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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 rôle des facteurs abiotiques, biotiques et spatiaux dans la détermination de la composition spécifique. La piscivorie
par les poissons s’avère être un facteur dominant, tant dans les cours d’eau que dans les lacs; en revanche, le rôle de
la compétition est établi de façon moins convaincante. Dans les petits cours d’eau et lacs, la prédation peut exclure des
espèces, ce qui résulte en des répartitions mutuellement exclusives et de fortes différences dans la composition des
communautés. Dans une même région géographique, les facteurs abiotiques contrôlent souvent l’importance relative de
la piscivorie, influençant ainsi la composition spécifique des proies présentes. L’échelle spatiale à laquelle les études
sont conduites affecte la perception que l’on peut avoir de l’importance relative des facteurs biotiques par rapport aux
facteurs abiotiques; les études à petite échelle révèlent une plus grande importance de la compétition, alors que celles à
grande échelle mettent de l’avant les facteurs de contrôle abiotiques. L’échelle spatiale des sites individuels choisis re-
vêt une importance critique, parce que les systèmes plus petits sont plus variables et présentent un plus grand éventail
de conditions extrêmes que les grands lacs et les rivières. La stabilité des systèmes physiques et le degré de connecti-
vité spatiale entraînent un accroissement de la diversité, tant dans les rivières que les lacs de grande taille. Nous identi-
fions, en terminant, des défis à rencontrer et des besoins à combler pour faire progresser l’écologie des communautés
de poissons et pour pouvoir faire face aux problèmes causés par les changements anthropiques.
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Ecological communities and the study of their structuring
factors have a long, rich history. Studies focused on terres-
trial systems stimulated some of the initial and heated de-
bates about whether or not communities contain discrete and
nonrandom assemblages (e.g., Connor and Simberloff 1979)
and whether species, and therefore communities, are regu-
lated by biotic or abiotic factors (e.g., Andrewartha and
Birch 1954). In many of these cases, aquatic community

ecologists have joined into these debates subsequently, yet
have not initiated the research and theory. However, other
topics have demonstrated the leadership of aquatic ecolo-
gists. For example, in general, aquatic ecologists have ac-
cepted the view of ecosystem-level factors in determining
species composition for a longer period of time. Because
shoreline boundaries of lakes and rivers were perceived as
limiting the potential for movements and dispersal by
aquatic organisms, early ecologists focused on the factors
operating within each individual system in a more holistic
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manner than terrestrial ecologists, who placed more empha-
sis on dispersal and colonization to influence species abun-
dance and composition. During the last two decades, we
have seen a convergence of these ideas, with terrestrial ecol-
ogists placing greater emphasis on ecosystem-level pro-
cesses than in the past and aquatic ecologists viewing these
boundaries as being less discrete. Studies of movements of
aquatic organisms (fish, zooplankton, mollusks), whether ac-
cidental introductions of exotics, the stocking of fish to new
locations, or the natural movements of such species between
systems, have shown that the scale at which much of our re-
search has been conducted may need to be expanded. A
great deal of the aquatic research has focused on freshwater
fish communities, our topic as well, undoubtedly due to their
economical and societal importance.

Our first goal in this paper is to provide a snapshot of im-
portant findings and generalizations regarding the role of bi-
otic and abiotic factors in regulating fish communities of
stream and lake systems. We summarize the field’s progres-
sion and our current understanding, ideas, and research ap-
proaches. We limit ourselves to particular sets of factors that
have been identified as important in multiple studies or that
we view as particularly promising. Space limitations require
us to focus on major sets of factors and omit others that we
consider to be less important across studies, although they
may be important in specific cases. We attempt to remedy
this limitation by directing the reader to associated studies
that provide more detail on these topics (e.g., Matthews
1998). However, prior to this summary, we must address the
ways of classifying fish communities and whether communi-
ties represent anything other than random sets of species
sampled at particular locations and times. If they do not,
then further analysis may be a fruitless exercise. Our second
goal is to examine how spatial arrangements of systems af-
fect fish community composition and how the perceived im-
portance of various biotic and abiotic conditions depends on
the spatial scale considered. Finally, we single out what we
believe are promising avenues of research or needs for re-
search that can provide major advances in our field. In con-
trast with most other studies which focus on either lake or
stream communities, we seek to identify similarities or dif-
ferences between the two types of systems, as these should
aid in stimulating additional research avenues.

Fish communities: do they really exist, and if so, how
do we classify them?

Fish communities are described or classified in various
ways reflecting the goals of the study, attributes to be em-
phasized, and the degree of quantitative analysis employed.
In some cases, communities or species assemblages have
been named on the basis of ecological and numerical domi-
nance of a particular species or group of species that are of
economic value (e.g., Ryder and Kerr 1978). This approach
is particularly convenient for resource managers, as the iden-
tified species are generally those of management interest.
Lake fish assemblages have been designated using this ap-
proach or in a more quantitative manner (e.g., Johnson et al.
1977). Similar approaches exist within stream fish commu-
nity analysis (e.g., Echelle et al. 1972).

Another approach to community analysis has been to clas-
sify species into guilds, i.e., species sharing attributes, gen-

erally based on feeding or reproduction. This approach is
convenient and useful due to its functional nature, as it fo-
cuses on specific ecological attributes of the species. Feed-
ing or trophic guilds classify species based on their diet or
manner of feeding (e.g., Keenleyside 1979). For species
with restricted and consistent diets, this works well. How-
ever, many fishes vary their diets as a consequence of ontog-
eny or opportunity, and a feeding-guild classification needs
to be flexible to accommodate the fact that a species may
switch between guilds as it grows from a fry to an adult. In-
dividual species may need to be classified into several
guilds, thereby complicating the desired use of a simple
guild-based approach. However, the explicit recognition of
ecological attributes and level of data reduction provided by
the guild approach has some appeal.

An additional approach to community classification is
through the use of multivariate statistical methods. Although
the use of multivariate methods to summarize community
patterns began in the early 1900s, their application to fish
community analysis is more recent. Some of the first appli-
cations to fishes were those by Smith and Powell (1971) and
Harvey (1975). Researchers were motivated by the idea that
multivariate approaches provided an objective approach in
identifying patterns in species assemblages and their rela-
tionships with environmental conditions. Since the initial use
of multivariate approaches with fish communities, we have
advanced in developing and applying methods to predict the
assemblages (e.g., Magnuson et al. 1998), to test the associa-
tion between communities and environmental conditions in
lakes (e.g., Jackson and Harvey 1993) and rivers (e.g., Tay-
lor et al. 1993), to measure and remove the role of spatial
autocorrelation (e.g., Mandrak 1995), and to assess the im-
portance of isolation (e.g., Olden et al. 2001).

