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What controls who is where in freshwater fish
communities — the roles of biotic, abiotic, and
spatial factors'

Donald A. Jackson, Pedro R. Peres-Neto, and Julian D. Olden

Abstract: We examine evidence for the structuring of fish communities from stream and lake systems and the roles of
biotic, abiotic, and spatial factors in determining the species composition. Piscivory by fish is a dominant factor in both
stream and lake systems whereas evidence for the importance of competition appears less convincing. Within small
streams or lakes, the impact of predation may exclude other species, thereby leading to mutually exclusive distributions
and strong differences in community composition. Within a geographic region, abiotic effects frequently dictate the rel
ative importance of piscivory, thereby indirectly influencing the composition of prey species present. The spatial scale
of studies influences our perceived importance of biotic versus abiotic factors, with small-scale studies indicating a
greater importance of competition and large-scale studies emphasizing abiotic controls. The scale of the individual sites
considered is critical because smaller systems have higher variability and wider extremes of conditions than larger
lakes and rivers. The stability of physical systems and degree of spatial connectivity contribute to increased diversity in
both larger stream and larger lake systems. We identify challenges and needs that must be addressed both to advance
the field of fish community ecology and to face the problems associated with human-induced changes.

Résumé: Nous avons étudié la structuration des communautés de poissons dans les cours d’eau et les lacs, ainsi que
le réle des facteurs abiotiques, biotiques et spatiaux dans la détermination de la composition spécifique. La piscivorie
par les poissons s'avere étre un facteur dominant, tant dans les cours d’eau que dans les lacs; en revanche, le réle de
la compétition est établi de fagcon moins convaincante. Dans les petits cours d'eau et lacs, la prédation peut exclure des
espéeces, ce qui résulte en des répartitions mutuellement exclusives et de fortes différences dans la composition des
communautés. Dans une méme région géographique, les facteurs abiotiques contrélent souvent I'importance relative de
la piscivorie, influengant ainsi la composition spécifique des proies présentes. L'échelle spatiale a laquelle les études
sont conduites affecte la perception que I'on peut avoir de I'importance relative des facteurs biotiques par rapport aux
facteurs abiotiques; les études a petite échelle révelent une plus grande importance de la compétition, alors que celles a
grande échelle mettent de I'avant les facteurs de contrble abiotiques. L'échelle spatiale des sites individuels choisis re-
vét une importance critique, parce que les systémes plus petits sont plus variables et présentent un plus grand éventail
de conditions extrémes que les grands lacs et les rivieres. La stabilité des systemes physiques et le degré de connecti
vité spatiale entrainent un accroissement de la diversité, tant dans les rivieres que les lacs de grande taille. Nous identi
fions, en terminant, des défis a rencontrer et des besoins a combler pour faire progresser I'écologie des communautés
de poissons et pour pouvoir faire face aux probléemes causés par les changements anthropiques.

[Traduit par la Rédaction]

Introduction ecologists have joined into these debates subsequently, yet
have not initiated the research and theory. However, other
Ecological communities and the study of their structuringtopics have demonstrated the leadership of aquatic ecolo
factors have a long, rich history. Studies focused on terreggists. For example, in general, aquatic ecologists have ac
trial systems stimulated some of the initial and heated decepted the view of ecosystem-level factors in determining
bates about whether or not communities contain discrete anspecies composition for a longer period of time. Because
nonrandom assemblages (e.g., Connor and Simberloff 197%horeline boundaries of lakes and rivers were perceived as
and whether species, and therefore communities, are- reglimiting the potential for movements and dispersal by
lated by biotic or abiotic factors (e.g., Andrewartha andaquatic organisms, early ecologists focused on the factors
Birch 1954). In many of these cases, aquatic communityperating within each individual system in a more holistic
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manner than terrestrial ecologists, who placed more empharally based on feeding or reproduction. This approach is
sis on dispersal and colonization to influence species -aburconvenient and useful due to its functional nature, as-it fo
dance and composition. During the last two decades, weuses on specific ecological attributes of the species. -Feed
have seen a convergence of these ideas, with terrestrial ecahg or trophic guilds classify species based on their diet or
ogists placing greater emphasis on ecosystem-level prananner of feeding (e.g., Keenleyside 1979). For species
cesses than in the past and aquatic ecologists viewing theséth restricted and consistent diets, this works well. How
boundaries as being less discrete. Studies of movements efier, many fishes vary their diets as a consequence of ontog
aquatic organisms (fish, zooplankton, mollusks), whether aceny or opportunity, and a feeding-guild classification needs
cidental introductions of exotics, the stocking of fish to newto be flexible to accommodate the fact that a species may
locations, or the natural movements of such species betweeawitch between guilds as it grows from a fry to an adult. In
systems, have shown that the scale at which much of eur ralividual species may need to be classified into several
search has been conducted may need to be expanded. gdilds, thereby complicating the desired use of a simple
great deal of the aquatic research has focused on freshwatguild-based approach. However, the explicit recognition of
fish communities, our topic as well, undoubtedly due to theirecological attributes and level of data reduction provided by
economical and societal importance. the guild approach has some appeal.

Our first goal in this paper is to provide a snapshot of im  An additional approach to community classification is
portant findings and generalizations regarding the role of bithrough the use of multivariate statistical methods. Although
otic and abiotic factors in regulating fish communities of the use of multivariate methods to summarize community
stream and lake systems. We summarize the field’s pregrepatterns began in the early 1900s, their application to fish
sion and our current understanding, ideas, and research agommunity analysis is more recent. Some of the first appli
proaches. We limit ourselves to particular sets of factors thagations to fishes were those by Smith and Powell (1971) and
have been identified as important in multiple studies or thaHarvey (1975). Researchers were motivated by the idea that
we view as particularly promising. Space limitations requiremultivariate approaches provided an objective approach in
us to focus on major sets of factors and omit others that wédentifying patterns in species assemblages and their rela
consider to be less important across studies, although thejonships with environmental conditions. Since the initial use
may be important in specific cases. We attempt to remedyf multivariate approaches with fish communities, we have
this limitation by directing the reader to associated studiesidvanced in developing and applying methods to predict the
that provide more detail on these topics (e.g., Matthewsissemblages (e.g., Magnuson et al. 1998), to test the associa-
1998). However, prior to this summary, we must address théon between communities and environmental conditions in
ways of classifying fish communities and whether communi-lakes (e.g., Jackson and Harvey 1993) and rivers (e.g., Tay-
ties represent anything other than random sets of specidsr et al. 1993), to measure and remove the role of spatial
sampled at particular locations and times. If they do notautocorrelation (e.g., Mandrak 1995), and to assess the im-
then further analysis may be a fruitless exercise. Our secongbrtance of isolation (e.g., Olden et al. 2001).
goal is to examine how spatial arrangements of systems af- \when studying fish communities, researchers make the
fect fish community composition and how the perceived im-implicit assumption that the associations of species arise
portance of various biotic and abiotic conditions depends ofrom either biotic or abiotic factors or some combination of
the spatial scale considered. Finally, we single out what Wehe two. However, if the communities are indeed random
believe are promising avenues of research or needs for r¢j e |ocal fauna are composed of random sets of species
search that can provide major advances in our field. In- confrom the regional pool), then there is little point in studying
trast with most other studies which focus on either lake ofthem in detail because derived patterns may be meaningless.
stream communities, we seek to identify similarities or dif 5o \what evidence exists supporting the hypothesis that fish
ferences between the two types of systems, as these shoWgmmunities are actually nonrandom in their structure (see

aid in stimulating additional research avenues. Evans et al. (1987) for additional discussion)? One would

like to assume that relationships from analyses of communi
Fish communities: do they really exist, and if so, how ties or community—environment relationships indicate that
do we classify them? communities are nonrandom, but this is not necessarily the

