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Assessing the Habitat Requirements of Stream Fishes:
An Overview and Evaluation of Different Approaches
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Abstract.—With the widespread decline and endangerment of freshwater fishes, there is a need
to clearly define habitat requirements for effective species management and habitat restoration.
Fish biologists often infer habitat requirements on the basis of correlative habitat associations in
the wild. This generates descriptive models that predict species presence or abundance at a hierarchy
of scales: distributional (macrohabitat) models predict the presence/absence of species at large
scales, capacity models predict the abundance at the reach or channel unit scale when a species
is present, and microhabitat models predict the distribution of individual fish at smaller spatial
scales (e.g., instream habitat suitability curves for velocity, depth, and substrate). However, re-
lationships based on habitat associations in the wild rarely give definitive insight into the absolute
requirement for a particular habitat (i.e., necessity of a habitat for the persistence of individuals
and populations). The assumption that habitat selection accurately reflects the fitness consequences
of habitat use is rarely validated; more rigorous assessment of habitat requirement usually involves
manipulative experiments or measurements of fitness (individual growth, survival, or reproductive
success) in different habitat types. Bioenergetic habitat models offer a promising mechanistic
alternative to correlative habitat suitability models for drift-feeding fish and have the potential to
predict habitat-specific growth rates on the basis of swimming costs and energy intake. Once
smaller-scale habitat requirements of individuals are well defined, the final step is to determine
when and how the requirements of individuals limit populations. Extrapolating smaller-scale habitat
requirements to the population level requires either large-scale (ecosystem) manipulations of hab-
itat, adaptive management, or habitat-explicit population models. For species with distinct onto-
genic shifts in habitat requirements, the concept of optimal habitat ratios may be useful for iden-
tifying limiting habitat factors and defining baselines for habitat restoration. Defining optimal
habitat configurations for different species may also provide a basis for predicting how habitat
change differentially affects species with contrasting habitat needs.

Many species of fish are endangered because of
habitat change caused by human development, and
many more will be affected as alteration of habitat
and human appropriation of freshwater resources
continue (Postel et al. 1996; Sala et al. 2000; Til-
man et al. 2001). Understanding and managing hu-
man impacts on fish require a clear understanding
of the relationship between a species and its en-
vironment. Identifying the suite of conditions that
defines the habitat requirements of a species is
therefore a primary goal of aquatic research. The
concept of habitat requirement, however, is poorly
defined. Broadly speaking, requirements can be
defined as features of the environment that are nec-
essary for the persistence of individuals or pop-
ulations (e.g., Bjornn and Reiser 1991). When
faced with conflicting land uses in a drainage, it
is essential to accurately identify the subset of crit-
ical habitats on which the persistence of a species
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or population depends. Without this knowledge,
managing habitat either defaults to educated
guesswork, which often fails, or a conservative
strategy of protecting everything, which often has
economic and social consequences that are diffi-
cult to justify.

Although the importance of defining habitat re-
lationships of endangered or managed species is
widely recognized, information on habitat use is
often collected in a haphazard way, correlative
habitat associations are often confused with habitat
requirement, and the significance of habitat rela-
tionships from field studies is often unclear or mis-
interpreted (Van Horne 1983; Hobbs and Hanley
1990). In particular, there is ambiguity surround-
ing the meaning and use of habitat selection, hab-
itat preference, and habitat requirement.

Even when the habitat requirements of individ-
ual life stages are well defined, there is often un-
certainty surrounding the population-level conse-
quences of habitat change because only a subset
of habitats will typically limit a population at any
given time. Translating the habitat requirements of
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individuals to population-level effects then be-
comes the necessary challenge for fisheries sci-
entists and managers. Solutions are usually limited
to whole-scale ecosystem manipulations (e.g.,
Hartman and Scrivener 1990; Carpenter et al.
1995; Carpenter 1996) or to population models
that link the dynamics and habitat requirements of
individual life stages (e.g., Minns et al. 1996; Nic-
kleson and Lawson 1998).

In this article I review the various approaches
that have been used to describe the habitat re-
quirements of stream fishes as well as their man-
agement implications. My objectives are to clarify
the significance of different types of habitat in-
formation routinely collected by fish biologists but
sometimes confused in the literature (i.e., habitat
selection versus habitat requirement), to summa-
rize different methodologies for quantifying the
habitat requirements of fish, and to provide a clear-
er conceptual framework for interpreting the sig-
nificance of habitat information from field studies.

Definition of Habitat Requirements

Habitat requirements are abiotic features of the
environment that are necessary for the persistence
of individuals or populations. This definition is
intended to distinguish between requirements and
other features of the environment that are less crit-
ical, insofar as their loss or alteration will have
minimal effect on organism abundance or popu-
lation persistence. This simplistic definition of re-
quirement is more or less equivalent to the familiar
Hutchinsonian niche, the n-dimensional hyper-
volume occupied by a species in ‘‘habitat-space,’’
where habitat axes are environmental factors rang-
ing from temperature to system productivity
(Hutchinson 1957). This hypervolume of environ-
mental factors needed for species persistence will
include the range of environmental factors where
individuals experience positive growth and repro-
duction at low densities. If the species of interest
has a complex life history—for instance, larvae,
juveniles, and adults that occupy different habi-
tats—then different life history stages can be de-
fined by different habitat requirements and cor-
responding niches (e.g., Minns et al. 1996; Bar-
donnet and Baglinière 2000).

