biology has provided an important context for the study of physical processes in watersheds and river systems.  “Ecology” implies an integrated understanding of biological and physical systems.  Applied ecologists have long recognized the constraints imposed on natural systems by human disruption of physical processes.  In application, natural resource managers in the Pacific Northwest region of North America have relied on biological and physical scientists to provide guidance for land-use and water management decisions.  A principle goal has been to conserve biological diversity and the integrity of aquatic ecosystems, and to sustain production of the natural “goods and services” valued by society (e.g., Callicott and Mumford, 1997).  This has not been a simple task. 

Our understanding of aquatic ecosystems is confounded by their inherent complexity.  Experience with complex, integrative, ecological models has engendered a growing sense among applied scientists that process based, predictive modeling of ecological systems may be fundamentally impossible (Scheffer and Beets, 1994; Root and Schneider, 1995).  Uncertainty about key processes is important.  It seems unlikely, however, that even with detailed, mechanistic understanding it will be impossible to account for the potentially infinite number of interactions that may strongly influence a system’s behavior.  Often it has proved easier for applied biologists and physical scientists to work independently, focusing at relatively small and manageable scales, isolating a single process or site for intensive study.  Although we have gained important basic knowledge, it has not been easily generalized or extended to larger systems (e.g., Root and Schneider, 1995).   

Recent discussions of “sustainable” natural resource management (e.g., Christensen et al., 1995; Dale et al., 2000) highlight the uncertain and dynamic nature of ecosystems.  Emerging concepts of  “ecological integrity” (Angermier and Karr, 1994; Angermier, 1997; Callicott and Mumford, 1997) and “natural variability” (Landres et al., 1999) suggest a framework for management faced with limited data and knowledge of complex systems.  Bringing these ideas to application in the management of river ecosystems represents a challenge and an opportunity for a renewed integration of physical and biological sciences.   Our intent in this paper is to outline several emerging concepts and consider the opportunities they represent for new work. We focus our discussion on fishes and their habitats as key elements of aquatic ecosystems associated the rivers of the Columbia River basin because of our familiarity with those systems.      

Applied Integration 

The case for an applied integration of biological and physical sciences has always been strong.  In aquatic ecosystems the link between biological and physical elements is inextricable.  The physical system influencing the supply and transport of materials (water, sediment, wood, nutrients) and heat/energy, directly constrains the structure, productivity, and the spatial and temporal variability of aquatic environments and habitat for aquatic organisms (Engstrom et al., 2000; Naiman et al., 2000).   Ultimately these processes result in a spatially and temporally variable network of habitats, and a template for community and population dynamics, adaptation, and evolution (Southwood, 1977; Poff and Ward, 1990;  Angermeier, 1997; Reeves et al., 1998).

Although we have long-recognized the links between physical and biological systems (e.g., Forbes, 1887; Hynes, 1970) our ability to translate that to effective management has been limited.  Human attempts to exploit and control aquatic and terrestrial resources have altered the key processes and largely changed, simplified, and often disconnected these habitat networks (Frissell and Bayles, 1996; Gregory and Bisson 1997; Poff et al., 1997).  The results are globally apparent in the decline of species and the growing sense of impending crisis tied to accelerated extinctions and declining biodiversity (Purvis and Hector, 2000).  The river systems of the western United States provide regional examples (Nehlsen et al., 1991; Frissell 1993; Lee et al., 1997).  Within the Columbia River basin, for example, there are 88 native taxa of fishes; at least 38 have been listed as threatened, endangered, or otherwise of special concern by the agencies responsible for their management (Lee et al., 1997).  Many are extinct from major portions of their historical ranges and others appear poised on the brink of extinction throughout the region.  Disruption of habitat resulting from altered physical/hydrologic processes related to urbanization, agriculture, road construction and timber harvest, grazing, and storage and diversion of water, is a commonly cited cause (Lee et al., 1997;  Stouder et al., 1997; Lichatowich, 1999; Williams et al., 2000).