Fish communities are described or classified in variousase because such “interpretable patterns” can be derived
ways reflecting the goals of the study, attributes to be emfrom random data too (Jackson 1997). Consequently, we
phasized, and the degree of quantitative analysis employedeed to consider evidence from studies that specifically test
In some cases, communities or species assemblages haweether or not communities show nonrandom patterns in
been named on the basis of ecological and numerical domtime and (or) space. The assessment of whether stream fish
nance of a particular species or group of species that are @ommunities are random or structured (alternatively- sto
economic value (e.g., Ryder and Kerr 1978). This approaclehastic or deterministic) was the focus of a series of papers
is particularly convenient for resource managers, as the idenn the 1980s (Grossman et al. 1982; Yant et al. 1984). This
tified species are generally those of management intereséxchange of papers suggested that numerically dominant
Lake fish assemblages have been designated using this agpecies often showed consistent patterns over time but that
proach or in a more quantitative manner (e.g., Johnson et alare species varied greatly, and patterns of rank abundance
1977). Similar approaches exist within stream fish commuwere also complicated due to seasonal species movements.
nity analysis (e.g., Echelle et al. 1972). These findings provided evidence that the timing and extent

Another approach to community analysis has been te claof sampling may be important factors affecting our percep
sify species into guilds, i.e., species sharing attributes; gertion of stream fish community structure. The spatial and

© 2001 NRC Canada



Invited perspectives and article 159

temporal scales involved may be important given that-variFig. 1. Selective filtering of the global fish fauna into the set of
ability in species composition and environmental conditionsspecies comprising the local community within a lake or stream.
may have different scales (Ross et al. 1985). Finally, the resThis is an adaptation redrawn from the hierarchical screening
olution or scale of the data used in such analyses may alggovided by Smith and Powell (1971).

influence our conclusions. Rahel (1990) showed that dif
ferences in our interpretation may occur depending on

whether species relative abundance, rank abundance, or l l l l l l l l l
presence—absence data (a quantitative scale issue) are used
Gross A ’

World fish fauna

as the measure of community composition. physiological

Jackson et al. (1992), in a comparison of null models, screen Freshwater fishes
showed that the fish communities in lakes from each of five
different regions were all structured nonrandomly in space. . . * * * * * * *
Several studies have recently examined the question of geographic - >
whether fish communities demonstrate concordance with screen North American freshwater fishes
other ecological communities. If two or more communities * * * * *
based on different taxonomic groups show concordant pat  Fine
terns across a range of sites, one can be more confident thaﬁe‘ig:ggic 4 4
the patterns are nonrandom. Example studies have used fish Regional fauna
and benthic invertebrate communities from lakes (Jackson vV VvV V V
and Harvey 1993) and streams (Kilgour and Barton 1999) to Climate 4 4

show the concordance in these communities across the vari  screen
ous locations. These findings support the idea that various

fish communities show nonrandom patterns in composition * * *
over time and (or) space. We do not know whether this is a  Local
general finding for lakes and streams due to the limited num- ~ €¥ton
ber of published studies; however, the studies available do l l
suggest that fish communities are highly structured. In addi- -

tion, the fact that many studies show similar relationships . sological .
between particular assemblages and their surrounding envi- ~screen

ronment (e.g., stream flow, lake winter oxygen) provides ¢
additional evidence for nonrandom structuring of fish com- Community fauna
munities.

The interaction between issues of scale and the roles qfaye been followed over time, e.g., the Nile perthatés
biotic a_nd abiotic factors in structuring fish communities is niloticus) impact on the Lake Victoria cichlid fauna, other
recognized. Smith and Powell (1971) proposed that the locadyidence demonstrates the impact of predatory species on
fish community is the result of a series of selective pressuregommunities. Studies by Jackson et al. (1992), Chapleau et
ranging from geographical effects (e.g., vicariant events) tqy. (1997), and others have shown that many species of
physiological effects. They proposed a series of screens &majl-bodied fishes do not coexist in small temperate lakes
filters removing species from the global fauna until only theyhere piscivorous species, such as northern piEsox
species found at a p_articular sit(_e remained (Fig. 1). They.fa|ucius) or bass (smallmouth Micropterus dolomie)
vored an autecological structuring of the local communityjargemouth Klicropterus salmoide3, are present. Cyprinid
that was consistent with the importance that they attribute¢issemblages show strong negative associations with these
to abiotic conditions. Jackson and Harvey (1989) and Tontyredators, and one generally finds either predatory species or
(1990) proposed similar views regarding this hierarchical nathe prey assemblage in these small lakes but not both
ture of factors and scale but placed increased emphasis QYroups. Habitat complexity has been shown to strongly in
the role of biotic interactions, specifically predation, in addi flyence the viability of prey populations under predation risk
tion to abiotic factors. We stress that although we structurge g, Everett and Ruiz 1993), whereas other studies have
our paper into sections examining each of these componentshown that some species remain vulnerable regardless of the
there are strong interactions among these three componenpitat available in small lakes (e.g., MacRae and Jackson
and recognition of these interactions is critical in examining2001). Without these refugia, the prey species may become

Local fauna

virtually any freshwater fish community. extinct locally. However, as the size of the lake considered
exceeds 150-200 ha in surface area, there is a general trend

Biotic factors structuring fish communities for both groups to coexist in lakes (D.A. Jackson, unpub
lished data), likely due to increased habitat heterogeneity

Predation and inherent spatial components in the population dynamics

Predation has been shown to have very strong effects oof the various species that are not found in the smaller lakes.
fish communities via direct and indirect mechanisms. Vari  Stream-based studies have shown strong predation effects
ous studies of lake communities have shown the strong ansee Gilliam and Fraser 2001 and references therein). Power
rapid effects imposed by predators, with much of the- eviet al. (1985) and numerous other studies have shown that
dence coming from studies related to species introductionpredators can affect the choice of habitat by prey species
(e.g., Li and Moyle 1981). While the changes in a few lakeswithin streams. This may lead to different assemblages be
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ing present in particular pools or riffles because prey species Experimental studies confirm that the impact by predators
move to sites providing less risk of predation (e.g., Gilliamis swift and considerable (He and Kitchell 1990). Prey-spe
and Fraser 2001). Prey species may move to areas wheecges move into shallow waters, frequent complex habitats, or
predators have difficulty in accessing them (e.g., Schlossdeave the site to avoid predators (He and Kitchell 1990).
and Angermeier 1990), and these may be habitats differerfize-selective predation (Wahl and Stein 1989) has been shown
from those selected when predators are not present (e:g., b have a strong influence on which individuals and species
ranha’'s Pygocentrus notatys effect on other species; survive, thereby leading to potentially different communities
Winemiller 1989). Gorman (1988) suggested that some oflepending on the presence of particular predators, i.e., those
the structure attributed to stream fish assemblages is due &electing only small-bodied prey species versus those feeding
prey species’ common avoidance of predators, i.e., specigm all species. An important feature identified by Matthews
collectively congregating in habitats affording greater-pro (1998) is that despite the large number of potential
tection from predation. predato#prey combinations (e.g., about 900 species of fish
While direct predation effects are often expressed stronglyn North America), most studies have been limited to examin
and quickly by the elimination of one or more prey speciesnd only a few predators (e.g., largemouth bass, smalimouth
in the lake or stream system, there are additional, but les3@ss, creek chulSemotilus atromaculat)sand prey (e.g.,
obvious, indirect effects by which predators may structureSmall creek chub, fathead minnowiephales promelgs
fish communities. When prey species alter their choice of\orthern redbelly dacePhoxinus eg§. Consequently, the
habitat and foraging to reduce predation risk, they may expecurrent ideas and theories related to fish predator—prey rela
rience corresponding changes in life history and fitness retionships are based on a limited range of potential species
duction. Slower growth generally means that the individualcombinations, and comparisons incorporating other groups
and species remain vulnerable to predation for a longer timef Species will be helpful.
Fecundity may be reduced if individuals mature at a smaller
size, and individuals in poorer condition may experience in Competition