It is useful to apply the concept of habitat re-
quirements at both the individual and population
levels. At the population level, the niche for a
species will be the hypervolume in environmental
space where populations can achieve a positive
intrinsic rate of increase at low densities. In prac-
tical terms, habitat requirements for a population

(the fundamental niche) will include the niche oc-
cupied by individuals (e.g., habitats must be pre-
sent where individuals will achieve positive
growth and reproduction) but will additionally in-
clude metapopulation requirements. The presence
of appropriate habitats for individuals does not en-
sure the persistence of a population, which also
depends on landscape-scale features related to im-
migration and emigration rates between popula-
tions and the minimum viable population size (Pul-
liam 1988; Dunning et al. 1992), as well as broader
regional abiotic constraints acting as conditional
filters on species presence (Poff 1997). In this re-
view I consider the relationship between habitat
requirements of individuals and population per-
sistence, but I do not review metapopulation dy-
namics. This focus reflects both a need to limit the
scope of the review for practical reasons and the
presence of recent reviews on the latter subject
(Rieman and Dunham 2000).

Similarly, I focus on a narrow definition of hab-
itat requirements based on the physical habitat (the
‘‘habitat templet’’ of Southwood [1977]). Physical
habitat requirements may be strongly modified by
biotic factors—for instance, system productivity,
the requirement for refuges in the presence of pred-
ators (Chapman et al. 1996), or narrower thermal
tolerances in the presence of competitors (Tani-
guchi and Nakano 2000). I do not explicitly con-
sider the influence of biotic factors on habitat re-
quirements, but the approaches outlined for as-
sessing physical habitat requirements should apply
equally well to assessing biotic influences on hab-
itat needs.

Habitat Selection (or Use) versus Preference
versus Requirement

The concepts of habitat selection, preference,
and requirement are sometimes confused in habitat
studies, and information on habitat selection is fre-
quently used to infer habitat requirement. Habitat
selection (i.e., differential occupancy) occurs
when an organism avoids a particular habitat (neg-
ative selection) or uses a habitat in greater pro-
portion than its availability in the environment
(positive selection). Habitat selection can be dem-
onstrated if fish occur at higher densities in par-
ticular habitats (e.g., Figure 1), or if fish occur at
higher frequencies in particular microhabitats to
relative frequency of that microhabitat in the en-
vironment; for instance, selection occurs when the
frequency distribution of depths at which fish are
observed differs from the distribution of depths
available (Figure 2). Selective use of different hab-



955HABITAT REQUIREMENTS OF STREAM FISHES

FIGURE 1.—Density (mean 1 SD) of small and large
juvenile cutthroat trout in pool, glide, and riffle channel
unit types (modified from Rosenfeld et al. 2000).

FIGURE 2.—Frequency of occurrence of small (,80-
mm) and large (.110-mm) juvenile cutthroat trout in
channel units of different maximum depths relative to
the distribution of maximum channel unit depths avail-
able in the environment.

itats is often used to infer habitat preference, but
true preference is best determined in habitat choice
experiments in which extraneous factors (e.g., pre-
dation risk, competition, availability of different
habitats) are controlled; differential use of habitats
in the wild is therefore usually referred to as hab-
itat selection rather than preference. Habitat se-
lection in the wild represents habitat preference
under the prevailing biotic and abiotic conditions
in any particular stream (the realized niche) and
may differ greatly among streams, but true habitat
preference in the absence of predation and com-
petition (the fundamental niche; Hutchinson 1957)
should be relatively invariant for fixed conditions
and will be a function of a species ecology, phys-
iology, and behavior.

It is often assumed that habitat selection indi-
cates a requirement for a particular habitat, but
this assumption is rarely validated. Even if fish
select one habitat over another, the consequences
of losing a strongly selected habitat and occupying
a less selected one are usually unclear. Will in-
dividual growth rate decrease but remain positive
in the less selected habitat, or is the less selected
habitat a metabolic sink where a fish will actually
lose weight and die (Sogard 1994)? Habitat selec-
tion based on differences in density or frequency
of use (e.g., Figures 1 and 2) give little quantitative
information as to the requirement (in terms of
growth and survival) for different habitats. Prob-
lems associated with using density as an index of
habitat quality are well documented (Van Horne
1983; Hobbs and Hanley 1990; Winker et al.
1995). At very low densities, many suitable hab-

itats may be unoccupied, resulting in the erroneous
conclusion that they are undesirable and seriously
altering conclusions based on ratios of abundance
between habitats. At the other extreme of very high
densities (as with young-of-year fish in high re-
cruitment years), fish may be observed in habitats
that are potentially metabolic sinks in which fish
will die. This will be especially true if individuals
are territorial, and floaters are displaced at high
densities into suboptimal habitat (Van Horne
1983). Thus inferring requirement based on habitat
selection in the wild may give different results
from year to year, depending on overall organism
abundance (Hobbs and Hanley 1990).

