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 HETEROGENEITY IN STREAMS

 The influence of environmental heterogeneity on patterns and
 processes in streams

 MARGARET A. PALMER AND N. LEROY POFF

 Department of Zoology, University of Maryland, College Park, Maryland 20742 USA

 Abstract. This introduction to 9 articles on the influence of heterogeneity on pattern and processes
 in streams describes why we need to examine heterogeneity and outlines major themes we need to
 consider. Contributors show that a wide range of lotic patterns and processes may be influenced by
 physical and biological heterogeneity, including the spatial distribution and persistence of biota, pred-
 ator-prey interactions, and flux of materials among ecosystem compartments. Authors have relied on
 both theoretical approaches (e.g., numerical simulation models) and empirical approaches (e.g., ma-
 nipulative experiments) to gamer insights into the causes and consequences of spatial and temporal
 variability in streams. We outline 6 major themes that emerged from this collection of papers and
 from the symposium on ecological heterogeneity held at the 1995 meeting of the North American
 Benthological Society in Keystone, Colorado. These themes encompass much of the nature of hetero-
 geneity, and they have important implications for the study of pattern and process in streams. To
 elucidate on these themes, we provide specific examples from the papers in this series.

 Key words: ecological heterogeneity, temporal and spatial variability, pattern, process, variance,
 scale.

 Stream ecologists have long been aware that
 lotic systems are amazingly variable across
 space and time (Hynes 1970). The dynamic na-
 ture of streamflow is probably the most obvious
 form of variability but certainly other factors
 such as temperature, light, substrate, and re-
 source availability differ seasonally or with po-
 sition in a stream. Stream ecologists have dis-
 cussed the notion that variability per se may in-
 fluence biotic patterns and processes in streams
 (e.g., Pringle et al. 1988, Downing 1991, Hildrew
 and Giller 1994) but by far most of the work to
 date has focused on temporal or position-spe-
 cific patterns. Recent theoretical and empirical
 work has suggested that the study of hetero-
 geneity, defined as variability in a process or
 pattern over space or time, and of its ecological
 consequences requires new and more complex
 conceptual frameworks and empirical ap-
 proaches (Kolasa and Rollo 1991).

 Historically, most ecologists have relied on an
 equilibrium paradigm to structure their think-
 ing about ecological systems (Wiens 1984, Pick-
 ett et al. 1992). Under such a paradigm, systems
 may be "structured" through biotic coupling,
 resource limitation, and tight feedback loops.
 While systems may be structured in a highly
 predictable way at least for limited time periods
 (Roughgarden 1989), we are increasingly rec-

 ognizing that many systems exhibit a combi-
 nation of deterministic, random, and chaotic be-

 haviors, in part because of the high degree of
 environmental heterogeneity present in nature
 (Kolasa and Rollo 1991). This growing recogni-
 tion suggests that new conceptual frameworks
 and research methods are necessary to more
 fully understand the structure and function of
 ecological systems.

 First, we need to de-emphasize the equilibri-
 um paradigm and consider it as a special case
 (Murdoch 1991), or as a paradigm whose use-
 fulness depends critically on the scale of study
 (DeAngelis and Waterhouse 1987). Second, we
 need to de-emphasize simplified field and lab-
 oratory approaches that reduce or remove po-
 tentially relevant heterogeneity-heterogeneity
 itself may tell us much about a system and thus
 be viewed as a factor to include in experimental
 designs (Wiens 1992). Third, we need to accept
 that biotic and abiotic processes may simulta-
 neously operate to generate biotic patterns, and
 that both pattern and process may be scale-de-
 pendent (Menge and Olson 1990, Levin 1992).
 Fourth, we need to rethink our empirical ap-
 proaches so that our measures of heterogeneity
 have relevance to ecological entities and are not
 merely absolute and sometimes arbitrary mea-
 sures that are chosen by convention (sensu func-
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 FIG. 1. A schematic illustrating that heterogeneity
 can occur at multiple spatial and temporal scales for
 both biotic and abiotic factors and that this heteroge-
 neity influences both pattern and process in ecological
 systems.

 tional vs. measured heterogeneity, Kolasa and
 Rollo 1991). Fifth, we need to embrace new an-
 alytical tools (e.g., fractal analysis, nonlinear
 modelling) that may open new doors of under-
 standing into how and why heterogeneity is im-
 portant (Levin 1992).