When studying fish communities, researchers make the
implicit assumption that the associations of species arise
from either biotic or abiotic factors or some combination of
the two. However, if the communities are indeed random
(i.e., local fauna are composed of random sets of species
from the regional pool), then there is little point in studying
them in detail because derived patterns may be meaningless.
So what evidence exists supporting the hypothesis that fish
communities are actually nonrandom in their structure (see
Evans et al. (1987) for additional discussion)? One would
like to assume that relationships from analyses of communi-
ties or community–environment relationships indicate that
communities are nonrandom, but this is not necessarily the
case because such “interpretable patterns” can be derived
from random data too (Jackson 1997). Consequently, we
need to consider evidence from studies that specifically test
whether or not communities show nonrandom patterns in
time and (or) space. The assessment of whether stream fish
communities are random or structured (alternatively, sto-
chastic or deterministic) was the focus of a series of papers
in the 1980s (Grossman et al. 1982; Yant et al. 1984). This
exchange of papers suggested that numerically dominant
species often showed consistent patterns over time but that
rare species varied greatly, and patterns of rank abundance
were also complicated due to seasonal species movements.
These findings provided evidence that the timing and extent
of sampling may be important factors affecting our percep-
tion of stream fish community structure. The spatial and
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temporal scales involved may be important given that vari-
ability in species composition and environmental conditions
may have different scales (Ross et al. 1985). Finally, the res-
olution or scale of the data used in such analyses may also
influence our conclusions. Rahel (1990) showed that dif-
ferences in our interpretation may occur depending on
whether species relative abundance, rank abundance, or
presence–absence data (a quantitative scale issue) are used
as the measure of community composition.

Jackson et al. (1992), in a comparison of null models,
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
whether fish communities demonstrate concordance with
other ecological communities. If two or more communities
based on different taxonomic groups show concordant pat-
terns across a range of sites, one can be more confident that
the patterns are nonrandom. Example studies have used fish
and benthic invertebrate communities from lakes (Jackson
and Harvey 1993) and streams (Kilgour and Barton 1999) to
show the concordance in these communities across the vari-
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
general finding for lakes and streams due to the limited num-
ber of published studies; however, the studies available do
suggest that fish communities are highly structured. In addi-
tion, the fact that many studies show similar relationships
between particular assemblages and their surrounding envi-
ronment (e.g., stream flow, lake winter oxygen) provides
additional evidence for nonrandom structuring of fish com-
munities.

The interaction between issues of scale and the roles of
biotic and abiotic factors in structuring fish communities is
recognized. Smith and Powell (1971) proposed that the local
fish community is the result of a series of selective pressures
ranging from geographical effects (e.g., vicariant events) to
physiological effects. They proposed a series of screens or
filters removing species from the global fauna until only the
species found at a particular site remained (Fig. 1). They fa-
vored an autecological structuring of the local community
that was consistent with the importance that they attributed
to abiotic conditions. Jackson and Harvey (1989) and Tonn
(1990) proposed similar views regarding this hierarchical na-
ture of factors and scale but placed increased emphasis on
the role of biotic interactions, specifically predation, in addi-
tion to abiotic factors. We stress that although we structure
our paper into sections examining each of these components,
there are strong interactions among these three components,
and recognition of these interactions is critical in examining
virtually any freshwater fish community.

Biotic factors structuring fish communities

Predation
Predation has been shown to have very strong effects on

fish communities via direct and indirect mechanisms. Vari-
ous studies of lake communities have shown the strong and
rapid effects imposed by predators, with much of the evi-
dence coming from studies related to species introductions
(e.g., Li and Moyle 1981). While the changes in a few lakes

have been followed over time, e.g., the Nile perch (Lates
niloticus) impact on the Lake Victoria cichlid fauna, other
evidence demonstrates the impact of predatory species on
communities. Studies by Jackson et al. (1992), Chapleau et
al. (1997), and others have shown that many species of
small-bodied fishes do not coexist in small temperate lakes
where piscivorous species, such as northern pike (Esox
lucius) or bass (smallmouth (Micropterus dolomieu),
largemouth (Micropterus salmoides)), are present. Cyprinid
assemblages show strong negative associations with these
predators, and one generally finds either predatory species or
the prey assemblage in these small lakes but not both
groups. Habitat complexity has been shown to strongly in-
fluence the viability of prey populations under predation risk
(e.g., Everett and Ruiz 1993), whereas other studies have
shown that some species remain vulnerable regardless of the
habitat available in small lakes (e.g., MacRae and Jackson
2001). Without these refugia, the prey species may become
extinct locally. However, as the size of the lake considered
exceeds 150–200 ha in surface area, there is a general trend
for both groups to coexist in lakes (D.A. Jackson, unpub-
lished data), likely due to increased habitat heterogeneity
and inherent spatial components in the population dynamics
of the various species that are not found in the smaller lakes.

Stream-based studies have shown strong predation effects
(see Gilliam and Fraser 2001 and references therein). Power
et al. (1985) and numerous other studies have shown that
predators can affect the choice of habitat by prey species
within streams. This may lead to different assemblages be-
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Fig. 1. Selective filtering of the global fish fauna into the set of
species comprising the local community within a lake or stream.
This is an adaptation redrawn from the hierarchical screening
provided by Smith and Powell (1971).
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ing present in particular pools or riffles because prey species
move to sites providing less risk of predation (e.g., Gilliam
and Fraser 2001). Prey species may move to areas where
predators have difficulty in accessing them (e.g., Schlosser
and Angermeier 1990), and these may be habitats different
from those selected when predators are not present (e.g., pi-
ranha’s (Pygocentrus notatus) effect on other species;
Winemiller 1989). Gorman (1988) suggested that some of
the structure attributed to stream fish assemblages is due to
prey species’ common avoidance of predators, i.e., species
collectively congregating in habitats affording greater pro-
tection from predation.

While direct predation effects are often expressed strongly
and quickly by the elimination of one or more prey species
in the lake or stream system, there are additional, but less
obvious, indirect effects by which predators may structure
fish communities. When prey species alter their choice of
habitat and foraging to reduce predation risk, they may expe-
rience corresponding changes in life history and fitness re-
duction. Slower growth generally means that the individual
and species remain vulnerable to predation for a longer time.
Fecundity may be reduced if individuals mature at a smaller
size, and individuals in poorer condition may experience in-
creased mortality during environmentally stressful periods.
For example, Shuter et al. (1980) showed size-selective mor-
tality in the overwinter survival of smallmouth bass. There-
fore, predator avoidance may contribute to reduced growth
that may be sufficient to prevent successful survival through
the winter, thereby preventing the successful long-term sur-
vival of the species within such systems. Although the direct
effect of smallmouth bass on cyprinids has been discussed,
predation can lead to indirect biotic effects through competi-
tion. Vander Zanden et al. (1999) showed changes in the diet
of lake trout (Salvelinus namaycush) as a consequence of
bass being introduced into lakes. The bass reduced the avail-
ability of the littoral forage base, leading to a reduction in
the quality of the trout diets, potentially with life history
consequences. Differences in the efficiencies of predators
can contribute to changes in the communities (Matthews et
al. 1994), particularly when more effective predators are in-
troduced into either lake or stream systems. An example is
where a particular assemblage of cyprinids may coexist with
salmonid predators, but the diversity of cyprinids is reduced
following the introduction of bass into the lakes (MacRae
and Jackson 2001). The difference in the cyprinid assem-
blage response is because the salmonid species are less ef-
fective littoral predators than the bass in these lakes.