The true requirement for a preferred habitat de-
pends on the fitness consequences of using that
habitat, or equivalently, the fitness consequences
if a preferred habitat is lost and a fish is forced to
use a less preferred one (e.g., Sogard 1994). For
instance, if fish prefer or select pools, then the best
measure of their requirement for pools is their abil-
ity to survive and grow in other habitats, such as
riffles or glides. If individuals of a particular spe-
cies of fish are incapable of growth and survival
in riffles, then pools are required (e.g., pools are
necessary for the persistence of individuals and
populations).
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FIGURE 3.—Growth of small (,80-mm) and large
(.110-mm) juvenile cutthroat trout confined to pool and
riffle habitats in the absence of predators (from Rosen-
feld and Boss 2001).

Despite the fact that data on habitat selection in
the wild form the basis for most quantitative hab-
itat models, the assumption that habitat selection
in the wild accurately reflects requirement (the fit-
ness consequences of habitat use) is rarely vali-
dated. Rosenfeld and Boss (2001) examined the
relationships between habitat selection in the wild,
habitat preference, and habitat requirement in
terms of the growth and survival of juvenile cut-
throat trout Oncorhynchus clarki in different hab-
itats. Based on habitat use information from field
surveys, juvenile cutthroat parr longer than 110
mm strongly selected deeper pool habitat, whereas
young-of-year fish smaller than 80 mm avoided
pools and selected shallower habitats (Figures 1
and 2). To validate whether this pattern of habitat
selection accurately reflected preference and re-
quirement for juvenile trout in terms of growth,
we performed a series of simple manipulative ex-
periments in a natural stream channel (Rosenfeld
and Boss 2001).

Habitat choice experiments demonstrated that
young-of-year cutthroat trout strongly preferred
pools to riffles in the absence of predators and
competitors, despite occurring at their lowest den-
sities in pools in field surveys (Rosenfeld et al.
2000), probably a result of predator avoidance and
competition from larger juvenile coho salmon O.
kisutch. Young-of-year fish grew in both pool and
riffle habitats, although growth rates were higher
in pools (Figure 3), which was consistent with the
results of the young-of-year habitat preference ex-
periment. In contrast, larger juvenile trout lost
weight in riffles but grew in pools. This example
indicates that pools are a habitat preference for
young-of-year cutthroat trout but probably are not
a requirement because they are capable of positive

growth in riffles. In contrast, pools are a require-
ment for larger trout at summer low flow, as fish
consistently lost weight in riffle habitat.

The statement that pools are a preference rather
than a requirement for young-of-year fish needs to
be qualified, given that positive growth in riffles
does not necessarily ensure future reproductive
success. Young-of-year fish survival is typically a
positive function of body size (Quinn and Peterson
1996) with a minimum threshold (e.g., Shuter et
al. 1980) that may or may not correspond to the
maximum size achieved in riffles. Habitats may
often represent a continuum of quality rather than
a bimodal distribution of required versus unsuit-
able habitats. Ideally, the ‘‘requirement’’ for any
habitat at a given life stage has to be evaluated
within the context of the entire life cycle of the
organism to see how it affects future survival and
final probability of reproduction.

The experiments with juvenile cutthroat trout
described above demonstrate that strong habitat
selection (i.e., of pools by larger cutthroat trout)
is consistent with the fitness consequences of hab-
itat use. However, it is conceivable that an appar-
ently strong preference may have trivial fitness
consequences for individuals, and a shift from pre-
ferred habitat may have minimal effects at the pop-
ulation level. Research directed at understanding
the potential impacts of sediment inputs on the
spawning habitat of lake trout Salvelinus namay-
cush serves as an instructive example (Gunn and
Sein 2000). Lake trout spawn with high fidelity at
specific sites year after year, over cumulative areas
as small as 40 m2 in a single lake. To evaluate the
requirement of trout for these highly selected
spawning habitats, Gunn and Sein (2000) covered
the strongly selected spawning sites with plastic
tarpaulins and monitored subsequent egg hatching
success and population trends.

Although lake trout showed strong fidelity to
traditional spawning locations before they were
covered, they successfully spawned throughout
much of the nearshore area of the experimental
lake. Many of the alternative spawning sites
(;50%) successfully produced alevins, and there
was no measurable population level effect of re-
moving access to the original spawning habitat
over the 8-year course of the experiment (Gunn
and Sein 2000). This indicates that the strongly
selected traditional spawning sites were not re-
quired habitat over the duration of the experiment,
because successful spawning was possible in al-
ternative locations where sufficient juveniles could
be recruited to maintain the adult population. Gunn
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and Sein (2000) concluded that negative impacts
from angling were far more serious than potential
loss of spawning habitat for lake trout, given that
angling mortality produced a 70% decline in adult
abundance within a year in a nearby lake trout
population experiencing no reduction in spawning
habitat. In this case, loss of a strongly selected
habitat did not have population-level consequenc-
es, an outcome that would have been impossible
to predict without experimental manipulation.
However, it remains conceivable that potentially
higher egg survival at traditional sites may con-
tribute to a faster population recovery following
episodes of high adult mortality and that the adap-
tive significance of a habitat preference is manifest
only during episodic population ‘‘crunches’’;
when this is true, even longer-term studies or ex-
periments are required to detect the adaptive sig-
nificance of habitat preference. This lake trout ex-
periment does not necessarily argue against pro-
tecting spawning habitat; rather, it demonstrates
that angler mortality is a far greater conservation
concern for lake trout and that an apparently strong
selection for a habitat may give a misleading in-
dication of its significance at either the individual
or population level.