While biological and physical scientists have collaborated for some time, past attempts at bio-physical integration have focused generally at smaller scales, on single or few processes, and largely deterministic models.  Much of the regulatory guidance (e.g., standards and criteria) for management of aquatic ecosystems reflects this influence.  Criteria or standards for management typically do not consider important interactions (e.g., criteria are based on a single or few thresholds), or larger-scale constraints (Frissell and Bayles, 1996) that lead to site-specific variation.  Accordingly, resource managers have often based their decisions on guidelines that may belie the complex and dynamic nature of ecosystems (Ludwig et al., 1993; Dale et al., 2000).  A focus on fine sediment-fish incubation linkages, for example, has led biologists to evaluate management under the general model that erosion is bad, often failing to acknowledge that erosion is also the primary source of substrate for productive habitat (Reeves et al., 1995).  A focus on plot or small watershed studies has produced an understanding of erosional processes at that scale, but has provided little insight into the spatial and temporal dynamics that influence the conditions in larger and interacting networks of streams (Benda et al., 1998).  A focus on habitat conditions reflected in the correlation of fish abundance and stream channel structure, temperature, or flow has helped us understand the interaction of habitat and fine-scale fish distributions.  It has also fostered an unrealistic view that structural standards for channels, or minimum temperatures or flows, should consistently produce productive populations (e.g., Bisson et al., 1997; Poff et al., 1997). A logical (though perhaps operationally impossible) goal in this latter case would be the homogenization of streams throughout managed systems with each stream or reach a static and isolated representation of optimal habitat (Reeves et al., 1995; Bisson et al., 1997).  In essence we have often focused on the “engineering” of stable, idealized (or more often in practice, minimally acceptable) habitat conditions in rivers and streams, rather than the processes that create and maintain those habitats (Bisson et al., 1997; Beechie and Bolton, 1999) and the context in which they have evolved (Frissell et al., 1997).

This general view has progressively given way to the notion that physical and biological patterns and processes are inherently variable in space and time (Christensen et al., 1995; Landres et al., 1999).  The concept of “natural variability” recognizes that variation is key to the resilience and productivity of ecosystems (Reeves et al., 1995; Holling and Meffe, 1996) and the persistence of the elements representing biological diversity.  Deterministic and fine-scale models are being replaced by probabilistic models that represent larger landscapes as complex interacting systems (e.g., Benda et al., 1998).  In the larger view, however, many believe that we may never reduce any socio-ecological system or even a species population to models that provide the necessary understanding to adequately predict responses to our management or guide us to sustainable levels of exploitation (Ludwig et al., 1993; Holling and Meffe, 1996; Beissinger and Westphal, 1998).

Emerging Concepts for Management 

The task for river and watershed managers is to conserve or restore the natural patterns and processes that influence the structure, integrity, diversity, and resilience of aquatic ecosystems (Beechie and Bolton, 1999; Naiman and Turner, 1999 [Ecol. Appl.]; Naiman et al., 2000).  The challenge is to do that with limited ability to predict the behaviors of those systems (Poff, 1997).  There are three ideas that have emerged repeatedly in recent discussions of natural resource management and may prove useful to this problem.  The implications are that to be more successful, management should attempt to conserve natural process and variability and natural elements of diversity, and must acknowledge the influence of scale.   Briefly these ideas can be characterized as follows:

Natural Process and Variability- Managers and biologists have often focused on describing and managing for what were perceived to be optimal structure or patterns in habitat and landscapes.  Management more compatible with the natural processes that constrain or influence the structure and variability in landscapes should lead to more resilient, productive, and persistent systems. 

Elements of Diversity- The natural variation or diversity in ecological systems is likely key to their resilience.  It also represents an important evolutionary legacy.  Conservation of remnant diversity and the underlying physical template is foundation for both short and long-term conservation and any hope of restoration of more resilient and productive ecosystems. 

Influence of Scale- Process and pattern are largely scale dependent.  Identifying key processes and patterns for management will depend on understanding how those change across the systems of interest.     

In the remainder of this paper we consider these concepts and examples of existing or potential work that highlight new directions and opportunities for applied integration of physical and biological sciences in aquatic ecosystem management. 


Natural Process and Variability 

Because of our limited understanding of the complexities of how ecosystems function, one proposed management goal is to maintain (or restore) the mix of historic ecological patterns, and the processes that govern them, over time.  In essence, management should be made more “natural” or compatible with natural processes and variation.  Conceptually, ecological patterns emerge from the interplay of dynamic processes (climate, disturbances such as fire, or widespread disease) playing out on a (temporally less dynamic) physical template, important elements of which include lithology, landform, and prior geologic history.  Maintaining the mix of historical patterns and processes requires an assessment of the possible ranges of ecosystem attributes, often referred to as historic or natural “range of variability” (Landres et al., 1999) natural “regimes” (Poff et al., 1997) or “normative” conditions (Williams et al., 1999).  In addition to serving as a goal for management, this approach has been broadly proposed to evaluate management consequences, the basis being that past conditions provide a reference for understanding and predicting ecological impacts of natural and human disturbance (Swanson et al., 1993; Cissel et al., 1998; Landres et al., 1999).  The underlying logic behind natural management is that, from an evolutionary perspective, the spatial and temporal pattern of habitat dynamics influences the relative success of species (Poff et al., 1997).  Accordingly, natural management should conserve  a suite of conditions to which species are adapted.   If ecosystems move outside the natural range, species respond, either by declining in abundance or moving; communities change, and extinctions may occur.   The concept of natural variability suggests that there is no stable or ideal state for habitat, but that a range of conditions,  influenced by the interplay of  disturbance, landscape, and geomorphic constraints,  produces a mosaic of habitat conditions that is dynamic in time and space.  In this context, “disturbance” can have  distinctly non-negative connotations, and should be viewed as an important channel structuring and  habitat-forming phenomenon (Reeves et al., 1995;  Beechie and Bolton, 1999; Naiman et al., 2000).  Disturbance has also been defined as an environmental disruption that leads to a biological response (Pickett and White, 1985).  Disturbance then may play a dual role as an important force structuring habitat (for example by providing wood and coarse sediment following floods or fire) and biological communities (Poff and Ward, 1990; Reice et al., 1990).  