Predation effects can arise through reduced or enhanced
changes in the rates of movements of species between habi-
tat patches. Emigration will hasten the reduction of the pop-
ulation size of prey species by adding to the losses due to
direct predation on individuals. Enhanced emigration due to
the presence of predators has been shown in lakes (He and
Kitchell 1990). However, this is not always the case, as other
studies have shown both increased and decreased rates of
movements (e.g., Gilliam and Fraser 2001 and studies cited
therein). Changes in rates of movement can alter the meta-
population dynamics of fish communities within watersheds
encompassing various tributaries or sets of lakes, with the
consequences dependent on the spatial arrangements of the
water bodies and their connectivity (discussed below).

Experimental studies confirm that the impact by predators
is swift and considerable (He and Kitchell 1990). Prey spe-
cies move into shallow waters, frequent complex habitats, or
leave the site to avoid predators (He and Kitchell 1990).
Size-selective predation (Wahl and Stein 1989) has been shown
to have a strong influence on which individuals and species
survive, thereby leading to potentially different communities
depending on the presence of particular predators, i.e., those
selecting only small-bodied prey species versus those feeding
on all species. An important feature identified by Matthews
(1998) is that despite the large number of potential
predator–prey combinations (e.g., about 900 species of fish
in North America), most studies have been limited to examin-
ing only a few predators (e.g., largemouth bass, smallmouth
bass, creek chub (Semotilus atromaculatus)) and prey (e.g.,
small creek chub, fathead minnow (Pimephales promelas),
northern redbelly dace (Phoxinus eos)). Consequently, the
current ideas and theories related to fish predator–prey rela-
tionships are based on a limited range of potential species
combinations, and comparisons incorporating other groups
of species will be helpful.

Competition
Although there is no consensus regarding the role of inter-

specific competition in structuring stream and lake fish com-
munities, the ample literature associated with resource parti-
tioning among fishes suggests that competition may play an
important role in the local organization of communities (see
Ross 1986). Most studies are based on field observations,
and many suggest that niche segregation rather than compet-
itive exclusion is the predominant outcome resulting from
competitive interactions. Although there are few studies that
compare the importance of different resource axes in sepa-
rating species, habitat segregation appears to be the most
prevalent resource-partitioning mechanism identified for lake
and stream fishes (Grossman et al. 1998). However, most ob-
servational studies do not test directly whether competition
is the most plausible mechanism responsible for the patterns
observed or whether other uncontrolled factors could give
rise to similar results. For example, allopatric speciation with
posterior contact (Wiley and Mayden 1985) can generate
patterns equivalent to the competition hypothesis because of
differential adaptation to distinct habitats.

In lake systems, the strongest evidence for competition
comes from a combination of observational and experimental
studies conducted on centrarchid assemblages that demon-
strated that competition caused shifts in habitat use, thereby
facilitating exploitation of different food sources (Werner
1984). In a review of the literature involving numerous as-
semblages, Robinson and Wilson (1994) found that habitat
diversification appears to be the mechanism allowing coexis-
tence of lake fishes. In addition, they showed that evolution-
ary responses to competition, such as character displacement
promoting morphological differences, especially between
benthic and pelagic forms, are much more common than
previously considered. Recognizing that habitat is an impor-
tant component of the niche for a variety of lake species
highlights an important evolutionary consideration. Given
that similar habitats occur in lakes in very different parts of
the world, it is not surprising that comparable habitat segre-
gation occurs in many areas. Although the species composi-
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tion may be quite different, ecological equivalents are
represented in these different regions. This convergence of
ecotypes from disparate regions implies that habitat differen-
tiation is very important because habitats are relatively more
stable over evolutionary times than other resource parame-
ters such as food quality and availability. In fact, Jackson et
al. (1992) suggested that habitat-related differences and pre-
dation effects, rather than competition, structure lake fish
communities.

In contrast with that for lake fish communities, the knowl-
edge of competitive interactions in structuring stream fish
communities remains somewhat superficial (Resetarits 1997).
There are several studies showing the presence of competi-
tion among stream fishes (e.g., Resetarits 1997). However,
due to the environmental variability in stream systems, ecol-
ogists continuously debate whether behavioral, morphologi-
cal, and physiological adaptations play a more important
role than interactions such as competition (Grossman et al.
1998). The net increase of species richness along gradients
of high to low environmental variability (Gilliam et al. 1993)
and the fact that average population densities are often far
below the maximum have been used to argue that competi-
tion is less important in shaping stream community struc-
ture. Populations in variable environments could be stable
but at densities below where competition becomes impor-
tant. Streams simultaneously may have both “harsh condi-
tions” where disturbance might play an important role and
“benign environments” where interactions could be signifi-
cant due to environmental stability (Townsend 1989). There
are dissenting views (Lóbon-Cerviá 1996; Rodriguez and
Lewis 1997) regarding the importance of spates and droughts
as population controls in streams given the associated stress
and potential for population decline during such events. Much
of the controversy regarding the importance of competitive
interactions in structuring stream fish communities may arise
from different scales being used in different studies (Taylor
et al. 1993). The importance of the range in habitat condi-
tions and spatial scale is critical in whether competition is
viewed as an important factor or not.

Most freshwater fish ecologists now accept the idea that
combinations of local biotic and abiotic factors with associ-
ated regional factors are responsible for structuring local
communities (e.g., Angermeier and Winston 1998). How-
ever, the accumulation and interpretation of evidence from
numerous isolated small-scale studies does not provide a
suitable basis for interpreting large-scale patterns (Under-
wood and Petraitis 1993). We need to determine whether
competition can influence community structure at scales that
are larger than the “garden experiments” that are commonly
used in resource limitation experiments.

Only recently have stream fish ecologists started to inter-
pret evidence of competition from empirical observation or
natural experiments over large spatial scales, where other
processes that could have led to equivalent patterns are parti-
tioned out in the design and analysis. Winston (1995) pre-
sented a compelling case in which null models rather than
controlled experiments were used to investigate whether
interspecific competition was a more parsimonious explana-
tion for patterns of species co-occurrence relative to other
alternative hypotheses such as history (see Douglas and
Matthews 1992). Natural experiments not only accommodate

larger numbers of species, geographic and time scales, treat-
ment levels, and their combinations, but they can also be
used to control for confounding effects that could mimic the
results of competition, such as different habitat optimums
(e.g., Taylor 1996). Natural experiments have contributed
substantially to our insight regarding the importance of com-
petition in structuring stream fish communities, and addi-
tional insight can be obtained provided that more adequate
sampling and statistical designs and sophisticated analytical
tools are applied. Some competitive effects, such as exclu-
sion over large scales, can be best detected through natural
experiments. Such resulting patterns can indicate (i) at which
spatial scales local interactions have an important effect,
(ii ) the resources that appear limiting and therefore under
competition, and (iii ) which species are most likely to be af-
fected, thereby providing the initial evidence for competitive
interactions. Where appropriate, additional experiments can
help define the specific mechanisms (e.g., density or size
compensation, types of resource) through which competition
influences population trajectories.