Juvenile cutthroat trout represent a case where
habitat use and selection in the wild are congruent
with the fitness consequences of habitat use. To
some extent this validates the use of habitat as-
sociations observed in the wild to infer habitat
requirements; the lake trout example, however,
should serve as a cautionary note that strong hab-
itat associations in the wild do not always imply
strong population-level effects of habitat change.
Below I review the different types of habitat in-
formation and models that fish biologists typically
use to describe the distribution and abundance of
stream fishes, and by implication their habitat re-
quirements, based on habitat associations in the
wild.

Habitat Models

Most habitat models are descriptive as opposed
to mechanistic and are based on covariation be-
tween environmental variables and habitat use in
the wild. Stream habitats are strongly hierarchical
(Frissel et al. 1986; Hawkins et al. 1993), and hab-
itat associations can be modeled at a variety of
spatial scales. At least three fundamental types of
predictive models can be used to define habitat
requirements from correlative data: distributional
or macrohabitat models, which predict the pres-
ence or absence of species at large spatial scales

(e.g., within different drainage basins); capacity
models, which predict density or population size
when a taxon is present (usually at the reach or
channel unit scale); and microhabitat models,
which predict habitat associations at a fine spatial
scale (e.g., focal velocities and depths selected by
juvenile salmonids). Bioenergetic microhabitat
models for stream fishes have recently emerged as
an additional class of habitat model (Hughes and
Dill 1990; Guensch et al. 2001). These models
differ fundamentally from other model types in
that they are inherently mechanistic (i.e., their pre-
dictions are based on explicit biological mecha-
nisms rather than observational data). These four
types of models are considered below.

Presence/Absence Models

Models predicting fish presence use binary
(presence/absence) response data, whereas multi-
ple regression (capacity) models are used when
continuous data are available (fish biomass or den-
sity). Although presence/absence models can be
used to predict fish presence at smaller spatial
scales (e.g., Guay et al. 2000), they are more often
used at a landscape scale for defining fish distri-
bution (i.e., when particular taxa are likely to be
present in different drainages or stream reaches).
These models can be based on either logistic re-
gression (Watson and Hillman 1997; Porter et al.
2000; Harig and Fausch 2002; Olden et al. 2002)
or discriminant function analysis (Bozek and Hub-
ert 1992), both of which predict membership in
different classes (i.e., present versus absent) on the
basis of a suite of independent predictor variables
such as drainage basin area, basin gradient, ele-
vation, or latitude. Logistic regression (Manly et
al. 1993; Tabachnik and Fidell 1996; Boyce and
McDonald 1999) generates an equation predicting
the probability (from 0 to 1) of presence as a func-
tion of any suite of environmental variables, which
need not be normally distributed (Tabachnik and
Fidell 1996). Figure 4 illustrates a logistic regres-
sion model predicting the presence of anadromous
cutthroat trout as a function of a single variable
(stream channel width), where there is a 90% prob-
ability of presence in channels less than 7 m wide.
Although logistic regression and discriminant
function analysis are commonly used for modeling
species presence, classification trees and artificial
neural networks are alternative nonlinear ap-
proaches that may provide more robust models of
species distribution (Guisan and Zimmermann
2000; Olden and Jackson 2002).

Presence/absence models quantify a process that
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FIGURE 4.—Probability of cutthroat trout presence as
a function of stream channel width based on logistic
regression (P 5 e(20.148 bfw 1 3.22)/(1 1 e(20.148 bfw 1 3.22)),
where bfw is bank-full channel width; see Rosenfeld et
al. 2000). Black diamonds represent upper and lower
95% confidence intervals.

occurs in an informal sense whenever a biologist
makes a judgment about whether to expect a par-
ticular species at a site (i.e., expert opinion). For-
mal presence/absence models may be redundant
for species about which biologists can make ac-
curate personal judgments or when sampling is
easy, but represent a more objective approach for
defining the probability of occurrence of species
about which little is known. Logistic regression
models can be linked to geographical information
systems (GIS) to predict the distribution of taxa
in unsampled locations (Boyce and McDonald
1999; Mladenoff et al. 1995), and can also be used
to identify which environmental variables exert the
strongest influence on the presence or absence of
species (Mladenoff et al. 1995; Watson and Hill-
man 1997). Harig and Fausch (2002) provide a
good example of applying logistic regression to
assess the characteristics of streams that are suit-
able for translocating endangered Rio Grande and
greenback cutthroat trout. By comparing the basin
scale and instream features of successful and un-
successful transplant streams, quantitative models
were developed for guiding future transplants.
However, logistic regression models remain en-
tirely correlative and therefore provide only in-
direct evidence for causative relationships between
habitat variables and fish presence.

Habitat Capacity Models

Capacity (e.g., multiple-regression) models use
continuous rather than binary response data to de-
scribe the relationship between the abundance of
fish and habitat variables such as water tempera-
ture, conductivity, channel width, or basin-scale
features such as land use or forest cover (e.g., Jow-

ett 1992). Regression models can be applied at any
scale but are typically used to model fish abun-
dance at the reach or channel unit scales. Similar
to logistic regression, multiple regression models
are correlative and therefore tend to be predictive
rather than process-oriented, although they can
give some insight into factors that influence ca-
pacity. For instance, a high correlation between
fish abundance and the number of pools in a reach
or stream (e.g., Connolly and Hall 1999) provides
indirect evidence that pools are an important hab-
itat, but a positive association may also be due to
an unmeasured correlate of pools. Manipulative
experiments are necessary to establish underlying
mechanisms whereby habitat change affects either
individuals or populations. Manipulative experi-
ments to understand the significance of pools at
the individual scale would measure growth and
survival of fish in pools versus other habitats (Lon-
zarich and Quinn 1995; Rosenfeld and Boss 2001),
whereas experiments at the larger population scale
would apply treatments to watersheds that would
alter pool frequency (e.g., logging; Hartman and
Scrivener 1990). Like presence/absence models,
capacity models also have the potential to be
linked to GIS-based map projections for estimating
population abundance in unsampled reaches
(Toepfer et al. 2000) or at larger landscape scales
(Thompson and Lee 2000).