If disturbance is an essential element in the natural variation of aquatic ecosystems, it could be characterized by the frequency, spatial arrangement, and intensity of fluvial-geomorphic processes operating on the landscape (Swanson et al., 1993).  It is generally thought that a relatively small number of  processes need to be described in order to understand the primary forces structuring  ecosystems at any particular scale (Norton and Ulanowicz, 1992; Holling and Meffe, 1996). At the scales of biological relevance for river systems, variability in flow (Poff et al., 1997), material delivery and transport (basically wood, sediment, and nutrients) (Swanson et al., 1990), temperature (Beschta et al., 1987, Poole and Berman, in press), channel networks and connectivity (Reeves et al., 1995; Rieman and Dunham, 2000),  are key attributes that respond to disturbance.   Cissel et al. (1998) and Benda et al. (1998) suggest that a small set of climatic and geomorphic processes, and forest fire, which is basically climate-forced, collectively comprise the disturbance regime of many watersheds in the coastal region of the Pacific Northwest.  We have a more limited understanding of the drivers in the interior region, but generally, in the Columbia River basin, fires and floods associated with rainstorms, rain-on-snow events, or snow melt trigger bank erosion, or surface and mass erosion on slopes, which  in turn control the supply of wood and sediment to streams.  In similar fashion, runoff from storms transports and redistributes material in the channel, providing diversity in channel structure and  aquatic habitats.  At the scale of small watersheds or stream segments, aquatic habitat response to single disturbance mechanisms (fire, logging, roads for example) has been well studied, particularly through paired watershed research (e.g., Clayton and Kennedy, 1985; King, 1994; Megahan et al., 1995; Ketcheson et al., 1999).  In contrast, recognition of the link between pattern and process, and the diversity, range, and dynamics of larger interconnected systems and longer temporal scales as influenced by natural disturbance regime is an emerging field.   
The links between disturbance and biology beyond that implied by the productivity and complexity of habitats has been explored in little more than a theoretical context.    We know that large disturbances can have dramatic and negative consequences for aquatic organisms including local fish extirpations (Rieman and Clayton, 1997; Gresswell, 1999), but they may also have longer-term lasting benefits by creating habitat, forcing dispersal, or maintaining diverse life history strategies.  In particular, the importance of understanding the linkages between terrestrial disturbance and aquatic habitat response is essential (Swanson et al., 1990).  
Ecological responses to altered patterns of variation and disturbance  may be dramatic.  Naiman and Turner (2000) suggest that human-induced changes  such as fire suppression and flow regulation differ so radically from natural regimes that “all levels of system organization are affected”.  Poff et al. (1997) looked in detail at altered flow regimes below peaking power hydroelectric dams and dams that are managed to stabilize flow.  Historically the natural patterns of extreme flows that were regular and predictable have changed such that the magnitude, frequency, rate of change and duration are markedly different.  Organisms that time their feeding, migration, and reproduction to patterns in flow are not adapted, and must relocate or perish.  Extreme daily variations in flow, that have no analogue in natural systems, lead, in particular, to mortality in shoreline bottom dwellers.  When flows are stabilized, specialists are often replaced by generalists, leading to simplified faunal communities (Poff et al., 1997).  

Implementation of more natural management that seeks to conserve natural variability and the processes structuring aquatic habitats and communities may be relatively simple in wilderness lands, but will be more elusive elsewhere (Frissell and Bayles, 1996).  In fact, returning to a natural disturbance regime (e.g., reestablishing natural fire patterns), which is likely to include large-scale events that can threaten human infrastructure and property, will often be  impossible for obvious socio-political reasons (Reeves et al., 1995).   One alternative may be to substitute disturbances in an attempt to make the effects of our management more consistent with the effects of natural events.  For example, Reeves et al. (1995) and Cissel et al. (1998) propose that timber harvest might be substituted for large fires.  By recognizing the key differences between natural disturbances and traditional management such as the disposition of wood left on-site, and the frequency, extent, and spatial distribution of the events, Reeves et al. (1995) suggest that management could be more compatible with the natural processes that create and maintain productive habitats.   Poff et al. (1997) provide a similar consideration of natural flow regimes and the changes produced in regulated rivers.  They conclude that protecting, or restoring a river’s natural flow variability should be  the single, most important goal of river management .  Poff et al. (1997) identified five critical components of the flow regime that regulate ecological processes: magnitude of discharge, frequency of occurrence of flow, duration of specific flows, timing or predictability of flow, and rate of flow change or flashiness.  They suggest paying particular attention to the magnitude and frequency of high and low flows.  High flows and floods are necessary for sediment transport, delivery of wood, overbank flow connection to off-channel habitat etc., and low flows provide opportunities for riparian plant re-establishment.  In recognizing that full flow restoration often is impossible, Poff et al. (1997) suggested  that mimicking certain geomorphic processes could still provide important ecological benefits.  Examples given include artificial irrigation to recruit riparian vegetation, and clearing vegetation periodically to provide gravel to sediment-starved regulated rivers.  Recent proposals to produce managed floods in the Colorado River (Poff et al., 1997), to restore more natural flow regimes either by drawing down reservoirs or breaching dams on the Snake River (Williams et al., 1999), and to mimic natural patterns of fire and upland disturbance through innovative harvest practices (Cissel et al. 1999) are some examples of recent or proposed applications.