creased mortality during environmentally stressful periods. Although there is no consensus regarding the role of inter-
For example, Shuter et al. (1980) showed size-selective mokpecific competition in structuring stream and lake fish com-
tality in the overwinter survival of smallmouth bass. There-mnities, the ample literature associated with resource parti-
fore, predator a\_/o_ldance may contribute to redqced growtlﬁoning among fishes suggests that competition may play an
that may be sufficient to prevent successful survival throughmportant role in the local organization of communities (see
the winter, thereby preventing the successful long-term surross 1986). Most studies are based on field observations,
vival of the species within such systems. Although the directyng many suggest that niche segregation rather than compet-
effect of smallmouth bass on cyprinids has been discussegiye exclusion is the predominant outcome resulting from
predation can lead to indirect biotic effects through competiczompetitive interactions. Although there are few studies that
tion. Vander Zanden et al. (1999) showed changes in the diglompare the importance of different resource axes in sepa-
of lake trout Galvelinus namaycugtas a consequence of rating species, habitat segregation appears to be the most
bass being introduced into lakes. The bass reduced the avafirevalent resource-partitioning mechanism identified for lake
ability of the littoral forage base, leading to a reduction inand stream fishes (Grossman et al. 1998). However, mest ob
the quality of the trout diets, potentially with life history servational studies do not test directly whether competition
consequences. Differences in the efficiencies of predators the most plausible mechanism responsible for the patterns
can contribute to changes in the communities (Matthews eghserved or whether other uncontrolled factors could give
al. 1994), particularly when more effective predators are inrise to similar results. For example, allopatric speciation with
troduced into either lake or stream systems. An example igosterior contact (Wiley and Mayden 1985) can generate
where a particular assemblage of cyprinids may coexist Wit%atterns equivalent to the competition hypothesis because of
salmonid predators, but the diversity of cyprinids is reducedjifferential adaptation to distinct habitats.
following the introduction of bass into the lakes (MacRae |, |ake systems, the strongest evidence for competition
and Jackson 2001). The difference in the cyprinid asseMgomes from a combination of observational and experimental
blage response is because the salmonid species are 1ess &{idies conducted on centrarchid assemblages that demon
fective littoral predators than the bass in these lakes. strated that competition caused shifts in habitat use, thereby
Predation effects can arise through reduced or enhancegcilitating exploitation of different food sources (Werner
changes in the rates of movements of species between halliog4). In a review of the literature involving numerous as
tat patches. Emigration will hasten the reduction of the-popsemblages, Robinson and Wilson (1994) found that habitat
ulation size of prey species by adding to the losses due tdiversification appears to be the mechanism allowing ceexis
direct predation on individuals. Enhanced emigration due taence of lake fishes. In addition, they showed that evolution
the presence of predators has been shown in lakes (He amad@ly responses to competition, such as character displacement
Kitchell 1990). However, this is not always the case, as othepromoting morphological differences, especially between
studies have shown both increased and decreased rates bafnthic and pelagic forms, are much more common than
movements (e.g., Gilliam and Fraser 2001 and studies citegreviously considered. Recognizing that habitat is an impor
therein). Changes in rates of movement can alter the -metaant component of the niche for a variety of lake species
population dynamics of fish communities within watershedshighlights an important evolutionary consideration. Given
encompassing various tributaries or sets of lakes, with théhat similar habitats occur in lakes in very different parts of
consequences dependent on the spatial arrangements of tie world, it is not surprising that comparable habitat segre
water bodies and their connectivity (discussed below). gation occurs in many areas. Although the species composi
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tion may be quite different, ecological equivalents arelarger numbers of species, geographic and time scales; treat
represented in these different regions. This convergence ohent levels, and their combinations, but they can also be
ecotypes from disparate regions implies that habitat differenused to control for confounding effects that could mimic the
tiation is very important because habitats are relatively moreesults of competition, such as different habitat optimums
stable over evolutionary times than other resource paramde.g., Taylor 1996). Natural experiments have contributed
ters such as food quality and availability. In fact, Jackson esubstantially to our insight regarding the importance of eom
al. (1992) suggested that habitat-related differences and preetition in structuring stream fish communities, and addi
dation effects, rather than competition, structure lake fishtional insight can be obtained provided that more adequate
communities. sampling and statistical designs and sophisticated analytical

In contrast with that for lake fish communities, the knew! tools are applied. Some competitive effects, such as exclu
edge of competitive interactions in structuring stream fishSion over large scales, can be best detected through natural
communities remains somewhat superficial (Resetarits 1997§Xperiments. Such resulting patterns can indicgtat(which
There are several studies showing the presence of Compeﬁ_patlal scales local interactions h_qve an important effect,
tion among stream fishes (e.g., Resetarits 1997). Howevefii) the resources that appear limiting and therefore under
due to the environmental variability in stream systems,-ecolcompetition, andiif) which species are most likely to be- af
ogists continuously debate whether behavioral, morphelogifected, thereby providing the initial evidence for competitive
cal, and physiological adaptations play a more importanthteractions. Where appropriate, additional experiments can
role than interactions such as competition (Grossman et allelp define the specific mechanisms (e.g., density or size
1998). The net increase of species richness along gradieng@mpensation, types of resource) through which competition
of high to low environmental variability (Gilliam et al. 1993) influences population trajectories.
and the fact that average population densities are often far
below the maximum have been used to argue that competiy, . .. . . .-
tion is less important in shaping stream community s;trucl'\bmt'c factors structuring fish communities
ture. Populations in variable environments could be stable Biotic factors, whether predation or competition, show
but at densities below where competition becomes imporzomparable effects on the fish communities in both lake and
tant. Streams simultaneously may have both *harsh condigtream/river systems. However, the abiotic influences in lakes
tions” where disturbance might play an important role andang streams are quite different in their relative importance in
“benign environments” where interactions could be signifi-getermining the fish community composition. Many of the
cant due to environmental stability (Townsend 1989). Thergactors in lakes show variation principally in a vertical orien-
are dissenting views (Lobon-Cervia 1996; Rodriguez andation whereas stream systems exhibit them in longitudinal
Lewis 1997) regarding the importance of spates and droughtgrrangements, often semireplicated within poolriffle pair-
as population controls in streams given the associated streffys along the length of each stream. In general, the abiotic

and potential for population decline during such events. Mucftomponents of both systems can be divided into physical
of the controversy regarding the importance of competitivegnd chemical factors.