Although fish abundance is most often modeled
as a function of continuous environmental predic-
tor variables (depth, water velocity, channel width,
etc.), discrete predictor variables are also useful,
particularly at the habitat (channel) unit scale.
Channel units represent discrete and regular hab-
itat types (e.g., pools or riffles) formed by natural
fluvial processes in streams (Hawkins et al. 1993;
Rabeni and Jacobson 1993; Peterson and Rabeni
2001a, 2001b), and many studies have shown that
fish have strong associations with discrete habitat
types (e.g., Schlosser 1991; Nickleson et al. 1992;
Rosenfeld et al. 2000). Predicting fish density by
habitat classes (e.g., riffle versus pool habitat
units) is often more accurate than predicting den-
sity based on continuous variables (e.g., water
depth), which suggests that discrete habitat clas-
sifications may characterize habitats in a more bi-
ologically meaningful way than continuous mea-
surements. Estimated fish abundance in any given
stream reach can then be modeled as a simple func-
tion of the summed abundance of different habitat
types multiplied by habitat-specific densities
(Hankin 1984; Hankin and Reeves 1988). This ap-
proach has potential as a simplistic but powerful
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method to model how changes in habitat (e.g., pool
frequency) will affect fish abundance, given that
changes in the frequency of channel units is the
currency that geomorphologists often use for mea-
suring changes in channel structure (e.g., Grant et
al. 1990; Montgomery et al. 1995).

Microhabitat Models

Microhabitat models predict habitat associations
at a fine spatial scale within the stream channel.
The three variables typically used to characterize
microhabitat in streams are current velocity, total
depth, and substrate type below the focal point
where a fish is observed or collected (Moyle and
Baltz 1985; Frissel and Lonzarich 1996). Because
microhabitat observations are based on the scale
of habitat likely to be used by individuals, as nat-
ural history observations they can give insight into
how fish exploit different habitats, and how habitat
is partitioned among species or age-classes of fish.
However, their primary application in stream ecol-
ogy and fisheries management has been to generate
habitat suitability curves (Orth and Maughan
1982) or habitat probability indices (Guay et al.
2000) for different species of fishes. Habitat suit-
ability curves are intended for use with instream
flow assessments (e.g., instream flow incremental
methodology [IFIM]) which model changes in
habitat availability for fish (and by implication,
population size) in regulated rivers in relation to
various discharges (Bovee 1982). Physical simu-
lations of the availability of different microhabi-
tats at different stream flows are linked to habitat
suitability curves for current velocity, substrate,
and depth, which are then used to define the extent
of suitable habitat under different flow regimes.

The use of habitat suitability curves has been
both widely criticized (e.g., Mathur et al. 1985)
and defended (e.g., Gore and Nestler 1988) on both
technical and theoretical grounds. A review of
IFIM is beyond the scope of this paper, and habitat
suitability curves are later considered only in the
context of the potential biases of different habitat
models.

An additional class of microhabitat models pre-
dicts the exact distribution of fish at smaller scales
within individual channel units or reaches, as op-
posed to predicting the general characteristics (ve-
locity, depth, and substrate) of a fish’s focal lo-
cation with habitat suitability curves. These mi-
crohabitat models are primarily bioenergetic rather
than correlative and are discussed below.

Bioenergetic Models

Unlike the preceding models, which are based
on habitat associations, bioenergetic models are
mechanistic and therefore can contribute to a more
definitive understanding of the causations under-
lying correlates of fish abundance. Bioenergetic
models predict individual microhabitat choice
based on the energetic costs and benefits of using
different habitats (e.g., Fausch 1984; Hughes and
Dill 1990; Guensch et al. 2001; Railsback and
Harvey 2002) and have been shown to accurately
predict microhabitat choice by a variety of drift-
feeding fishes, including rosyside dace Clinos-
tomus funduloides and rainbow trout O. mykiss
(Hill and Grossman 1993), brown trout Salmo
trutta and mountain whitefish Prosopium william-
soni (Guensch et al. 2001), Arctic grayling Thy-
mallus arcticus (Hughes and Dill 1990), and At-
lantic salmon S. salar (Nislow et al. 1999, 2000).
Although bioenergetic models have been applied
to predict habitat choice and growth primarily at
microhabitat scales, Hughes (1998) has recently
extended a bioenergetic microhabitat model for
drift-feeding fish to predict reach and whole-
stream size distributions of salmonids, and Hayes
et al. (2000) have shown that a bioenergetics
model can generate a precise lifetime growth tra-
jectory for brown trout in New Zealand. Bioen-
ergetic models have been successful in part be-
cause the biomechanics of drift-foraging are rel-
atively easily modeled, with swimming costs a
simple function of velocity at the focal point and
energy intake a function of size of the foraging
window, reactive distance, and energy concen-
tration of invertebrates in the drift (Hughes and
Dill 1990; Hayes et al. 2000; Nislow et al. 2000;
Guensch et al. 2001).