  
Elements of Diversity

Conservation of biological diversity has become a cornerstone of public land management programs such as those of the US Forest Service (36 CFR 219.20).  Implementation of management more consistent with natural variation has become an important element in the land management discussion focused on conservation of biological diversity (Christensen et al., 1995; Dale et al., 2000).  Ultimately more natural management may be the only way to conserve biological diversity in human dominated landscapes (Franklin, 1993; Reeves et al., 1995).  The simple fact remains, however, that we have not demonstrated the capacity to do it (Frissell and Bayles, 1996;  Rieman et al., 2000).  Protection and restoration of key areas or “reserves” where management is essentially excluded has been argued as the only way to assure the maintenance of ecological diversity (Frissell and Bayles, 1996; Noss and Cooperider, 1994), at least in the short term.  Such reserves might be viewed as a safety net bridging the gap until more enlightened management can actually be implemented (Reeves et al., 1995), or conserving the last remnants of diversity if it is not.  

In conservation biology and natural resource management, biological diversity is a central notion viewed as the representation of the variation among living organisms and the complexes in which they occur (Angermeier, 1997).  The richness of biological elements, which is key to the concept, has been represented most visibly in the global conservation discussion as the number and representation of distinct species.  There is growing recognition and application, however, of the notion that diversity is multifaceted and includes not only the richness and frequency of species within and among habitats (e.g., Magurran, 1988), but also elements of intraspecific diversity (e.g., genetic and phenotypic), and structural and functional characteristics of species assemblages and ecosystems (Noss, 1990; Angermeier, 1997; Reeves et al., 1998).    

This broader view is important in the Pacific Northwest US and the Columbia River basin in particular.  The rivers of this region support relatively few species of fishes (88 native taxa in 10 families) in contrast to the remarkable richness found in regions such as the Mississippi basin (235 species in 33 families) (Lee et al., 1997;  Reeves et al., 1998).  Many of the species in the Columbia River basin are found only in the larger mainstem rivers.  Many of the moderate sized (103 – 104 sq. km) river basins associated with the Public lands of the region may support fewer than a dozen species.  There is, however, a remarkable diversity within species.  Genetic differentiation in several of the salmonids approaches species level distinctions across the region (Allendorf and Leary, 1988), and has been commonly recognized in distinct subspecies, races, or life-history types (Allendorf and Leary, 1988; Healey, 1991; Utter et al., 1995).  At finer scales (within moderate size basins) important variation is evident in genetic markers, and phenotypic characteristics represented by life history, morphology, and behavior (Healey, 1991; Wood, 1995; Willson, 1997; Reeves et al., 1998; Taylor, 1999).  

Phenotypic diversity has genetic and environmental components (Adkison, 1995; Skúlason and Smith, 1995).  A genetic basis for variable phenotypic expression is obviously critical, but variation in body form and size, habitat and forage utilization, and extent and timing of migration and spawning can also emerge as more plastic responses to variation in environment or habitat (Nikol’skiy, 1969; Taylor, 1990, 1999; Gross, 1991; Skúlason and Smith, 1995; Willson, 1997).  

There is general consensus that much of biological variation reflects a response to differences in physical environments as a “template” for diversity (Southwood, 1977; Poff and Ward, 1990; Poff and Allan, 1995).  Whether that variation is the result of selection and adaptation or phenotypic plasticity may not be clear without detailed studies (Taylor, 1991; Adkison, 1995).  Both cases occur, and in fact, a gradient of genetic divergence may develop as a result of isolation and selection associated with the existence of distinct phenotypes in the same environments (Gross, 1991; Skúlason and Smith, 1995).   Although phenotypic variation can emerge immediately as environments change, it also appears that some diversification may occur relatively quickly (e.g., in a matter decades or 10’s of generations) through adaptive (i.e., genetically based) radiation as distinct environments and opportunities for differential expression and selection are created or restored (Taylor, 1999; Quinn et al., 2000).  