Abiotic factors structuring fish communities

Biotic factors, whether predation or competition, show
comparable effects on the fish communities in both lake and
stream/river systems. However, the abiotic influences in lakes
and streams are quite different in their relative importance in
determining the fish community composition. Many of the
factors in lakes show variation principally in a vertical orien-
tation whereas stream systems exhibit them in longitudinal
arrangements, often semireplicated within pool–riffle pair-
ings along the length of each stream. In general, the abiotic
components of both systems can be divided into physical
and chemical factors.

Physical
Climatic conditions control the potential range that any

given species can occupy. Whether or not species occupy the
various sites within this potential range is due to a combina-
tion of historic/biogeographic conditions defining the re-
gional species pools (e.g., previous opportunities to colonize
the area or in situ speciation) and contemporary factors at a
smaller scale (e.g., predation, environmental gradients). This
nesting of selective pressures yields the realized set of spe-
cies at a site, i.e., the community, relative to the regional
pool of species defined by the climatic and historical condi-
tions. Smith and Powell (1971) first formalized this relation-
ship such that the local fish community was the product of
selection on the global fish fauna by various environmental,
biogeographical, and evolutionary factors that were por-
trayed graphically as a series of screens or filters (Fig. 1).
Tonn (1990) presented a similar framework of nested filters
removing components of the fauna resulting in the realized
local fish community.

Climatic factors can be divided into those related to tem-
perature and those related to precipitation. Temperature has
been long recognized to limit the range of species both in a
broad geographic scale (e.g., Shuter et al. 1980) and at finer
scales within particular lakes or streams (e.g., Grossman and
Freeman 1987). High temperatures may produce high physi-
ological demands and stress while also reducing the oxygen
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saturation levels of water. So the combination of increased
metabolic demand and decreased oxygen availability can
prove limiting or lethal. Aquatic systems may have thermal
refugia if they stratify and the hypolimnion remains suffi-
ciently oxygenated (see below). Stream systems often have
comparable refugia where deeper pools having groundwater
inflows provide refuge from the daily heating during sum-
mer periods (e.g., Matthews and Berg 1997).

Low temperatures may limit the distribution of species
and affect community composition (Magnuson et al. 1979).
Shuter et al. (1980) showed that average July temperatures
below 15°C prevented young-of-the-year smallmouth bass
from growing to a sufficient size to overwinter successfully,
therefore precluding long-term viability of the population.
We discussed earlier the impact that this predator has on
other species of fish. Therefore, in areas near the northern
limits of the range of smallmouth bass, temperature plays a
major role in determining the composition of these communi-
ties. Winter temperature is important in affecting the mixing
regime of lakes and the duration of ice cover for temperate
or boreal/alpine lakes. In turn, the mixing regime affects the
availability of oxygen in deeper waters of dimictic lakes and
the availability of oxygen in monomictic systems, particu-
larly those in warmer climates. Within stream systems, low
temperatures can have direct impacts by determining the du-
ration, form, and depth of ice formation. Ice may provide a
surface cover, thereby limiting oxygen exchange, or ice may
thicken, potentially freezing to the bottom, thereby killing
fish directly. Spring thaws can provide severe ice scouring,
effectively removing the fish and much of the habitat from
the streams (Scrimgeour et al. 1994). Such effects tend to be
greater in headwaters of alpine systems or temperate/boreal
streams than in the lower reaches. The ability to survive dur-
ing freezing or scouring conditions differs among species
due to behavioral, physiological, and morphological adapta-
tions. Therefore, community composition differs in systems
experiencing different levels of the stresses. However, lim-
ited research has been directed at studying fish communities
during winter months in cold regions. The difficulty in work-
ing in adverse conditions has limited our knowledge, and ad-
ditional work is required given that these periods may
represent a substantial proportion of each year and may be
the critical periods of the year for some communities.

Lake or stream morphology affects the consequences of
local temperature conditions and other abiotic factors (e.g.,
oxygen). The surface area of lakes is strongly related to spe-
cies diversity in lakes (e.g., Barbour and Brown 1974). In-
creased fetch contributes to increased wave action that may
lead to the formation and maintenance of coarse, rocky litto-
ral habitats that may not exist in smaller lakes. These habi-
tats may enhance community diversity because these new
spawning, nursery, or feeding habitats may not be present in
smaller lakes. Area and fetch of lakes influence the tempera-
ture of the surface waters, the depth to which mixing occurs,
and the associated hypolimnetic volume. The morphology of
lakes also influences the proportion of the euphotic or pro-
ductive zone relative to the hypolimnion. Lakes having pro-
portionately smaller hypolimnetic volumes are more prone
to experiencing temperature and oxygen stress, thereby po-
tentially limiting the viability of cold-water species during
summer. For a given level of production and respiration, a

shallow lake will experience a proportionately greater depletion
of oxygen during the winter. Given the taxonomic variation
in sensitivity to oxygen stress (see below), morphometric
differences among lakes can lead to very different fish com-
munities.

Stream morphology affects flow dynamics, both tempo-
rally and spatially. Geomorphology, soil development, and
vegetative cover all affect the rates at which precipitation or
snowmelt reaches the principal channel. The result is that
systems behave very differently depending on the relative
contributions of groundwater versus surface flow in combi-
nation with the precipitation regime. The degree of variabil-
ity associated with velocity selects for species capable of
surviving within these flow regimes (see Statzner et al. 1988)
or those able to recolonize quickly. Some studies show mini-
mal effects on the adults in fish communities even after ma-
jor floods (e.g., Matthews et al. 1994). The morphology of
the streams varies such that some streams have well-developed
pool–riffle patterns due to the underlying geology whereas
other systems may have geologies that do not readily de-
velop such patterns (e.g., recently glaciated PreCambrian
bedrock in north-temperate regions or alpine systems). Mor-
phological features, such as depth, are often strongly related
to community composition. Depth of streams is negatively
correlated with the probability of winter freezing and oxy-
gen depletion and with high water temperatures during sum-
mer periods (Schlosser 1987). Shallow streams are more
variable with greater extremes in the range of conditions ex-
perienced by the associated communities in much the same
way that shallow lakes experience greater extremes annually.

Structural complexity of the environment interacts with
other characteristics of the abiotic and biotic environment
and contributes to the community diversity. Substrate surface
irregularities, such as rocks or woody material (i.e., necro-
mass), alter the stream flow and deepen some regions
through hydraulic scouring (Shetter et al. 1946) with fish be-
ing attracted to the area because it is energetically less de-
manding than maintaining a position in the open water.
Areas inboth streams and lakes with more complex habi-
tat characteristics havebeen identified as providing both en-
hanced foraging and enhanced refuge from predation,
thereby contributing to increased diversity (Flebbe and
Dolloff 1995). In a similar way that hard surfaces enhance
diversity, different assemblages may be found depending on
the level of macrophyte cover provided, although this is not
strictly an abiotic factor.