Bioenergetic models have the potential to pre-
dict not only fish habitat choice but also growth
and density. Rosenfeld and Boss (2001) showed
that a simple bioenergetic model for drift-feeding
cutthroat trout generated average predictions of net
energy intake that were consistent with observed
patterns of growth in both pool and riffle habitats,
and Nislow et al. (2000) demonstrated that bio-
energetic modeling provided a reasonable predic-
tion of Atlantic salmon growth rate potential in
different habitats. Bioenergetic models have yet to
be applied to predict density, which will require
linking spatially explicit growth rate potential to
salmonid territory–size relationships (e.g., Clark
and Rose 1997) to predict density and growth in
different habitat types. The main limitations of
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present bioenergetic models relate to uncertainty
in the efficiency with which fish harvest drifting
invertebrates, and how foraging behavior and
stream hydraulics influence swimming costs (Bois-
clair 2001).

Bioenergetic models also have the potential to
integrate the effects of both habitat structure
(through swimming costs) and system productivity
(through invertebrate drift intake). Because habitat
suitability models are based solely on physical pa-
rameters, they cannot predict how fish growth or
abundance will change with increased invertebrate
drift (system productivity). In contrast, bioener-
getic models of drift-foraging fishes take into ac-
count both physical habitat and food abundance
and should be able to predict the effects of in-
creased invertebrate drift on individual habitat
choice and growth (Nislow et al. 2000), thereby
providing a theoretical basis for anticipating the
effects of nutrient additions to salmon streams
(Hayes et al. 2000). At present, bioenergetic mod-
els of stream fishes are restricted to drift-foragers,
largely because of the huge pool of detailed in-
formation available on the ecology and physiology
of stream salmonids; it is unclear whether a similar
pool of information exists to adequately parame-
terize bioenergetic models for benthic fishes.

Disadvantages of bioenergetic models relate to
uncertainty concerning the time and effort nec-
essary (in terms of sampling and evaluation of drift
samples) to generate reasonable estimates of prey
abundance. Any requirement for significant tem-
poral and spatial replication could limit application
for general management purposes. Certainly bio-
energetic modeling has the potential to provide
insight into the mechanisms underlying patterns of
habitat use and production by stream fishes, but
whether it proves useful for management or re-
mains primarily a research tool remains to be seen.

To date, bioenergetic models of habitat use have
seen limited application in stream ecology, and
correlative habitat models remain the dominant
method for describing fish distribution and abun-
dance. Regardless of which model is applied for
describing how habitat changes affect individual
fitness, the fitness consequences of habitat change
for individuals need to be scaled up to understand
population-level effects. This becomes complicat-
ed for species that have multiple life history stages,
with different habitat requirements, as considered
in the following section.

Scaling Habitat Requirements of Individuals
up to the Population Level

Defining habitat requirements of all life history
stages is a necessary step for species management,

but requirements of any particular life stage will
not always be limiting at the population level. It
is more often the case that the habitat requirements
of only one or two life stages will create limiting
bottlenecks for populations. For informed species
management, it is often crucial to know which of
many habitat factors limit a population, factors that
also are likely to vary over space and time within
a species range. Small-scale experiments (like
those described above for cutthroat trout) are use-
ful for identifying habitat requirements of partic-
ular life stages but provide only limited insight
into which habitat or life stage limits a population.
The lake trout study described above is a good
example of how apparent habitat requirements for
one life stage (availability of premium spawning
habitat) may not translate into population-level ef-
fects because the population is limited at a later
stage.

There are generally two approaches for sorting
out which of many complex factors limit popu-
lations and for measuring the population-level
consequences of habitat change. The first is to per-
form habitat manipulations that affect whole pop-
ulations and ecosystems—for instance, manipu-
lating the availability of spawning habitat for an
entire lake (Gunn and Sein 2000) and measuring
the population response, or manipulating the abun-
dance of different stream habitats by logging an
entire watershed (Hartman and Scrivener 1990) or
by re-introducing floods to a regulated river (Pat-
ten et al. 2001). Although ecosystem-level manip-
ulations are definitive and can give unique insight
into habitat impacts and population dynamics that
smaller-scale experiments cannot (Carpenter et al.
1995; Carpenter 1996), few agencies can provide
the necessary long-term commitment of time and
resources for their completion. Even when time
and resources are available, ecosystem-scale ma-
nipulations by their nature preclude significant
replication and consequently limit possibilities for
multiple treatments or management scenarios.