Regardless of the immediate cause, phenotypic diversity may be key to the stability, persistence, and productivity of populations in variable environments.  Variation in the extent, timing, and location of spawning, rearing, and migration observed in many salmonids, for example, will place critical life stages in different environments or in the same environments at different times.  As a result individuals and populations are not vulnerable to the same environmental disruptions (Healey, 1991; Wood, 1995; Rieman and Clayton, 1997).  Variation in size, feeding morphology, and habitat use allows the exploitation of a variety of niches leading ultimately to higher overall abundance and production (Chandler and Bjornn, 1988;  Healey, 1994; Healey and Prince, 1995; Skúlason and Smith, 1995).   Phenotypic diversity may also be key to the long-term potential for adaptation in the face of environmental change (such as that associated with long term climatic trends).   This maintenance of evolutionary potential is largely theoretical, but it is generally accepted that phenotypic variation, whether it is largely genetically or environmentally controlled, is the raw material for selection, adaptation, and radiation (West-Eberhard, 1989; Skúlason and Smith, 1995).  

If phenotypic expression ultimately depends on the nature of the physical environment, failure to represent and maintain a broad range in the distinct types of environments may make effective conservation of diverse, resilient, and productive populations impossible (Healey and Prince, 1995).  We may never fully understand the function of every organism and the mechanisms structuring aquatic ecosystems.  We can generally agree, however, that simplifying systems will at some point result in the loss of things we hold as important.  If we can’t predict that point, precautionary management should seek to conserve as much diversity and the processes that provide for its maintenance as possible.

Influence of Scale

A key lesson from the emerging view of scaling in ecology is the need to consider both process and pattern, and how they may interact (Urban et al., 1987; King, 1997).  The concept of scaling in stream ecology has been developed primarily in reference to the hierarchical classification of physical processes that shape aquatic habitats (Frissell et al., 1986; Hawkins et al., 1993; Imhof et al., 1996; Naiman, 1998).  A general assumption in (or attributed to) many applications of these classifications to living systems is that the physical template directly constrains the scaling and organization of biological responses.  While this may be true in many cases, when one considers the vast array of potentially important physical patterns and processes and biological responses, however, a single coherent view of scaling or landscape classification begins to cloud.

Physical processes and scale- Different physical processes may affect aquatic habitat at different spatial and/or temporal scales.  For example, within a small (e.g., 102 m) watershed, disturbances from landslides, floods, or fires may be manifested as infrequent, but high intensity events.  Across a larger-scale (e.g., 104 m), the probability of occurrence for these events increases with basin area, but the overall intensity is lower because the disturbances are typically very localized (Benda et al., 1998; Montgomery, 1999).  The combination of localized disturbance and some degree of asynchrony in events should produce a spatially and temporally variable patchwork of habitat types and patterns of species occurrence (Reeves et al., 1995; Rieman and Dunham, 2000). Alternatively, larger-scale sources of disturbance, such as regional climate cycles (e.g., Mantua et al., 1997) or global change (e.g., Mote et al., 1999) may be manifested simultaneously across very large areas.  While ecosystems may be more resilient (e.g., recover more quickly or completely) or resistant to smaller-scale disturbances, larger-scale changes may be more pervasive and permanent.  The intensity or magnitude of disturbance events are also important to ecosystem dynamics, and may be scale-dependent as well (e.g., Benda et al., 1998).

Biological responses and scale- The physical template may have a significant influence on most, if not all, biological responses, but the connection will depend in part on the nature of the biological response, including evolutionary and ecological responses. The conventional view is that the physical template may effect important evolutionary changes (e.g., speciation, local adaptation) in species over long time scales (e.g., >103 years), but recent studies have indicated evolutionary responses can also occur on much shorter time scales (Quinn et al., 2000).  Ecological responses include those of individuals (e.g., morphology, survival, growth, fitness), populations (e.g., productivity, distribution, viability), and species assemblages (e.g., species number, dominance, functional groups).  The scale of these different responses will vary among species according to spatial requirements (e.g., home range, territory size, migratory patterns) and temporal constraints (e.g., generation time, migration timing) characteristic of each.  For example, some stream insects may range only within a few meters of stream bottom during their lifetimes as juveniles, but their distribution may fluctuate dramatically among years due to numerous, small-scale disturbances and dispersal of eggs by winged adults (Cooper et al., 1998).  In contrast, longer-lived fishes may range very widely during their lifetimes (e.g., salmon), but consistently return to spawn in a small segment of stream, due to natal homing.  Spawning distributions may be relatively constant on a year-to-year basis, but perhaps gradually fluctuate on a scale of decades to centuries.  