Chemical
The principal chemical factors affecting community com-

position identified repeatedly in studies of lake and stream
fish communities are dissolved oxygen levels (e.g., Zalewski
and Naiman 1984) and the acidity of the system (e.g., Harvey
1975). We indicated the importance of oxygen and its rela-
tionship with water temperature (e.g., the capacity of water
to hold oxygen decreases as temperature increases while
metabolic demand typically increases). In deeper temperate
lakes, the fish assemblages become spatially segregated dur-
ing summer, since species requiring colder, oxygen-rich wa-
ters are restricted to deeper waters whereas many of the
small-bodied species (e.g., cyprinids) occupy shallow, littoral
areas. This reduces some predatory and competitive interac-
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tions within lakes because the species are spatially segre-
gated for a significant portion of the year. In contrast, the
principal littoral predators in temperate North American lakes
(e.g., bass, pike) occupy similar habitats with these smaller
species, and their concentration together in the epilimnion
during summers may contribute to patterns of mutual exclu-
sion (Jackson et al. 1992). In shallower lakes, the cold-water
assemblages are absent generally due to a combination of
both thermal stress and oxygen depletion in the deeper wa-
ters. Large predatory species generally require higher levels
of oxygen, and many smaller species have behavioral and
physiological adaptations that allow them to survive even at
low oxygen levels (Magnuson et al. 1985). Therefore, peri-
odic reductions in dissolved oxygen levels contribute to the
loss of predatory species such as pike and bass whereas prey
species may be relatively unaffected (e.g., Harvey 1981).
Small differences in the development of winter anoxia result
in very different community composition in adjacent lakes.
Streams also exhibit variation in the level of oxygen present,
perhaps without the availability of oxygen-rich counterparts
(e.g., hypolimnetic waters) being available as a refuge. Shal-
low, slow-moving sections of streams are prone to tempera-
ture elevation and decreased oxygen levels due to high
decomposition and respiration rates, thereby stressing fish
present or favoring different species. The combination of
temperature and oxygen stress may eliminate intolerant spe-
cies, such as salmonids, from stream systems. Tropical sys-
tems having low flow rates, or flood-plain ponds, frequently
develop low oxygen levels due to high ambient temperatures
and high respiration and decomposition rates. Tropical fishes
exhibit a greater degree of air breathing relative to temperate
fishes (Kramer 1983), likely reflecting this selective pres-
sure imposed on these communities due to anoxia.

Acidity of lakes and streams has a strong effect on fish
communities. Species richness in lakes declines as waters
acidify (e.g., Somers and Harvey 1984). Anthropogenic acidi-
fication in temperate North America and northern Europe
has contributed to the loss of many populations and changes
to the fish communities, as many of the small-bodied species
are more vulnerable (Rahel and Magnuson 1983) than the
larger species, in contrast with the relationship for dissolved
oxygen. The potential for acidification is influenced by geol-
ogy and by the lakes’ position within the landscape. Lakes
positioned on carbonate-based bedrock and with deeper soils
generally show less impact of acidification than lakes
located on granitic rocks, assuming that other factors are
equal. Therefore, there can be substantial differences in the
water chemistry and the associated fish communities among
lakes at relatively small scales (e.g., kilometres; Somers and
Harvey 1984) as well as differences between regional faunas
and communities at larger scales (e.g., tens to hundreds of
kilometres; Jackson and Harvey 1989). Location in the wa-
tershed also contributes (Kratz et al. 1997) because headwa-
ter lakes generally acidify more quickly than downstream
lakes as lake surface area represents a greater proportion of
the total catchment area; therefore, it provides less potential
to buffer the precipitation. These headwater lakes experience
a loss in species diversity even though they generally begin
with a more depauperate fauna because species richness is
correlated with lake size (Magnuson 1976). Some regions
contain naturally occurring acid lakes or streams due to the

presence of high concentrations of organic acids originating
from adjacent wetlands. The fish communities of these areas
have undergone long-term selection for such conditions
whereasanthropogenic acidification has been mainly restricted
to the past two to four decades, generally not providing suf-
ficient time for selection or for colonization by tolerant spe-
cies.

Scale and spatial aspects of fish
communities

The aspects of scale and space are somewhat interrelated
given that large-scale studies involve greater spatial areas
than small-scale studies or, alternatively, incorporate greater
periods of time. Although we consider scale separately from
the biotic and abiotic components, such distinctions are rather
artificial, since these three sets of factors are generally inter-
related and their interactions confound attempts to separate
out specific main effects. The perceived importance of vari-
ous abiotic or biotic factors is generally dependent on the
scale at which the study is carried out. Moreover, biotic in-
teractions and population dynamics are clearly related to
variation in abiotic components (Power et al. 1988).

Within terrestrial and aquatic systems, one finds that habi-
tat and environmental heterogeneity increases with the spa-
tial or temporal scale (Zalewski and Naiman 1984). Studies
examining the relationship between habitat and fishes tend
to focus at one of two scales (Hinch 1991). Lake studies ei-
ther compare in detail the fish assemblages and habitat use
at different sites within a lake, often through time, or operate
at a larger scale, examining the compositional patterns among
lakes using each lake as an observational unit (e.g., Johnson
et al. 1977) with less accurate or precise estimates of the
abundance of species. Many of the studies at the large scale
simply use species presence–absence as the level of data res-
olution due to the difficulties in obtaining reliable estimates
of relative or rank abundance (see Jackson and Harvey 1997).
Similarly for stream studies, researchers focus on obtaining
detailed data at very small spatial scales or less detailed data
for larger comparative studies (Lamouroux et al. 1999). In
the case of small-scale studies in lakes or streams, research-
ers often study aspects related to fine-scale habitat use or
habitat partitioning and address questions related to direct
interactions between species (e.g., competition). The detailed
information required at such fine scales prevents comparable
studies from being conducted at larger spatial scales (Hinch
1991), at least without considerable cost. Large-scale studies
often focus on the degree to which major environmental con-
ditions (e.g., pH, maximum or minimum temperature, oxy-
gen conditions) are related to community composition and
typically find stronger relationships between these patterns
than do fine-scale studies. One factor contributing to this
scale-related difference in the importance of abiotic factors
is the degree of variation found in the sites sampled.
Small-scale studies are usually more limited in the range of
these environmental variables (e.g., range ofA to B in
Fig. 2) whereas the range in the variation is emphasized in the
large-scale comparisons. This difference in the range of vari-
ation associated with variables makes it difficult to detect
significant effects of these environmental conditions. In con-
trast, the large-scale studies may lack the data resolution to
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detect effects due to some small-scale environmental condi-
tions and biotic effects such as competition, particularly
given that the large-scale studies may not encompass the
same species across the sites, thereby preventing direct ob-
servations between these species across the sites. So there
has been a trade-off in the level of information collected de-
pending on (i) whether the researcher’s hypothesis is di-
rected towards competitive interactions (e.g., Werner 1984)
or major abiotic constraints (e.g., Magnuson et al. 1998) or
(ii ) whether a researcher has the resources to carry out the
large-scale versus small-scale studies, which may affect
which hypotheses is examined.