The other option for understanding when and
how different habitat factors limit populations is
to construct realistic models of population dynam-
ics. Population models for species with discrete
life stages use information on individual-scale
habitat requirements to parameterize submodels
for different life stages, which are then sequen-
tially linked to provide a whole life cycle model
for a population (e.g., Holtby and Scrivener 1989;
Nickleson and Lawson 1998; sometimes referred
to as habitat supply models [Minns et al. 1996]).
Submodels for different life history stages can be
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understood simplistically in terms of the extent and
quality of available habitat, which is related to
cohort size by fitness functions relating organism
growth and survival to habitat characteristics. For
instance, recruitment of juvenile salmonids from
the egg to fry stage will depend on both the extent
(area) and quality of spawning habitat (e.g., dis-
solved oxygen, proportion of fine sediment). Pop-
ulation models can draw on an existing knowledge
base to extract appropriate model parameters, and
they readily permit evaluation of population sen-
sitivity to habitat change, including multiple man-
agement scenarios, which are difficult to replicate
in whole-ecosystem experiments. However, mod-
els are rarely definitive, given that different model
configurations can often produce similar popula-
tion dynamics, and evaluating their biological re-
alism may be difficult if confidence in parameters
is low. In practice, ecosystem-scale experiments
and population models are complementary, but ex-
pediency dictates that controlled whole-system
manipulations will be few. Adaptive management
provides a more applied variant of ecosystem ex-
perimentation that minimizes interruption of re-
source extraction (Walters and Holling 1990).

Discussion

The development of quantitative models (Manly
et al. 1993; Boyce and McDonald 1999) to de-
scribe habitat relationships reflects a need to move
beyond expert opinion in the identification of hab-
itat requirement. A simple hierarchical framework
provides a useful way of organizing habitat infor-
mation in terms of (1) presence/absence functions
to describe distribution at a large spatial scale,
complemented by (2) capacity models to under-
stand correlates of organism abundance where
populations occur, and (3) habitat or individual-
based microhabitat models (based on observation-
al, experimental, or bioenergetic modeling ap-
proaches) to understand the mechanisms whereby
habitat influences individual fitness at a smaller
spatial scale. Development of habitat models must
be placed within the context of the life history of
the organism when different habitat requirements
are associated with different life stages (Minns et
al. 1996; Rose 2000).

Recently, correlative resource selection func-
tions (e.g., logistic regression) have been used to
model the presence of wildlife populations at a
landscape scale (Boyce and McDonald 1999). Just
as use of density may distort the fitness conse-
quences of using different habitats at a small scale
(e.g., pools versus riffles), failure to distinguish

between source and sink populations may result
in severely biased landscape-scale models of hab-
itat requirement. Resource selection functions that
predict presence/absence at a landscape scale do
not typically distinguish between source and sink
populations. If a significant proportion of the pop-
ulations used to generate a resource selection func-
tion are sink populations, then the resource selec-
tion function may be severely biased towards sink
habitats, and the identification of sink habitats as
useable may be an artifact of model generation
based on purely correlative data. Harig and Fausch
(2002) partially address this problem by modeling
separate functions for high- and low-density pop-
ulations, but the only unambiguous measures of
the suitability of a habitat at any scale are direct
measurements of fitness—average population
growth (reproductive success) in the case of pop-
ulations or growth and survival of individuals (as
correlates of reproductive success) at the micro-
habitat scale.

The degree to which habitat suitability curves
accurately reflect habitat quality is poorly under-
stood, given that curves are rarely evaluated in
terms of the true fitness consequences (growth and
survival) of the use of different habitats. Concor-
dance between habitat suitability and the fitness
consequences of habitat use can be evaluated by
superimposing actual measurements of fitness
(e.g., growth) on habitat suitability curves. This is
illustrated in Figure 5, where we plot growth rates
of young-of-year cutthroat trout in pool and riffle
habitats over suitability curves for depth and ve-
locity that were developed for young-of-year cut-
throat trout from south coastal British Columbia
(from Burt and Horchik 1998). Note that growth
rates are standardized so that the maximum has a
value of 1 and that the observed focal velocity and
depth in experimental habitats did not exceed 13
cm/s and 22 cm, respectively (data from Rosenfeld
and Boss 2001). Figure 5 demonstrates that there
is considerable deviation between the suitability
curve and the actual fitness consequences of using
different habitats. This does not necessarily dis-
count the use of habitat suitability curves to es-
timate habitat availability (Gore and Nestler 1988)
but does demonstrate that they may be of limited
use for defining habitat quality (the fitness con-
sequences of habitat use) beyond coarse general-
ities; for example, habitats with velocities in ex-
cess of 30 cm/s are clearly unsuitable for young-
of-year cutthroat trout.

Bioenergetic models for drift-foraging fish are
worth exploring as a mechanistic alternative to
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FIGURE 5.—Comparison of young-of-year cutthroat trout habitat suitability curves (from Burt and Horchik 1998)
to the fitness consequences (relative growth rates) of using different habitats. Growth rates are averages of cutthroat
trout growth rates in replicate pool or riffle enclosures (from Rosenfeld and Boss 2001); focal velocities and depths
are based on observations of one individual per enclosure. Relative growth rates are standardized so that the
maximum has a value of 1. The maximum observed focal velocity and depth in pool and riffle habitats did not
exceed 13 cm/s and 22 cm, respectively.
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correlative habitat suitability functions, but they
will require significant refinement and validation
to assess their ability to accurately predict fish
growth and abundance (Boisclair 2001). Similarly,
the resources required to perform detailed fitness
experiments may also limit their application, and
for endangered species, where both opportunity
and funding are often available, restrictions
against harming individuals may further constrain
research options. Clearly, experiments that involve
mortality, such as tethering (White and Harvey
2001) or enclosures (Power et al. 1989), to esti-
mate survival in different habitats may not be ap-
propriate (unless performed on surrogate species
not at risk). However, short-term growth experi-
ments (e.g., Rosenfeld and Boss 2001) may be
acceptable, given that any decrease in fitness
(growth) could be offset by supplemental feeding
of individuals after the experiments.