interactions in structuring stream fish communities may arise
from different scales being used in different studies (Taylorp
et al. 1993). The importance of the range in habitat condi

tions and spat_lal scale is critical in whether competition 'Sgiven species can occupy. Whether or not species occupy the
viewed as an important factor or not. _ various sites within this potential range is due to a combina
Most freshwater fish ecologists now accept the idea thation of historic/biogeographic conditions defining the- re
combinations of local biotic and abiotic factors with associ ional Species p00|s (e_g_, previous opportunities to colonize
ated regional factors are responsible for structuring locajhe area or in situ speciation) and contemporary factors at a
communities (e.g., Angermeier and Winston 1998). How smaller scale (e.g., predation, environmental gradients). This
ever, the accumulation and interpretation of evidence fronhesting of selective pressures yields the realized set of spe
numerous isolated small-scale studies does not provide ges at a site, i.e., the community, relative to the regional
suitable basis for interpreting large-scale patterns (Underpool of species defined by the climatic and historical cendi
wood and Petraitis 1993). We need to determine whethefions. Smith and Powell (1971) first formalized this relation
competition can influence community structure at scales thaéhip such that the local fish community was the product of
are larger than the “garden experiments” that are commonl¥election on the global fish fauna by various environmental,
used in resource limitation experiments. biogeographical, and evolutionary factors that were- por
Only recently have stream fish ecologists started to intertrayed graphically as a series of screens or filters (Fig. 1).
pret evidence of competition from empirical observation orTonn (1990) presented a similar framework of nested filters
natural experiments over large spatial scales, where otheéemoving components of the fauna resulting in the realized
processes that could have led to equivalent patterns are partocal fish community.
tioned out in the design and analysis. Winston (1995} pre Climatic factors can be divided into those related to tem
sented a compelling case in which null models rather thamperature and those related to precipitation. Temperature has
controlled experiments were used to investigate whethebeen long recognized to limit the range of species both in a
interspecific competition was a more parsimonious explanabroad geographic scale (e.g., Shuter et al. 1980) and at finer
tion for patterns of species co-occurrence relative to othescales within particular lakes or streams (e.g., Grossman and
alternative hypotheses such as history (see Douglas arffeeman 1987). High temperatures may produce high physi
Matthews 1992). Natural experiments not only accommodatelogical demands and stress while also reducing the oxygen

hysical
Climatic conditions control the potential range that any
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saturation levels of water. So the combination of increasedhallow lake will experience a proportionately greater depletion
metabolic demand and decreased oxygen availability canf oxygen during the winter. Given the taxonomic variation
prove limiting or lethal. Aquatic systems may have thermalin sensitivity to oxygen stress (see below), morphometric
refugia if they stratify and the hypolimnion remains suffi differences among lakes can lead to very different fish-com
ciently oxygenated (see below). Stream systems often havaunities.
comparable refugia where deeper pools having groundwater Stream morphology affects flow dynamics, both tempo
inflows provide refuge from the daily heating during sum rally and spatially. Geomorphology, soil development, and
mer periods (e.g., Matthews and Berg 1997). vegetative cover all affect the rates at which precipitation or
Low temperatures may limit the distribution of speciessnowmelt reaches the principal channel. The result is that
and affect community composition (Magnuson et al. 1979)systems behave very differently depending on the relative
Shuter et al. (1980) showed that average July temperatur@ontributions of groundwater versus surface flow in combi
below 15°C prevented young-of-the-year smallmouth bassation with the precipitation regime. The degree of variabil
from growing to a sufficient size to overwinter successfully, ity associated with velocity selects for species capable of
therefore precluding long-term viability of the population. surviving within these flow regimes (see Statzner et al. 1988)
We discussed earlier the impact that this predator has o@r those able to recolonize quickly. Some studies show-mini
other species of fish. Therefore, in areas near the northermal effects on the adults in fish communities even after ma
limits of the range of smallmouth bass, temperature plays #or floods (e.g., Matthews et al. 1994). The morphology of
major role in determining the composition of these communi the streams varies such that some streams have well-developed
ties. Winter temperature is important in affecting the mixingpool-riffle patterns due to the underlying geology whereas
regime of lakes and the duration of ice cover for temperat®ther systems may have geologies that do not readity de
or boreal/alpine lakes. In turn, the mixing regime affects thevelop such patterns (e.g., recently glaciated PreCambrian
availability of oxygen in deeper waters of dimictic lakes andbedrock in north-temperate regions or alpine systems).-Mor
the availability of oxygen in monomictic systems, particu phological features, such as depth, are often strongly related
larly those in warmer climates. Within stream systems, lowto community composition. Depth of streams is negatively
temperatures can have direct impacts by determining the dorrelated with the probability of winter freezing and oxy-
ration, form, and depth of ice formation. Ice may provide agen depletion and with high water temperatures during sum-
surface cover, thereby limiting oxygen exchange, or ice mayner periods (Schlosser 1987). Shallow streams are more
thicken, potentially freezing to the bottom, thereby killing variable with greater extremes in the range of conditions ex-
fish directly. Spring thaws can provide severe ice scouringperienced by the associated communities in much the same
effectively removing the fish and much of the habitat from way that shallow lakes experience greater extremes annually.
the streams (Scrimgeour et al. 1994). Such effects tend to be Structural complexity of the environment interacts with
greater in headwaters of alpine systems or temperate/borealher characteristics of the abiotic and biotic environment
streams than in the lower reaches. The ability to survive durand contributes to the community diversity. Substrate surface
ing freezing or scouring conditions differs among speciedrregularities, such as rocks or woody material (i.e., necro-
due to behavioral, physiological, and morphological adaptamass), alter the stream flow and deepen some regions
tions. Therefore, community composition differs in systemsthrough hydraulic scouring (Shetter et al. 1946) with fish be
experiencing different levels of the stresses. However; liming attracted to the area because it is energetically less de
ited research has been directed at studying fish communitiemanding than maintaining a position in the open water.
during winter months in cold regions. The difficulty in werk Areas inboth streams and lakes with more complex habi
ing in adverse conditions has limited our knowledge, and adtat characteristics havgeen identified as providing both en
ditional work is required given that these periods mayhanced foraging and enhanced refuge from predation,
represent a substantial proportion of each year and may lbereby contributing to increased diversity (Flebbe and
the critical periods of the year for some communities. Dolloff 1995). In a similar way that hard surfaces enhance
Lake or stream morphology affects the consequences dfiversity, different assemblages may be found depending on
local temperature conditions and other abiotic factors (e.gthe level of macrophyte cover provided, although this is not
oxygen). The surface area of lakes is strongly related te spetrictly an abiotic factor.
cies diversity in lakes (e.g., Barbour and Brown 1974}. In
creased fetch contributes to increased wave action that mayhemical
lead to the formation and maintenance of coarse, rocky litto The principal chemical factors affecting community com
ral habitats that may not exist in smaller lakes. These-habiposition identified repeatedly in studies of lake and stream
tats may enhance community diversity because these nefish communities are dissolved oxygen levels (e.g., Zalewski
spawning, nursery, or feeding habitats may not be present iand Naiman 1984) and the acidity of the system (e.g., Harvey
smaller lakes. Area and fetch of lakes influence the temperal975). We indicated the importance of oxygen and its-rela
ture of the surface waters, the depth to which mixing occurstionship with water temperature (e.g., the capacity of water
and the associated hypolimnetic volume. The morphology ofo hold oxygen decreases as temperature increases while
lakes also influences the proportion of the euphotic or prometabolic demand typically increases). In deeper temperate
ductive zone relative to the hypolimnion. Lakes having-pro lakes, the fish assemblages become spatially segregated dur
portionately smaller hypolimnetic volumes are more proneing summer, since species requiring colder, oxygen-rich wa
to experiencing temperature and oxygen stress, thereby pters are restricted to deeper waters whereas many of the
tentially limiting the viability of cold-water species during small-bodied species (e.g., cyprinids) occupy shallow, littoral
summer. For a given level of production and respiration, aareas. This reduces some predatory and competitive interac
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tions within lakes because the species are spatially segr@resence of high concentrations of organic acids originating
gated for a significant portion of the year. In contrast, thefrom adjacent wetlands. The fish communities of these areas
principal littoral predators in temperate North American lakeshave undergone long-term selection for such conditions
(e.g., bass, pike) occupy similar habitats with these smallewhereasanthropogenic acidification has been mainly restricted
species, and their concentration together in the epilimniorio the past two to four decades, generally not providing suf
during summers may contribute to patterns of mutual excluficient time for selection or for colonization by tolerant spe
sion (Jackson et al. 1992). In shallower lakes, the cold-watecies.