Some characteristics of aquatic systems are likely to make
spatial scale a more important determinant of community
structure than in terrestrial systems. Stream systems incorpo-
rate a strong longitudinal pattern given their long length rel-
ative to width. There are few, if any, terrestrial ecosystems
that show such consistent longitudinal patterns throughout
the world. This corridor-like formation leads to many attrib-
utes unique to stream systems. Studies at small scales iden-
tify differences in the microhabitat available and the types of
fish assemblages found therein (Grossman and Freeman 1987).
Such differences relate to characteristics associated with sub-
strate, flow, and structure providing cover and often are iden-
tified at scales within a few metres that encompass either a
pool or a riffle habitat (Cooper et al. 1998). However, in-
creasing the level of spatial scale includes greater differ-
ences among the habitats, since pools and riffles may be
contrasted within the same study. The differences in sub-

strate, depth, flow, and oxygen are now greater when
pool–riffle contrasts are included. Increasing the scale further
often does not provide a comparable jump in the range of
habitats considered because stream systems incorporate
semireplicated patterns of pools–riffles along the length of the
stream. However, increasing the scale to include the entire
length of the stream or multiple streams often leads to a sub-
stantial increase in the range of habitat conditions because
there are major differences in environments from headwater
to stream mouth locations (e.g., Vannote et al. 1980 and ref-
erences therein). There may be considerable differences be-
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 andRobinson 1998). At smaller
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-
ties at a local scale (Fig. 1). Much of our understanding
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-
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
watersheds) and large scales (different watersheds), they can
contribute dramatically to our understanding of community
organization (Levins 1992).

Some important generalizations have arisen about the role
of abiotic factors in structuring stream fish communities along
longitudinal stream gradients. The main patterns of longitu-
dinal succession of fishes in streams are the addition and
substitution of species along gradients (Gilliam et al. 1993).
Additions of species are usually related to environmental
gradients having relatively smooth transitions of abiotic fac-
tors along longitudinal stream profiles (Vannote et al. 1980)
and will contribute to more nested patterns of community
composition (i.e., sites having fewer species are simply sub-
sets of more speciose sites; e.g., Taylor 1997) whereas species
substitutions correspond to abrupt discontinuities in stream
geomorphology or abiotic conditions (e.g., temperature), pro-
moting isolation of the site and species (Balon and Stewart
1983). The continual addition of species from small headwa-
ter streams to larger rivers is a consistent pattern in most
temperate and tropical stream fish communities (Matthews
1986). This pattern is attributed mainly to the increased hab-
itat diversity and stability downstream along watershed gra-
dients (Meffe and Minkley 1987), with these components of
the physical environment being positively associated with the
variability of stream flow (Statzner et al. 1988). Lower-order
streams support low diversity and less-structured assemblages
due to a relatively high variability in their environment.
Recolonization dynamics, temporal variation in reproductive
success, and the ability to find suitable refugia during harsh
conditions appear to be more important than biological inter-
actions as determinants of community organization in such
streams (e.g., Schlosser and Kallemeyn 2000).
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Fig. 2. Importance of the range considered for any environmental
variable in whether it shows a strong relationship to a commu-
nity attribute. We see a strong relationship between the variables
if the entire range of the environmental variable is included.
However, if we restrict the range of this variable (e.g.,A to B),
we lose the ability to detect the significant association. This ef-
fect occurs when we choose studies encompassing a large scale
with many locations versus the small spatial scale, but inten-
sively studied sites common in studies of biotic interactions. The
large-scale studies typically find significant associations with the
abiotic factors whereas the small-scale studies do not find the
same relationships.
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Physical disturbance reduces the densities of populations
with the result that biotic interactions may not appear as im-
portant as abiotic conditions in determining community
structure (Jackson et al. 1992). Temporal heterogeneity asso-
ciated with stream habitat characteristics provides an impor-
tant factor influencing fish communities. The major form of
environmental variability (e.g., frequency, magnitude) in stream
ecosystems is fluctuation in stream flow. Changes in these
characteristics alter the physical habitat of streams and rivers,
thereby influencing the composition and stability of fish com-
munities (e.g., Grossman et al. 1998), primarily due to in-
creased mortality and a reduction in recruitment. Response
of fish assemblages depends on the degree of change relative
to the flow regime and how various geomorphic and ecologi-
cal processes respond to this relative change (Poff and Ward
1990). Furthermore, longitudinal and lateral variation in stream
discharge can lead to complex spatial and temporal dynamics
of fish populations and communities (see Schlosser (1991)
for examples). In higher-order streams, where the catchment
area is larger and thus hydraulic variation is lower, habitat
characteristics are more stable and communities are able to
persist for relatively longer periods of time. Maximum diver-
sity is likely to occur in sites where the habitat diversity is
enhanced and strong interspecific interactions are mediated
by intermediate environmental disturbance (Resh et al. 1988).
Zalewski and Naiman (1984) proposed a conceptual model
where there is a gradual shift from abiotic to biotic regula-
tion of stream fish communities as stream order increases.

Research on associations between environmental charac-
teristics and the distribution and abundance of fish species
across space has contributed greatly to our understanding of
the relative importance of local abiotic and biotic factors (or
combinations of them) in determining community structure
(e.g., Taylor et al. 1993), whether species–environment rela-
tionships persist over intermediate and large spatial scales
(e.g., Lohr and Fausch 1997), and whether environmental
variables remain associated with fish assemblages at differ-
ent levels of spatial scales (low- versus high-order streams,
riffles versus pools; e.g., Grossman et al. 1998).

Although we have focused on stream systems in examin-
ing the role of scale and the interplay between abiotic and
biotic components, similar results are found from studies of
lake fish communities. Small-scale studies incorporate more
limited contrasts of environmental conditions and tend to
emphasize the importance of competitive interactions and
habitat partitioning (e.g., Werner 1984). In very small lakes,
there is a much greater temporal variation in environmental
conditions (i.e., greater variability in temperature and oxy-
gen), but less spatial variation, than in larger lakes. This in-
creased variability likely contributes to annual or periodic
reductions in species abundances due to thermal or oxygen
stress, thereby reducing the potential for competitive interac-
tions because resources may not become limiting (Jackson et
al. 1992). With larger lakes, the environmental variability is
dampened through thermal inertia, and stratification provides
cold-water habitat throughout the year. Larger lakes also
have greater habitat diversity and generally greater species
richness (Magnuson 1976). This parallels the species addi-
tion effect found in streams. Studies incorporating multiple
lakes tend to include lakes differing in size, thereby having
systems exhibiting different degrees of environmental vari-

ability. This range in variability over time and space empha-
sizes the importance of abiotic factors in structuring lake
communities at large scales, in contrast with small-scale
comparisons emphasizing competitive interactions (Fig. 2). In
contrast with competition being most evident in small-scale
studies, both large- and small-scale studies identify preda-
tion effects, thereby indicating its importance in structuring
fish communities within and across scales.