 With these thoughts in mind, we organized a
 symposium at the NABS 1995 meetings in
 which participants were asked to consider how
 we might test for the influence of environmental
 heterogeneity on pattern and process in
 streams. This symposium motivated, but did
 not determine, the collection of papers included
 in this volume. Because many stream ecologists
 are working on the role of heterogeneity in
 streams, we invited contributions from a broad
 range of scientists with perspectives at the pop-
 ulation, community, and ecosystem level. Our
 goal was to provide a forum for considering
 how a variety of approaches (theoretical, mod-
 elling, empirical) can be used to address a wide
 range of processes and patterns that may be in-
 fluenced by many forms of environmental het-
 erogeneity (Fig. 1). These include, for example,
 the distribution or diversity of biota, predator-
 prey interactions, community response to dis-
 turbance, and ecosystem dynamics.

 We specifically hoped contributors would fo-
 cus on the question of scale, which we believe
 is embedded in the heterogeneity theme. Large-
 or small-scale heterogeneity may constrain pat-
 terns and processes. For example, predation
 may be mediated by either local microhabitat
 heterogeneity within a riffle, by larger reach-
 scale heterogeneity, or by both. Further, hetero-
 geneity documented at one scale may provide
 insight into patterns and processes at larger or
 smaller scales. For example, responses of indi-
 viduals to resource heterogeneity might inform
 us about population performance. You will see
 below that consideration of scale was, indeed, a
 major focus of this symposium.

 Themes in the study of stream heterogeneity

 Many themes emerged from the symposium
 and the discussions that continued after the pre-
 sentations. Most of these themes are touched on

 by one or more of the papers in this issue, but
 all of the themes include research topics that are
 at the forefront of stream ecology. We summa-
 rize 6 of the themes by providing examples
 from the papers in this issue.

 1. Multi-scale analysis

 Most of the papers deal either directly or in-
 directly with scale. Clearly, stream ecology
 would benefit from the development of a "sci-
 ence" of multi-scale analysis, as is the case for
 many areas of ecology (e.g., Schneider 1994). In
 the present collection of papers, Crowl et al.
 (1997) take a hierarchical approach to nicely
 demonstrate that predators can control spatial
 variation in invertebrate abundances in streams.

 Interestingly though, Downes et al. (1997) pres-
 ent data on streambed disturbance suggesting
 that it may be dangerous to assume that phys-
 ical variability at different scales should be
 viewed as a nested hierarchy (e.g., variability at
 large scales constrains that at smaller scales but
 not vice versa). Cooper et al. (1997) support the
 study of variability at multiple scales as a valu-
 able starting point, but suggest that we can also
 use alternative and insightful non-hierarchical
 analyses in the study of stream heterogeneity.

 2. Functional perspective

 It is far easier to document heterogeneity in
 physical factors (particularly those easily mea-
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 sured by stream ecologists) than to show that
 such heterogeneity has biological significance.
 Despite this, it is imperative that stream ecolo-
 gists examine heterogeneity from a functional
 perspective. For us to fully understand how het-
 erogeneity influences ecological patterns and
 processes in streams, we must identify the
 mechanisms by which heterogeneity influences
 individuals, communities, and ecosystems. Val-
 ett et al. (1997) suggest that small-scale spatial
 heterogeneity in biogeochemical processes can
 be influenced by catchment-scale lithology. The
 mechanism underlying this link is the constraint
 lithology imposes on hydrological exchanges
 across the groundwater-surface water interface.
 Similarly, Flecker's (1997) work in Andean
 streams demonstrated that a mechanistic under-

 standing of how fish feed and the extent of func-
 tional redundancy in guilds of bottom-feeding
 fish were both necessary to understand the spa-
 tial patterns of sediment-accrual in these
 streams.