Given the diversity of physical process and biological responses, scaling therefore involves at least two essential steps.  First, one must clearly define the relevant processes and how they may be structured to affect the responses of interest, whether physical or biological.  Second, one must develop an effective sampling design to detect spatial or temporal patterning at across the range of scales believed to be important (Duttilleul, 1998a, b).  These steps should ideally be sequential in nature, but often patterns are first observed and then ascribed to some (often untested) process or mechanism.  Ultimately, the process is often iterative.  Effective scaling of natural landscapes or ecosystems should lead to spatially (or temporally) explicit (Conroy et al., 1995) or “distributed” (Seyfried and Wilcox, 1995) models and perspectives.  The term “scale” must be used within a proper context to be meaningful.
Studies of habitat characteristics in aquatic ecosystems have been strongly influenced by scaling issues.  Earlier work on habitat relationships for stream fishes emphasized smaller scales (e.g., Fausch et al., 1988). Increasingly, the emphasis is on larger-scale analyses.  There are several reasons for this, including lack of generality in finer-scale models (Fausch et al., 1998), developments of new methods and approaches for larger-scale studies of aquatic ecosystems (Johnson and Gage, 1997).  Many recent studies have been conducted at multiple spatial or temporal scales (e.g., Fausch et al., 1994; Schlosser, 1995; Dunham and Vinyard, 1997; Wiley et al., 1997; Dunham and Rieman, 1999; Montgomery et al., 1999; Torgerson et al., 1999; Baxter and Hauer, 2000; Labbe and Fausch, 2000).  Results from these studies highlight the importance of scale and context; insights that would not be possible with a focus on a single spatial or temporal scale.

Changing scale is not a simple matter of changing the dimensions of a problem.  The relevant variables, processes, and responses also change with scale, and the effect of a single process may change in magnitude, or even direction, with scale.  Examples of key processes shifting with scale are growing in the literature on salmonid fishes (see Cooper et al., 1998 for examples with other aquatic taxa).  Fausch et al. (1994) studied the distribution of two charr (Salvelinus) species, and found that fish distributions were related to climatic gradients at larger-scales, while biotic interactions controlled distributions at smaller scales.  Dunham et al. (1999) reported a similar pattern for cutthroat trout (Oncorhynchus clarki).  Baxter and Hauer (2000) found areas of upwelling groundwater to be related to the distribution of spawning bull trout (Salvelinus confluentus) among stream reaches, but the distribution of redds at smaller scales was tied to localized downwelling.  Reeves et al. (1995) suggested that patterns of disturbance, such as those following stand-replacing wildfires, may be detrimental to Pacific coastal salmonid populations in the short-term (e.g., one to several years following disturbance), but in the longer-term (e.g., decades to centuries), such events are key to generating high-quality habitat.  Rieman et al. (1997), and Rieman and Clayton (1997) suggested similar patterns for the effects of fire on inland salmonids in the Pacific Northwest, but on shorter time scales (e.g., the frequency of disturbance is higher and recovery is faster).  

An important theme in large-scale or “landscape” ecology is the effect of pattern on process (Turner, 1989).  Our recent work on inland salmonids at larger-scales suggests spatial pattern, including habitat size and isolation, may drive processes affecting species persistence (Rieman and McIntyre, 1995; Dunham et al., 1997; Rieman and Dunham, 2000; Dunham et al., in press).  The importance of habitat size and isolation at large scales implies the potential for “metapopulation” dynamics.  Metapopulations are defined as interacting groups of two or more local or “sub-” populations (see Hanski, 1999; Rieman and Dunham, 2000).  Within a metapopulation, local populations occupy discrete habitats, and patterns of habitat occupancy may vary according to habitat-specific rates of extinction and recolonization.  A major area of uncertainty for salmonid fishes and many other species is the relationship between metapopulation structure (e.g., patterns of habitat occupancy) and metapopulation processes (e.g., dispersal and extinction-recolonization dynamics), and scale.  Patterns of habitat occupancy observed within metapopulations may be the result of a balance between rates of extinction and recolonization on a relatively stable network of habitat patches.  The alternative is that patterns of occurrence reflect long-term changes in habitat occupancy and (potentially lagged) biological responses to disturbance and habitat changes, including natural disturbance and succession, and human-caused habitat modification and loss (Rieman and Dunham, 2000).

While our work on salmonids points to the importance of habitat size at large scales, the mechanism driving this pattern is not clear.  A common explanation for this widespread pattern that habitat diversity is greater in larger habitats, and diversity in space and time may confer greater stability to species assemblages (e.g., recent special feature in Nature).  This explanation for patterns of species persistence on landscapes has important implications for land management.  Management practices that tend to homogenize landscapes or alter the frequency and magnitude of disturbance events may strongly influence species persistence (Landres et al., 1999).  Physical science can make important contributions to conservation of aquatic species by providing a better understanding of spatial and temporal scaling of different sources of disturbance to physical systems (e.g., Reeves et al., 1995; Benda et al., 1998; Montgomery, 1999; Naiman et al., 2000).  The short and long-term effects of these disturbance events must be more clearly linked to relevant biological responses.  Understanding of these linkages is tied to appropriate scaling of both physical process and biological responses in space and time. 