Spatial dynamics
Although the role of space in habitat heterogeneity is widely

recognized, the importance attributed to spatial aspects in
population and community dynamics has increased recently
(Hanski 1999 and references therein). Many of these terres-
trial and theoretical studies show the importance of spatially
structured populations (e.g., metapopulations) in the mainte-
nance of species diversity and community composition. The
movement of individuals between habitats can reduce the
rates of local extinction as well as permit recolonization fol-
lowing local extinctions. The rates of interpatch movement
have important implications ranging from population genetics
to community composition. To date, there has been limited
recognition of the role of spatial isolation and meta-
population dynamics within aquatic systems. Some early
studies identified the similarity of lakes (Barbour and Brown
1974) and rivers (Eadie et al. 1986) to islands or insular hab-
itats. A few studies have attempted to quantify the degree to
which lakes are isolated from one another (e.g., Magnuson
et al. 1998) based on measures of the connections between
lakes. The degree of habitat insularity in streams and lakes
depends on a number of natural and anthropogenic conditions.
Seepage lakes show complete isolation from other aquatic
habitats (Magnuson 1976), except during periods of extreme
flooding or human stocking activities. Isolation among drain-
age lakes is a function of the number, length, and suitability
of connecting watercourses (Olden et al. 2001). Suitability
of a watercourse for fish movement depends on the number
and magnitude of artificial (e.g., water regulation dams) and
natural barriers (e.g., beaver dams, waterfalls), stream mor-
phology such as the number of stream confluences, the prev-
alence of seasonal drying or warming of streams, and
channel characteristics such as depth. Within-stream connec-
tivity is determined by these systems factors, but the role of
beaver dams has been identified as providing a temporally
varying barrier or facilitator to dispersal, both because the
dams have limited life spans and because different species
may benefit from the creation of standing water habitat
(Snodgrass and Meffe 1998). Beaver dams and ponds are di-
rect barriers to upstream dispersal and may provide unsuit-
able habitat because other species (e.g., predators) may
predominate in the ponds, or alternatively, the ponds serving
as “stepping stones” aid in the dispersal of species through-
out a stream system. Piscivory influences the degree of iso-
lation among habitats by imposing a risk of predation on
potential dispersers. Increased density of piscivores may have
conflicting effects in reducing the rate of movement by kill-
ing and (or) blocking prey as well as increasing movement
by inducing prey to disperse from side pools or climb cas-
cades to escape predators (see Gilliam and Fraser 2001).

Despite the fact that aquatic systems seem to be ideal
models of habitat patches and connecting corridors, there is
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limited evidence indicating whether fish communities show
metapopulation characteristics (e.g., Gotelli and Taylor 1999),
and few studies document limited rates of movement of
species. Hill and Grossman (1987) showed that stream fish
movements were small, on the order of metres, over ex-
tended periods of time. This contrasts with other findings
(D.A. Jackson, unpublished data) showing high rates of move-
ments of some species between lakes (25% of recaptured
white sucker (Catostomus commersoni) and 5% of small-
mouth bass were recaptured in lakes other than where they
were tagged). Given the frequency with which some shallow
lakes experience lethal environmental conditions during the
winter or summer, it is likely that recolonization is an essen-
tial factor in the maintenance of lake fish communities. Fish
species differ in their abilities to move through these con-
necting waterways. Different streams vary in their character-
istics, either facilitating or preventing the movements of
various species (providing selective filters based on the tem-
perature and flow characteristics of the streams). The inter-
action of the species and stream characteristics contributes
to differences between communities, even in lakes with sim-
ilar environmental conditions. Increased rates of transfer of
particular species (i.e., sport fishes) between water bodies
due to human activities are leading to more consistent or ho-
mogenized fish communities (Rahel 2000). Given the noted
effects that many of these introduced species have as domi-
nant littoral predators, their strong impacts on the indige-
nous fish community contribute to a loss of biodiversity,
particularly among-lake diversity.

Spatial dynamics and habitat heterogeneity are also of
concern in the maintenance of biodiversity within lakes fre-
quented by humans. Many lakes undergoing development by
humans actually have reduced habitat heterogeneity, thereby
reducing the potential for habitat segregation and refuge from
predation. Cottagers modify existing habitats by removing
macrophytes and woody structures in favor of sandy beaches
or shore with retaining walls. The net effect is the opposite
of habitat fragmentation in that many of these lakes are
actually experiencing habitat homogenization as the lakes
become increasingly developed and lacking in spatial com-
plexity.

Advances and challenges in fish community
ecology

This section identifies problems that seem to be limiting
our current understanding of fish community ecology and
highlights those promising areas of research or areas that we
believe represent priorities for future research. We chose
such areas due to either technological advances or theoreti-
cal and empirical advances from other fields (e.g., terrestrial
ecology) that indicate areas of promise or, alternatively, be-
cause of the potential implications of ignoring areas.

The spatial dynamics of populations and communities are
an important topic that is being virtually ignored within the
context of aquatic systems, in particular by resource manag-
ers. Although terrestrial and theoretical ecologists have car-
ried out extensive work related to spatial dynamics of single
species or communities (see Hanski 1999), there is limited
work examining lakes (e.g., Olden et al. 2001) and streams
(Schlosser and Kallemeyn 2000). Whether this reflects a

general lack of interest or the associated costs of monitoring
movements of fishes in aquatic systems is uncertain. Having
this information would help integrate the roles of biotic and
abiotic factors across varying spatial scales by determining
more precisely how individual fish are using space to mini-
mize biotic and abiotic stress. Human activities are modify-
ing habitats in stream systems and groups of lakes to
varying degrees. Changes in the connectivity due to damm-
ing or alterations to flow patterns, coupled with habitat mod-
ification, may threaten the long-term viability of existing
populations and communities. We have a severely limited
knowledge base from which to predict outcomes or identify
risk. Spatial dynamics are important for understanding the
basic ecology but also need to be recognized by resource
managers. For example, typically the management of a lake
sport fish population is carried out without considering that
populations in nearby lakes may be directly linked and that
management decisions (e.g., stocking of bass) may have di-
rect implications for the communities in the nearby lakes.
Planning for stocking programs generally assumes that there
is limited, if any, exchange of individuals between systems.
This current paradigm of viewing lakes and streams is out-
dated. It fosters mismanagement of the resources and fails to
recognize the mechanisms by which introduced pathogens
and exotics can quickly impact an entire regional fauna. In
contrast with this “isolation” paradigm, restoration projects
often assume implicitly that such movements between water
bodies will occur and provide the seeds for a recovery of the
community, but we do not know how realistic such assump-
tions may be. We need an information base about the degree
of fish movement within and between lakes and streams to
better understand the mechanisms necessary for the mainte-
nance of fish communities.