 3. Dispersal and flux

 The study of biotic dispersal and or flux of
 materials, as a regional process that acts to unite
 or alter heterogeneous systems locally, is critical
 at this juncture in stream ecology. We know far
 too little about the impact of biotic movements
 or physical mixing processes on the creation,
 maintenance, or obliteration of heterogeneity in
 streams (Palmer et al. 1996). The models of Lan-
 caster and Belyea (1997) reinforce the impor-
 tance of understanding dispersal dynamics in
 spatially heterogenous and flow-disturbed
 streams. Stevenson (1997) stresses that the
 study of propagule dispersal and nutrient flux
 may be critical to understanding how habitat
 heterogeneity influences the structural and
 functional properties of algal assemblages. Poff
 and Nelson-Baker's model (1997) suggests that
 foraging movement of grazers may be depen-
 dent on spatial environmental heterogeneity,
 which in turn affects the spatial distribution and
 biomass of algae in streams. Finally, Valett et al.
 (1997) show that the rate and extent of ground-
 water-surface water fluxes can influence the het-

 erogeneity in interstitial nutrient content in
 streams.

 4. Variance as an ecological metric

 Palmer et al. (1997) emphasize why variance
 and not mean environmental values may be im-
 portant in lotic research. The use (and manip-
 ulation) of variance as both a dependent and an
 independent variable may lead to new under-
 standings of how pattern and process are linked
 in streams. Crowl et al. (1997) and Palmer et al.
 (1997) use variance expressed as the coefficient
 of variation (CV) in faunal abundance as a tool
 to investigate how stream communities respond
 to both physical and biotic variance (e.g., spatial
 variability in flow and predation pressure). Coo-
 per et al. (1997) suggest that additional methods
 that focus on variance (e.g., spatial autocorrela-
 tion, spectral analysis, fractal geometry) may
 also be useful in the study of heterogeneity in
 streams. Clearly, stream ecologists are only be-
 ginning to embrace variance as a factor of eco-
 logical significance and to explore various tools
 (e.g., geostatistical techniques) that can be used
 to garer ecological insights.

 5. Interaction of physical and biotic heterogeneity

 Spatial and temporal heterogeneity in the
 physical environment can interact strongly with
 spatial and temporal heterogeneity in biotic
 abundance, biomass, or processes. For example,
 Flecker (1997) shows that grazing fish have an
 effect on resource distribution that varies across

 space and time and that biotic processes (here,
 fish foraging) enhance physical heterogeneity
 (here, distribution of sediments on a stream-
 bed). Lancaster and Belyea (1997) demonstrate
 that population persistence in the face of distur-
 bance is scale-dependent in streams due to spa-
 tial habitat heterogeneity (especially with re-
 spect to the distribution of flow refugia). Poff
 and Nelson-Baker's model (1997) suggests that
 snail grazing creates algal patchiness but does
 so as a function of spatial heterogeneity in flow.
 Finally, further examples are provided by Coo-
 per et al. (1997) from their work on the inter-
 active effects of spatial heterogeneity of food re-
 sources (whose distributions are influenced by
 environmental factors) and predator-prey inter-
 actions.

 6. Emergent properties related to heterogeneity

 As the title of the last theme implies, the over-
 all effect of heterogeneity may be greater than
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 the sum of individual heterogeneity compo-
 nents. Emergent or previously unidentified
 properties of populations, communities, and
 ecosystems (Allen and Hoekstra 1992) may be-
 come apparent when we do not simplify our
 study systems by removing one or more com-
 ponents of heterogeneity. In streams, this theme
 is closely related to theme 4 (above) since move-
 ment of "materials" is the mechanism that is

 often responsible for linking pattern and pro-
 cess across scales in streams and for linking spa-
 tial and temporal heterogeneity in streams (e.g.,
 Lancaster and Belyea 1997). Stevenson (1997)
 addresses this issue directly by showing that
 both structural and functional properties of pe-
 riphyton may be changed by heterogeneity (i.e.,
 new properties "emerge" in the presence of het-
 erogeneity). They suggest that stability, biomass,
 and diversity of algal assemblages may be en-
 hanced by spatial habitat heterogeneity.

 In conclusion, this collection of papers dem-
 onstrates that physical and biological heteroge-
 neity are now being viewed as "facts of life" in
 streams-stream ecologists are not shyiig away
 from the study of heterogeneity. Many in our
 scientific community are embracing the chal-
 lenges presented by the highly variable nature
 of streams. This collection of papers demon-
 strates that experimental, modelling, and statis-
 tical approaches are being taken to help in un-
 derstanding the causes and consequences of het-
 erogeneity in lotic ecosystems.
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