assemblages are absent generally due to a combination of

both thermal stress and oxygen depletion in_the _deeper Wﬁcale and spatial aspects of fish

ters. Large predatory species generally require higher levels o

of oxygen, and many smaller species have behavioral anf'j(’mml'"“t"‘es

physiological adaptations that allow them to survive even at The aspects of scale and space are somewhat interrelated
low oxygen levels (Magnuson et al. 1985). Therefore, peri given that large-scale studies involve greater spatial areas
odic reductions in dissolved oxygen levels contribute to thghan small-scale studies or, alternatively, incorporate greater
loss of predatory species such as pike and bass whereas prgyriods of time. Although we consider scale separately from
species may be relatively unaffected (e.g., Harvey 1981)he biotic and abiotic components, such distinctions are rather
Small differences in the development of winter anoxia resultrtificial, since these three sets of factors are generally-inter
in very different community composition in adjacent lakes.related and their interactions confound attempts to separate
Streams also exhibit variation in the level of oxygen presentoyt specific main effects. The perceived importance of-vari
perhaps without the availability of oxygen-rich counterpartsoys abiotic or biotic factors is generally dependent on the
(e.g., hypolimnetic waters) being available as a refuge.-Shakcale at which the study is carried out. Moreover, biotic in
low, slow-moving sections of streams are prone to temperaeractions and population dynamics are clearly related to
ture elevation and decreased oxygen levels due to highariation in abiotic components (Power et al. 1988).
decomposition and respiration rates, thereby stressing fish wjthin terrestrial and aquatic systems, one finds that habi-
present or favoring different species. The combination okat and environmental heterogeneity increases with the spa-
temperature and oxygen stress may eliminate intolerant spgg| or temporal scale (Zalewski and Naiman 1984). Studies
cies, such as salmonids, from stream systems. Tropical Sygxamining the relationship between habitat and fishes tend
tems having low flow rates, or flood-plain ponds, frequentlytg focus at one of two scales (Hinch 1991). Lake studies ei-
develop low oxygen levels due to high ambient temperaturegher compare in detail the fish assemblages and habitat use
and high respiration and decomposition rates. Tropical fishegt different sites within a lake, often through time, or operate
exhibit a greater degree of air breathing relative to temperatgt 5 larger scale, examining the compositional patterns among
fishes (Kramer 1983), likely reflecting this selective pres-|akes using each lake as an observational unit (e.g., Johnson
sure imposed on these communities due to anoxia. et al. 1977) with less accurate or precise estimates of the
Acidity of lakes and streams has a strong effect on fishabundance of species. Many of the studies at the large scale
communities. Species richness in lakes declines as watessmply use species presence—absence as the level of data res-
acidify (e.g., Somers and Harvey 1984). Anthropogenic acidiolution due to the difficulties in obtaining reliable estimates
fication in temperate North America and northern Europeof relative or rank abundance (see Jackson and Harvey 1997).
has contributed to the loss of many populations and changeSimilarly for stream studies, researchers focus on obtaining
to the fish communities, as many of the small-bodied speciedetailed data at very small spatial scales or less detailed data
are more vulnerable (Rahel and Magnuson 1983) than thfor larger comparative studies (Lamouroux et al. 1999). In
larger species, in contrast with the relationship for dissolvedhe case of small-scale studies in lakes or streams, research
oxygen. The potential for acidification is influenced by geol ers often study aspects related to fine-scale habitat use or
ogy and by the lakes’ position within the landscape. Lakesabitat partitioning and address questions related to direct
positioned on carbonate-based bedrock and with deeper soilsteractions between species (e.g., competition). The detailed
generally show less impact of acidification than lakesinformation required at such fine scales prevents comparable
located on granitic rocks, assuming that other factors arstudies from being conducted at larger spatial scales (Hinch
equal. Therefore, there can be substantial differences in th£991), at least without considerable cost. Large-scale studies
water chemistry and the associated fish communities amongften focus on the degree to which major environmentat con
lakes at relatively small scales (e.g., kilometres; Somers anditions (e.g., pH, maximum or minimum temperature, 0Xxy
Harvey 1984) as well as differences between regional faunagen conditions) are related to community composition and
and communities at larger scales (e.g., tens to hundreds dfpically find stronger relationships between these patterns
kilometres; Jackson and Harvey 1989). Location in the wathan do fine-scale studies. One factor contributing to this
tershed also contributes (Kratz et al. 1997) because headwsacale-related difference in the importance of abiotic factors
ter lakes generally acidify more quickly than downstreamis the degree of variation found in the sites sampled.
lakes as lake surface area represents a greater proportion ®mall-scale studies are usually more limited in the range of
the total catchment area; therefore, it provides less potentidghese environmental variables (e.g., range Aofto B in
to buffer the precipitation. These headwater lakes experiencgig. 2) whereas the range in the variation is emphasized in the
a loss in species diversity even though they generally begitarge-scale comparisons. This difference in the range of vari
with a more depauperate fauna because species richnessation associated with variables makes it difficult to detect
correlated with lake size (Magnuson 1976). Some regionsignificant effects of these environmental conditions. In-con
contain naturally occurring acid lakes or streams due to thérast, the large-scale studies may lack the data resolution to
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Fig. 2. Importance of the range considered for any environmentaktrate, depth, flow, and oxygen are now greater when

variable in whether it shows a strong relationship to a commu  pool—riffle contrasts are included. Increasing the scale further

nity attribute. We see a strong relationship between the variablesoften does not provide a comparable jump in the range of

if the entire range of the environmental variable is included. habitats considered because stream systems incorporate