Synthesis and Conclusions
In this paper, we have viewed physical systems as the processes that influence and constrain the creation and maintenance of aquatic habitats, which in turn serve as a template for the expression, maintenance, and evolution, of ecological diversity.  From this view the biological system defines the relevant physical system and together they represent an ecosystem.  The term ecological “integrity” has been proposed to represent an ecosystem’s “ability to generate and maintain adaptive biotic elements through natural evolutionary processes” (Angermeier and Karr, 1994; Angermeier, 1997).  Integrity should reflect evolutionary adaptations to a diverse and dynamic physical environment through a complementary suite of ecological forms, strategies, and temporal/spatial patterns of occurrence that serve to stabilize systems and maximize their productivity (Chapin et al., 2000).  Managers focused on ecological integrity will strive to restore or maintain physical systems that can sustain ecological elements and products, and that can also respond and adapt to change, disturbance, or the effects of management that we cannot foresee.  The concepts of natural process and variability, diversity, and scale provide a foundation for implementation of watershed management intended to conserve ecological integrity when faced with uncertainty.  The challenge to implementation rests on our ability to define clearly what these concepts mean in terms of management objectives, and how to manipulate and monitor systems to ensure that these objectives are met.  While it is clear that much of the current regulatory guidance for managers is oversimplified, the complexities, potential costs, and uncertainties of implementing new concepts are significant obstacles.

What is Natural? A fundamental issue in restoring more natural variation in patterns, processes and disturbance structuring aquatic ecosystems will be recognizing what “natural” is or was.  We often lack long enough time series or even enough unaltered landscapes to characterize the patterns that might be expected in the absence of human influence.   One perplexing problem is the recognition that natural regimes are not stable, and that historical observations of fire, floods, and erosional events, for example, may not capture near-future conditions, particularly in light of human influence on whole earth systems.  Recent and rapid climate changes suggest that hydrologic and temperature regimes, and linked disturbance processes are trending along pathways that have no observational precedent.  For example, a recent report of the Pacific Northwest Regional Assessment Group, U.S. Global Change Research Program (JISAO/SMA, 1999) based on modeled responses, suggests that fundamental changes in both snowmelt and rainfall dominated river systems in the Pacific Northwest will result in dramatic increases in winter flow volumes and flooding.  In spite of these concerns, new methodologies continue to emerge that allow for longer and more accurate glimpses into the past.  For example, in-situ cosmogenic nuclide production and apatite fission track measurements have allowed extension of sediment production estimates in montane watersheds in Idaho from tens of years to millions of years, and has provided a rational basis for estimating periodicity of large events (Kirchner et al., in press).  Paleoecological methods have allowed a tentative reconstruction of historic patterns of flow and erosion in more recent periods (Chatters et al., 1995).  Systems modeling focused on fluvial-geomorphic processes with linkages to key drivers such as climate and fire (Benda et al., 1998; Benda and Sias, 2000) may provide useful perspectives when direct reconstruction is impossible.  In any case gaining a better sense of the environmental variability that can serve as a management goal seems key.

Where should it be?  Using natural process and variability as a guide for watershed management could be a key step toward conservation and restoration of the template for biological diversity and ecological integrity.  A key question is where should, or can, we do it?  Do we know enough about natural processes to actually restore or mimic them?  Certainly removing dams or channel levies or even providing more natural flow regimes are important and feasible actions.  But wildland management tied to roads, timber harvest and prescribed fire represent more uncertain links to hydrologic and geomorphic process.  In either case socio-political issues in management requiring long-term commitment consistent with ecological time scales increase that uncertainty.   Even assuming that we have the fundamental knowledge required to conserve and restore those basic processes, there remain two important constraints to progress. (1) The problem is large and resources for work are limited.  The demands for development of watershed-based natural resources are likely to grow rather than decline in the foreseeable future (Dale et al., 2000).  We cannot hope to conserve or restore all of the watersheds we might wish.  Prioritization will be important. (2) We generally lack any detailed inventory to characterize the nature and distribution of the aquatic biological diversity we hope to conserve.  

Hunter (1991) and others have argued that our most efficient and effective option might focus on the conservation and restoration of a diverse physical system.  This is the strategy embraced by a number of major conservation initiatives such as GAP (Scott et al., 1993) and the Nature Conservancy  (Noss et al., 1995). The goal is to map distinct conservation units based on the classification of physical attributes ultimately thought to support, or constrain the distribution of distinct biological elements.  In essence by focusing conservation or restoration on a representative set of distinct physical environments we could ensure the conservation of distinct biological elements and the components of biological diversity.  Understanding the link between diversity in the physical template and diversity in biological elements will be an important step toward a more efficient and effective prioritization of management resources.