The application of advancing technologies, such as radio-
telemetry and stable isotope methods, is promising. Teleme-
try methods provide a better definition of a species’ spatial
occupancy and the movements of individuals and their use
of particular habitats. Telemetry can provide insight into the
linkages between specific habitat features and the members
of a fish community, particularly given that the use of such
features may vary depending on time (day versus night or
seasonally) and due to ontogenetic changes in the fishes. To
date, much of our knowledge has been gained by netting or
trapping of fish that integrates long periods of time. The dy-
namic nature of individuals and their interactions with other
species is lost in such coarse levels of detail. In contrast, the
real-time information obtained from telemetry approaches
can provide a wealth of information about community dy-
namics not available previously. Determining the relative im-
portance and timing of use of various habitat types both
provides a fundamental understanding of the use these fea-
tures by the various community constituents and provides
managers with an improved array of methods to minimize
potential impacts during development or resource exploita-
tion. Such technology provides the basis to determine de-
tailed information about physiological processes, small-scale
environmental conditions, and larger-scale use of lakes or
streams over time. Stable isotope and hard tissue chemical
analysis can provide information related to the individual
dates of movements between freshwater and saltwater systems,
alterations to energy flow as a result of changes to adjacent
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terrestrial habitats, and historical measures of ecosystem im-
pacts due to species introductions (e.g., Vander Zanden et al.
1999). Such techniques provide sophisticated approaches to
recreate historical conditions and timing of events, similar to
the goals of paleolimnologists.

Another area where additional effort would be particularly
valuable is extended temporal data sets. The limited nature
of long-term monitoring of fish communities in lakes and
streams (e.g., Long Term Ecological Research Areas (LTER))
is highly constraining. The number of sites involved and the
range of communities and environmental conditions currently
studied are very limited. This scarcity of long-term data sets
necessitates that spatial comparisons be used to study the
mechanisms regulating communities whereas temporal com-
parisons may provide better information for specific hypoth-
eses. The “space-for-time” substitution is often used but may
not be appropriate in some or perhaps many cases. Cur-
rently, we do not know whether the substitution is appropri-
ate. It is these long-term programs, employing consistent
sampling approaches, that provide us with an understanding
of the temporal dynamics of fish communities. These studies
can provide estimates on natural rates of colonization and
extinction and direct linkages connecting changes in habitat
and responses by species and communities. Such temporal
information is critical (Lester et al. 1996) in detecting the
impacts of large-scale environmental changes (e.g., acidifi-
cation, climate change) as well as providing our basic eco-
logical understanding of fish community regulation.
Currently, there is considerable concern related to potential
changes in abiotic conditions within streams and lakes due
to climatic warming. Given that species generally have lim-
ited rates of dispersal between watersheds (unless moved by
humans), major shifts in environmental conditions will
likely prove adverse for fish communities, given the lack of
time to compensate or disperse. However, despite these con-
cerns, given our lack of current LTER programs, we will
likely not be in a position to determine if such changes do
occur unless additional programs are established and their
data made widely available.

We need to develop new approaches to assess the relative
importance of environmental conditions and species interac-
tions in the structuring of fish communities. Although the or-
ganization of fish communities has been credited to a
balance between abiotic factors and biotic interactions, stud-
ies usually emphasize one over the other. It is important to
note that both components are not only complementary and
interactive, but their effects can have similar roles in orga-
nizing communities, thereby complicating our advancement
in understanding community processes. Therefore, studies
including different components and using both experimental
and observational approaches are necessary to disentangle
biotic and abiotic effects and measure their relative magni-
tudes. Experimental studies usually emphasize the impor-
tance of interactions with or species-specific responses to
particular abiotic variables (e.g., swimming speed) whereas
field studies frequently establish the importance of abiotic
variables by establishing correlations between species distri-
bution and environmental gradients. Differences in method-
ological approaches to studying the roles of biotic versus
abiotic structuring have limited our understanding of various
issues, such as the role of disturbance in organizing fish

communities and whether species that are environmental
generalists are more or less sensitive to biotic interactions.
Unless we develop studies to determine whether findings
from a fine scale hold at larger scales (e.g., Angermeier and
Winston 1998), we will be hampered in our abilities to un-
derstand the regulation of fish communities. Therefore, there
is a great need for studies employing such multiscale ap-
proaches that incorporate both experimental and correlative
approaches.

Fish community ecologists have not capitalized on many
advances in analytical approaches from other fields (e.g., en-
gineering, medicine). We have a large body of literature re-
lated to various fish species and whole communities and
their association with various biotic and abiotic factors. How-
ever, we appear to be ignoring the opportunities that these
present, and there has been little attempt to capitalize on this
information base. The use of meta-analysis (e.g., see
Englund et al. (1999) for a recent application) could serve to
help partition out some of the factors summarized in our pa-
per. The ability to separate the effects of various factors and
their strengths has the potential to partition the relative roles
of biotic, abiotic, and spatial components in shaping fish
communities. With the extensive information at hand, a
means of evaluating our understanding and predictive power
is to determine the degree to which we can correctly identify
the various members of communities based on the associated
environmental conditions. Being able to correctly identify
the communities at a series of sites provides an excellent test
of our understanding, provided such tests are implemented
correctly (e.g., using appropriate methods to test and vali-
date our models; see Olden and Jackson 2000). Although
some studies have developed predictive models based on sin-
gle species or assemblage types (e.g., Magnuson et al.
1998), we should be trying to develop models that can pre-
dict whole communities. Such tests of the entire membership
of communities will provide a measure of the state of our
knowledge and identify where we are lacking. Advanced an-
alytical tools commonly found in other disciplines, such as
artificial neural networks, genetic algorithms, and classifica-
tion trees, and various multivariate approaches provide the
opportunity to test our hypotheses regarding the structuring
of communities and provide predictive models. In many
cases, one can make strong arguments for improved and
more detailed analysis of existing data to address questions,
but it is often easier to convince funding agencies of the
need for additional data collection rather than more exten-
sive examination of information in hand.

Clearly, there has been no common consensus in the liter-
ature regarding the importance of various factors in deter-
mining the communities of species associated with various
sites. The scale of the study interacts with the biotic and
abiotic variables such that the relative importance of biotic
and abiotic factors changes across spatial scales. Small streams
and  lakes  are  more  variable  in  their  abiotic  environments
than are larger ones. The associated extremes in the environ-
ments may affect the larger species, frequently predators, to
a greater degree than the small-bodied species, often leading
to their local extinction. The loss of these predatory species
then contributes to a more diverse community of small-bodied
species. The degree to which environmental disturbance keeps
the abundances of these species well below carrying capaci-
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ties likely determines whether competition becomes impor-
tant in structuring the communities. Obviously, we present a
generalization, as many exceptions exist to this conceptual
model, and similarly, we provide a selectively limited re-
view of the state of knowledge. We have set out to identify
the progress made over the past century in understanding the
factors regulating fish communities, and we hope that our
paper will stimulate discussion and new ideas and contribute
to formal model development in both theoretical and statisti-
cal contexts.
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