However, if we restrict the range of this variable (eA4.to B), semireplicated patterns of pools—riffles along the length of the

we lose the ability to detect the significant association. This ef stream. However, increasing the scale to include the entire

fect occurs when we choose studies encompassing a large scaldength of the stream or multiple streams often leads to a sub

with many locations versus the small spatial scale, but inten  stantial increase in the range of habitat conditions because

sively studied sites common in studies of biotic interactions. Thethere are major differences in environments from headwater

large-scale studies typically find significant associations with the to stream mouth locations (e.g., Vannote et al. 1980 and ref

abiotic factors whereas the small-scale studies do not find the erences therein). There may be considerable differences be

same relationships. tween watersheds where historical or biogeographic factors

provide constraints on the communities by defining the re

gional pool of species from which the species can be

. ® drawn (e.g., Matthews an&obinson 1998). At smaller

| * o e scales, local environmental gradients constrain the set-of po

| | ° . tential species from the regional pool with biotic interactions
(predation, competition), leading to the realized communi

P B ties at a local scale (Fig. 1). Much of our understanding

b ] about the importance of environmental gradients in organiz

| ing stream fish communities has been from studies at-inter

| mediate and small scales along longitudinal gradients within

streams (Rahel and Hubert 1991), along pool-riffle se

: quences (Angermeier and Schlosser 1991), and in micro

I

I

Fish community attribute
L]

habitat use (Grossman et al. 1998). Local-scale factors are
usually easier to measure, identify, and correlate with fish
distributions than large-scale processes (Lamouroux et al.
1999) but are also more variable temporally. If local pro-
cesses persist over intermediate (e.g., streams from different
Environmental variable watersheds) and large scales (different watersheds), they can
contribute dramatically to our understanding of community
organization (Levins 1992).

detect effects due to some small-scale environmental condi- Some important generalizations have arisen about the role
tions and biotic effects such as competition, particularlyof abiotic factors in structuring stream fish communities along
given that the large-scale studies may not encompass thHengitudinal stream gradients. The main patterns of longitu-
same species across the sites, thereby preventing direct othinal succession of fishes in streams are the addition and
servations between these species across the sites. So thetdbstitution of species along gradients (Gilliam et al. 1993).
has been a trade-off in the level of information collected de Additions of species are usually related to environmental
pending on i) whether the researcher's hypothesis is di gradients having relatively smooth transitions of abiotic fac
rected towards competitive interactions (e.g., Werner 1984jors along longitudinal stream profiles (Vannote et al. 1980)
or major abiotic constraints (e.g., Magnuson et al. 1998) oand will contribute to more nested patterns of community
(i) whether a researcher has the resources to carry out ttimmposition (i.e., sites having fewer species are simply sub
large-scale versus small-scale studies, which may affectets of more speciose sites; e.g., Taylor 1997) whereas species
which hypotheses is examined. substitutions correspond to abrupt discontinuities in stream

Some characteristics of aquatic systems are likely to makgeomorphology or abiotic conditions (e.g., temperature); pro
spatial scale a more important determinant of communitynoting isolation of the site and species (Balon and Stewart
structure than in terrestrial systems. Stream systems ineorpd983). The continual addition of species from small headwa
rate a strong longitudinal pattern given their long length rel ter streams to larger rivers is a consistent pattern in most
ative to width. There are few, if any, terrestrial ecosystemdemperate and tropical stream fish communities (Matthews
that show such consistent longitudinal patterns throughout986). This pattern is attributed mainly to the increased hab
the world. This corridor-like formation leads to many atirib itat diversity and stability downstream along watershed gra
utes unique to stream systems. Studies at small scales idedgients (Meffe and Minkley 1987), with these components of
tify differences in the microhabitat available and the types ofthe physical environment being positively associated with the
fish assemblages found therein (Grossman and Freeman 198variability of stream flow (Statzner et al. 1988). Lower-order
Such differences relate to characteristics associated with subtreams support low diversity and less-structured assemblages
strate, flow, and structure providing cover and often areddendue to a relatively high variability in their environment.
tified at scales within a few metres that encompass either ecolonization dynamics, temporal variation in reproductive
pool or a riffle habitat (Cooper et al. 1998). However; in success, and the ability to find suitable refugia during harsh
creasing the level of spatial scale includes greater differconditions appear to be more important than biological inter
ences among the habitats, since pools and riffles may bactions as determinants of community organization in such
contrasted within the same study. The differences in- substreams (e.g., Schlosser and Kallemeyn 2000).
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Physical disturbance reduces the densities of populationsbility. This range in variability over time and space empha
with the result that biotic interactions may not appear as imsizes the importance of abiotic factors in structuring lake
portant as abiotic conditions in determining communitycommunities at large scales, in contrast with small-scale
structure (Jackson et al. 1992). Temporal heterogeneity assoomparisons emphasizing competitive interactions (Fig. 2). In
ciated with stream habitat characteristics provides an imporcontrast with competition being most evident in small-scale
tant factor influencing fish communities. The major form of studies, both large- and small-scale studies identify preda
environmental variability (e.g., frequency, magnitude) in streamtion effects, thereby indicating its importance in structuring
ecosystems is fluctuation in stream flow. Changes in thesésh communities within and across scales.
characteristics alter the physical habitat of streams and rivers,
thereby influencing the composition and stability of fish eom spatial dynamics