At What Scale?  The scope of many issues facing managers of aquatic ecosystems necessitates a larger or broader view, but “scaling up” entails more than changing the linear and temporal dimensions of the problem.  Management to maintain or restore ecological integrity must consider how different processes operate at different scales, particularly with reference to how physical and biological processes are functionally organized (Urban et al., 1997).  Context is important.  In the temporal dimension, present conditions must be understood in the context of historical legacies and potential future conditions.  In the spatial dimension, conditions within any reach of stream could be driven largely by the connections to, and conditions in, the surrounding landscape.  For example, most reserves to protect aquatic ecosystems (Frissell and Bayles, 1996) cannot function in isolation of effects from the “matrix” of managed landscapes in which they are embedded (Harris, 1984; Pringle, 1999).   

Multi-scale approaches must acknowledge a degree of uncertainty that is not reflected in many current management regulations or applications.  Even with perfect information, we cannot precisely predict how aquatic ecosystems will respond to alternative management actions.  Complex and stochastic interactions between factors acting at multiple scales ultimately lead to a distribution of potential physical and biological responses.  One response may be to view whole river basins as “populations” of watersheds with a characteristic frequency distribution of environmental conditions driven by the periodicity of disturbance and its interaction with hydrologic and geomorphic process (Benda et al., 1998).  Another may be to classify watersheds or stream segments by the fundamental processes or regimes that structure them (Montgomery, 1999).  In a pragmatic sense “scaling” for managers may require recognizing the system size and time frame that encompasses a relatively stable, complete, representative or diverse distribution of conditions, populations or classes.  

Questions for Integrated Research We believe that by struggling with these questions we begin an outline of a collaborative integration for biologists and physical scientists interested in the conservation management of river ecosystems.  New work would necessarily consider more specific questions.  Some examples:

-What are the natural patterns variability and how have they changed?  How different are the environments influenced by humans in pattern or variation from those that might have existed in the absence of human effects?  How far can natural processes be altered without impairing biological elements of ecosystem integrity?

-How will they change in the future?

-What are the dominant processes structuring aquatic ecosystems?  In the Pacific coastal ecoregion, for example, influences of fire and subsequent delivery of wood and sediment (e.g., Reeves et al., 1995; Benda et al., 1998; Cissel et al., 1998; Naiman et al., 2000) are thought to be the dominant drivers in the formation of stream habitats for fish.  In other regions, different processes may be important. 

-How do we “scale” aquatic ecosystems?  Different physical processes may operate on different scales (Benda et al., 1998) or “domains” (Montgomery, 1999) within a single watershed (Frissell et al., 1986; Seyfried and Wilcox, 1995).  Patterns of biological organization, such as the distribution of local populations, may or may not conform to different physical gradients or boundaries (Dunham et al., in press).  We need to understand how to scale both, if we are to effectively manage aquatic ecosystems. 

-If full restoration of natural processes is not possible, how can we effectively mimic them?  Poff et al. (1997) summarize the example of attempts to mimic natural flow regimes in the Colorado River.  Were flows of sufficient magnitude and duration to restore important physical habitat elements?  Is restoration of a natural flow regime sufficient, given that upstream reservoirs have severely altered sediment supply and thermal regimes?

-What are the temporal and spatial patterns of disturbance and variation within any region or scale of interest?  Is there some natural ebb and flow in the productivity of some streams that might provide a template for management intent on mimicking that pattern?  How does the probability that some portions of a system productive at any point in time change with the size of the system? 

-What are the primary gradients in the physical environment influencing the occurrence and diversity of aquatic organisms?  Are some kinds of environments invariably productive and diverse while others are not?  Temperature is a physical characteristic of central importance that limits the distribution of species, and constrains species interactions through basic physiological processes.  The fundamental differences in geomorphic processes may also constrain distributions through disturbance and direct selection on reproductive strategies.  Models that allowed broad spatially and temporally explicit predictions of temperature without detailed site level information could be immensely useful in defining potential habitats.  Physical classification of streams and watersheds reflecting biologically relevant disturbance regimes could have similar power in understanding the distribution of distinct species, life histories, or diversity in general.       

Conclusions Retaining the critical types and ranges of natural variability in ecosystems remains, for the present, a management goal or a conceptual underpinning for management rather than an operational dictum.  In practice, this requires adopting a conservative approach to changing the complex nature of systems that we understand poorly, but that we wish to manage. Technological fixes that are used should be compatible with natural conditions and the processes that structure aquatic ecosystems not run counter to them.  A primary challenge will be to apply these emerging ideas in the real world.  Examples of successful applications for aquatic ecosystems are extremely rare, but there is growing optimism and support management based on concepts of natural variability.  The opportunity for conservation or restoration of more natural conditions will depend on our ability to collaborate across disciplines to recognize what those conditions were, where we can hope to do it, and which areas are likely provide the greatest ecological value.  
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