munities (e.g., Grossman et al. 1998), primarily due to in ~ Although the role of space in habitat heterogeneity is widely
creased mortality and a reduction in recruitment. Responsgscognized, the importance attributed to spatial aspects in
of fish assemblages depends on the degree of change relatiygpulation and community dynamics has increased recently
to the flow regime and how various geomorphic and ecelogi (Hanski 1999 and references therein). Many of these terres
cal processes respond to this relative change (Poff and Walig{a| and theoretical studies show the importance of spatially
1990). Furthermore, longitudinal and lateral variation in streamstryctured populations (e.g., metapopulations) in the mainte
discharge can lead to complex spatial and temporal dynamiggance of species diversity and community composition. The
of fish populations and communities (see Schlosser (1991hovement of individuals between habitats can reduce the
for examples). In higher-order streams, where the catchmengtes of local extinction as well as permit recolonization fol
area is larger and thus hydraulic variation is lower, habitajowing local extinctions. The rates of interpatch movement
characteristics are more stable and communities are able {fave important implications ranging from population genetics
persist for relatively longer periods of time. Maximum dier to community composition. To date, there has been limited
sity is likely to occur in sites where the habitat diversity is recognition of the role of spatial isolation and meta
enhanced and strong interspecific interactions are mediatgshpulation dynamics within aquatic systems. Some early
by intermediate environmental disturbance (Resh et al. 19884t dies identified the similarity of lakes (Barbour and Brown
Zalewski and Naiman (1984) proposed a conceptual modelg74) and rivers (Eadie et al. 1986) to islands or insular hab-
where there is a gradual shift from abiotic to biotic regula-jtats. A few studies have attempted to quantify the degree to
tion of stream fish communities as stream order increasesyhich lakes are isolated from one another (e.g., Magnuson
Research on associations between environmental charaet al. 1998) based on measures of the connections between
teristics and the distribution and abundance of fish speciemkes. The degree of habitat insularity in streams and lakes
across space has contributed greatly to our understanding dépends on a number of natural and anthropogenic conditions.
the relative importance of local abiotic and biotic factors (orSeepage lakes show complete isolation from other aquatic
combinations of them) in determining community structurehabitats (Magnuson 1976), except during periods of extreme
(e.g., Taylor et al. 1993), whether species—environment relaftooding or human stocking activities. Isolation among drain-
tionships persist over intermediate and large spatial scalesge lakes is a function of the number, length, and suitability
(e.g., Lohr and Fausch 1997), and whether environmentalf connecting watercourses (Olden et al. 2001). Suitability
variables remain associated with fish assemblages at diffebf a watercourse for fish movement depends on the number
ent levels of spatial scales (low- versus high-order streamsind magnitude of artificial (e.g., water regulation dams) and
riffles versus pools; e.g., Grossman et al. 1998). natural barriers (e.g., beaver dams, waterfalls), stream mor
Although we have focused on stream systems in examinphology such as the number of stream confluences, the prev
ing the role of scale and the interplay between abiotic andilence of seasonal drying or warming of streams, and
biotic components, similar results are found from studies ofthannel characteristics such as depth. Within-stream cennec
lake fish communities. Small-scale studies incorporate morévity is determined by these systems factors, but the role of
limited contrasts of environmental conditions and tend tobeaver dams has been identified as providing a temporally
emphasize the importance of competitive interactions andtarying barrier or facilitator to dispersal, both because the
habitat partitioning (e.g., Werner 1984). In very small lakes,dams have limited life spans and because different species
there is a much greater temporal variation in environmentamay benefit from the creation of standing water habitat
conditions (i.e., greater variability in temperature and-oxy (Snodgrass and Meffe 1998). Beaver dams and ponds are di
gen), but less spatial variation, than in larger lakes. This inrect barriers to upstream dispersal and may provide unsuit
creased variability likely contributes to annual or periodicable habitat because other species (e.g., predators) may
reductions in species abundances due to thermal or oxygepredominate in the ponds, or alternatively, the ponds serving
stress, thereby reducing the potential for competitive interacas “stepping stones” aid in the dispersal of species through
tions because resources may not become limiting (Jackson eut a stream system. Piscivory influences the degree of iso
al. 1992). With larger lakes, the environmental variability islation among habitats by imposing a risk of predation on
dampened through thermal inertia, and stratification providegpotential dispersers. Increased density of piscivores may have
cold-water habitat throughout the year. Larger lakes als@onflicting effects in reducing the rate of movement by-kill
have greater habitat diversity and generally greater specigsg and (or) blocking prey as well as increasing movement
richness (Magnuson 1976). This parallels the species-addby inducing prey to disperse from side pools or climb-cas
tion effect found in streams. Studies incorporating multiplecades to escape predators (see Gilliam and Fraser 2001).
lakes tend to include lakes differing in size, thereby having Despite the fact that aquatic systems seem to be ideal
systems exhibiting different degrees of environmental-varimodels of habitat patches and connecting corridors, there is
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limited evidence indicating whether fish communities showgeneral lack of interest or the associated costs of monitoring
metapopulation characteristics (e.g., Gotelli and Taylor 1999)novements of fishes in aquatic systems is uncertain. Having
and few studies document limited rates of movement othis information would help integrate the roles of biotic and
species. Hill and Grossman (1987) showed that stream fishbiotic factors across varying spatial scales by determining
movements were small, on the order of metres, over exmore precisely how individual fish are using space to mini
tended periods of time. This contrasts with other findingsmize biotic and abiotic stress. Human activities are madify
(D.A. Jackson, unpublished data) showing high rates of moveing habitats in stream systems and groups of lakes to
ments of some species between lakes (25% of recapturedirying degrees. Changes in the connectivity due to damm
white sucker Catostomus commersgnand 5% of small  ing or alterations to flow patterns, coupled with habitat mod
mouth bass were recaptured in lakes other than where thefication, may threaten the long-term viability of existing
were tagged). Given the frequency with which some shallowpopulations and communities. We have a severely limited
lakes experience lethal environmental conditions during th&nowledge base from which to predict outcomes or identify
winter or summer, it is likely that recolonization is an essen risk. Spatial dynamics are important for understanding the
tial factor in the maintenance of lake fish communities. Fishbasic ecology but also need to be recognized by resource
species differ in their abilities to move through these -con managers. For example, typically the management of a lake
necting waterways. Different streams vary in their charactersport fish population is carried out without considering that
istics, either facilitating or preventing the movements ofpopulations in nearby lakes may be directly linked and that
various species (providing selective filters based on the temmanagement decisions (e.g., stocking of bass) may have di
perature and flow characteristics of the streams). The-interrect implications for the communities in the nearby lakes.
action of the species and stream characteristics contributédanning for stocking programs generally assumes that there
to differences between communities, even in lakes with simis limited, if any, exchange of individuals between systems.
ilar environmental conditions. Increased rates of transfer offhis current paradigm of viewing lakes and streams is out
particular species (i.e., sport fishes) between water bodiegdated. It fosters mismanagement of the resources and fails to
due to human activities are leading to more consistent er harecognize the mechanisms by which introduced pathogens
mogenized fish communities (Rahel 2000). Given the notednd exotics can quickly impact an entire regional fauna. In
effects that many of these introduced species have as domtontrast with this “isolation” paradigm, restoration projects
nant littoral predators, their strong impacts on the indige-often assume implicitly that such movements between water
nous fish community contribute to a loss of biodiversity, bodies will occur and provide the seeds for a recovery of the
particularly among-lake diversity. community, but we do not know how realistic such assump-
Spatial dynamics and habitat heterogeneity are also dfions may be. We need an information base about the degree
concern in the maintenance of biodiversity within lakes fre-of fish movement within and between lakes and streams to
quented by humans. Many lakes undergoing development blgetter understand the mechanisms necessary for the mainte-
humans actually have reduced habitat heterogeneity, therelmance of fish communities.
reducing the potential for habitat segregation and refuge from The application of advancing technologies, such as radio-
predation. Cottagers modify existing habitats by removingtelemetry and stable isotope methods, is promising. Teleme-
macrophytes and woody structures in favor of sandy beachagy methods provide a better definition of a species’ spatial
or shore with retaining walls. The net effect is the oppositepccupancy and the movements of individuals and their use
of habitat fragmentation in that many of these lakes aref particular habitats. Telemetry can provide insight into the
actually eperiencing habitat homogenization as the lakeginkages between specific habitat features and the members
become increasingly developed and lacking in spatial-comof a fish community, particularly given that the use of such
plexity. features may vary depending on time (day versus night or
seasonally) and due to ontogenetic changes in the fishes. To
Advances and challenges in fish community  date, much of our knowledge has been gained by netting or
ecology trapping of fish that_lr]tegrates long _pe_rlods o_f tlme._The dy
namic nature of individuals and their interactions with other
This section identifies problems that seem to be limitingspecies is lost in such coarse levels of detail. In contrast, the
our current understanding of fish community ecology andreal-time information obtained from telemetry approaches
highlights those promising areas of research or areas that wean provide a wealth of information about community- dy
believe represent priorities for future research. We chos@amics not available previously. Determining the relative im
such areas due to either technological advances or theoreportance and timing of use of various habitat types both
cal and empirical advances from other fields (e.g., terrestrigbrovides a fundamental understanding of the use these fea
ecology) that indicate areas of promise or, alternatively, betures by the various community constituents and provides
cause of the potential implications of ignoring areas. managers with an improved array of methods to minimize
The spatial dynamics of populations and communities argotential impacts during development or resource exploita
an important topic that is being virtually ignored within the tion. Such technology provides the basis to determine de
context of aquatic systems, in particular by resource managailed information about physiological processes, small-scale
ers. Although terrestrial and theoretical ecologists have carenvironmental conditions, and larger-scale use of lakes or
ried out extensive work related to spatial dynamics of singlestreams over time. Stable isotope and hard tissue chemical
species or communities (see Hanski 1999), there is limite@nalysis can provide information related to the individual
work examining lakes (e.g., Olden et al. 2001) and streamdates of movements between freshwater and saltwater systems,
(Schlosser and Kallemeyn 2000). Whether this reflects alterations to energy flow as a result of changes to adjacent
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terrestrial habitats, and historical measures of ecosystem intommunities and whether species that are environmental
pacts due to species introductions (e.g., Vander Zanden et aeneralists are more or less sensitive to biotic interactions.
1999). Such techniques provide sophisticated approaches tinless we develop studies to determine whether findings
recreate historical conditions and timing of events, similar tofrom a fine scale hold at larger scales (e.g., Angermeier and
the goals of paleolimnologists. Winston 1998), we will be hampered in our abilities to-un
Another area where additional effort would be particularly derstand the regulation of fish communities. Therefore, there
valuable is extended temporal data sets. The limited naturé a great need for studies employing such multiscale ap
of long-term monitoring of fish communities in lakes and proaches that incorporate both experimental and correlative
streams (e.g., Long Term Ecological Research Areas (LTER@pPproaches.
is highly constraining. The number of sites involved and the Fish community ecologists have not capitalized on many
range of communities and environmental conditions currenthadvances in analytical approaches from other fields (e.g., en
studied are very limited. This scarcity of long-term data setgyineering, medicine). We have a large body of literature re
necessitates that spatial comparisons be used to study theed to various fish species and whole communities and
mechanisms regulating communities whereas temporal contheir association with various biotic and abiotic factors. How
parisons may provide better information for specific hypoth ever, we appear to be ignoring the opportunities that these
eses. The “space-for-time” substitution is often used but mayresent, and there has been little attempt to capitalize on this
not be appropriate in some or perhaps many cases: Cuinformation base. The use of meta-analysis (e.g., see
rently, we do not know whether the substitution is appropri Englund et al. (1999) for a recent application) could serve to
ate. It is these long-term programs, employing consistenhelp partition out some of the factors summarized in our pa
sampling approaches, that provide us with an understandinger. The ability to separate the effects of various factors and
of the temporal dynamics of fish communities. These studiesheir strengths has the potential to partition the relative roles
can provide estimates on natural rates of colonization andf biotic, abiotic, and spatial components in shaping fish
extinction and direct linkages connecting changes in habitatommunities. With the extensive information at hand, a
and responses by species and communities. Such temporakans of evaluating our understanding and predictive power
information is critical (Lester et al. 1996) in detecting the is to determine the degree to which we can correctly identify
impacts of large-scale environmental changes (e.g., acidifthe various members of communities based on the associated
cation, climate change) as well as providing our basic ecoenvironmental conditions. Being able to correctly identify
logical understanding of fish community regulation. the communities at a series of sites provides an excellent test
Currently, there is considerable concern related to potentiadf our understanding, provided such tests are implemented
changes in abiotic conditions within streams and lakes dueorrectly (e.g., using appropriate methods to test and vali-
to climatic warming. Given that species generally have lim-date our models; see Olden and Jackson 2000). Although
ited rates of dispersal between watersheds (unless moved lspme studies have developed predictive models based on sin-
humans), major shifts in environmental conditions will gle species or assemblage types (e.g., Magnuson et al.
likely prove adverse for fish communities, given the lack of 1998), we should be trying to develop models that can pre-
time to compensate or disperse. However, despite these codict whole communities. Such tests of the entire membership
cerns, given our lack of current LTER programs, we will of communities will provide a measure of the state of our
likely not be in a position to determine if such changes doknowledge and identify where we are lacking. Advanced an
occur unless additional programs are established and theadytical tools commonly found in other disciplines, such as
data made widely available. artificial neural networks, genetic algorithms, and classifica
We need to develop new approaches to assess the relatitien trees, and various multivariate approaches provide the
importance of environmental conditions and species interacOpportunity to test our hypotheses regarding the structuring
tions in the structuring of fish communities. Although the or of communities and provide predictive models. In many
ganization of fish communities has been credited to &ases, one can make strong arguments for improved and
balance between abiotic factors and biotic interactions-stugnore detailed analysis of existing data to address questions,
ies usually emphasize one over the other. It is important tdut it is often easier to convince funding agencies of the
note that both components are not only complementary andeed for additional data collection rather than more exten
interactive, but their effects can have similar roles in erga sive examination of information in hand.
nizing communities, thereby complicating our advancement Clearly, there has been no common consensus in the liter
in understanding community processes. Therefore, studiesture regarding the importance of various factors in deter
including different components and using both experimentaimining the communities of species associated with various
and observational approaches are necessary to disentangiées. The scale of the study interacts with the biotic and
biotic and abiotic effects and measure their relative magniabiotic variables such that the relative importance of biotic
tudes. Experimental studies usually emphasize the imporand abiotic factors changes across spatial scales. Small streams
tance of interactions with or species-specific responses tand lakes are more variable in their abiotic environments
particular abiotic variables (e.g., swimming speed) whereathan are larger ones. The associated extremes in the environ
field studies frequently establish the importance of abioticments may affect the larger species, frequently predators, to
variables by establishing correlations between species-distra greater degree than the small-bodied species, often leading
bution and environmental gradients. Differences in methodto their local extinction. The loss of these predatory species
ological approaches to studying the roles of biotic versughen contributes to a more diverse community of small-bodied
abiotic structuring have limited our understanding of variousspecies. The degree to which environmental disturbance keeps
issues, such as the role of disturbance in organizing fislthe abundances of these species well below carrying capaci
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ties likely determines whether competition becomes imporFlebbe, P.A., and Dolloff, C.A. 1995. Trout use of woody debris
tant in structuring the communities. Obviously, we present a and habitat in Appalachian wilderness streams of North Carolina.
generalization, as many exceptions exist to this conceptual N. Am. J. Fish. Managels: 579-590. _ _

model, and similarly, we provide a selectively limited- re Gilliam, J.F., and Fraser, D.F. 2001. Movement in corridors: en
view of the state of knowledge. We have set out to identify hancement by predation threat, disturbance and habitat structure.
the progress made over the past century in understanding the Ecology, 82. In press. _

factors regulating fish communities, and we hope that oufilliam. J.F., Fraser, D.F., and Alkins-Koo, M. 1993. Structure of a
paper will stimulate discussion and new ideas and contribute tropical stream fish community: a role for biotic interactions.
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