Information Needs for Different Management
Scenarios

Defining habitat requirements is a multistage
process of increasing rigor. Information accrual for
any species typically goes through a progression
(Regier 1976) from natural history studies docu-
menting basic life history, followed by identifi-
cation of apparently critical habitats (spawning,
juvenile rearing, overwintering, etc.) based on cor-
relative habitat associations, to detailed research
on the ecology and physiology of a species. How-
ever, the wealth of information necessary to gen-
erate complex (e.g., bioenergetic) models is typ-
ically available only for species of significant com-
mercial or social interest (e.g., salmonids) with a
long history of research. In contrast, information
is lacking for many nongame species, which are
only recently being explicitly managed as agencies
expand their mandates to include stewardship of
biodiversity. However, the urgency of threats to
many species (Ricciardi and Rasmussen 1999) and
limited agency resources will inevitably limit the
information available for making timely decisions,
and researchers and managers will have to care-
fully identify the subset of information that is op-
timal for informed management decisions con-
cerning species at risk.

Basic information on life history and habitat use
is essential for even the most rudimentary species
management. Lack of resources and the need to
act immediately may preclude a more rigorous
evaluation of habitat requirement (e.g., beyond
correlative relationships). However, it is important
to recognize that although a mechanistic under-

standing of the fitness consequences of using dif-
ferent habitats may not be necessary for the initial
precautionary stages of habitat protection, it is
critical for more advanced stages of management
such as habitat restoration. Implementing habitat
protection measures that result in significant loss
of economic opportunity will also be difficult with-
out credible evidence of the negative impacts of
habitat loss, and protection measures based on a
weak understanding of habitat requirement are
likely to be challenged.

Informational needs for managing any particular
species will depend on species distribution, biol-
ogy, and major threats, many of which will differ
among species at risk. For species such as bull
trout Salvelinus confluentus, for which habitat frag-
mentation appears to be a major limiting factor on
population persistence, assessment of metapopu-
lation dynamics is a key issue (Dunham and Rie-
man 1999; Rieman and Dunham 2000). For ex-
tremely narrow endemic species such as the Devils
Hole Pupfish Cyprinodon diabolis, which is known
from only one location in Nevada (Deacon and
Williams 1991), metapopulation dynamics are ir-
relevant. In this case, detailed information on hab-
itat use or fish physiology is probably not essential
for management decisions; narrow endemic spe-
cies are clearly at risk by nature of their highly
restricted distributions (Moyle 1995), and pro-
tected area status is appropriate. If their habitat is
degraded, then research on habitat use and re-
quirements becomes necessary to inform manage-
ment and restoration activities or translocation of
populations to new habitats (Harig et al. 2000).

Where a particular habitat threat can be iden-
tified as the primary factor placing a species at
risk, then the impact of the factor on required hab-
itats should clearly become the primary research
focus. The effects of flow regulation on the en-
dangered razorback sucker Xyrauchen texanus in
the Colorado River is a good example (Minckley
et al. 1991). In this case, the primary information
issue is not a metapopulation one concerning
which streams or watersheds are suitable across a
landscape, but rather which habitats are critical
within the single large endemic habitat, and how
they are affected by flow regulation (Modde et al.
2001).

Optimal Habitat Configurations for Restoration
and Management

From the standpoint of habitat restoration and
management, there are often implicit trade-offs be-
tween the abundance of different habitat types in
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a stream. For instance, creation of pools will usu-
ally come at the expense of riffles (although habitat
enhancement activities can sometimes create en-
tirely new habitat [e.g., side-channels; Sheng et al.
1990]). Even when one habitat type is not de-
stroyed to create another, restored habitat needs to
be correctly identified as limiting; otherwise, en-
hancement will be ineffective. One useful way of
thinking about limiting habitat factors and resto-
ration goals is in terms of optimal habitat config-
urations. Poff and Huryn (1998) considered opti-
mal habitat configurations for juvenile Atlantic
salmon in terms of trade-offs between ‘‘trophic’’
habitat (juvenile Atlantic salmon feed in faster rif-
fle/run habitats, which have higher invertebrate
production) and ‘‘nontrophic’’ habitat (pools for
overwintering or low-flow refugia). They postu-
lated a hypothetical ratio of pool : riffle habitat that
would maximize juvenile salmon production and
that the optimal ratio would be sensitive to both
invertebrate production (which governs how many
juveniles will be produced from a given riffle area)
and the quantity of pool habitat necessary to ensure
overwinter survival of juveniles rearing in riffles.

Conceptualizing limiting habitats (e.g., spawn-
ing, rearing, overwintering, etc.) as occurring in
discrete ratios is a concrete way of defining op-
timal habitat configurations. Although Poff and
Huryn (1998) conceptualized a trade-off between
trophic and nontrophic habitat, the concept can
also be applied to any species for which different
life stages have minimal habitat overlap, and a
theoretical optimal ratio of habitats (e.g., spawn-
ing : rearing : adult : overwintering) will maximize
population size. When an essential habitat required
by one life stage is limiting, its proportional abun-
dance will deviate below the optimal ratio, which
is conceptually equivalent to Redfield ratios used
in limnology as a rule-of-thumb to identify which
nutrient (C:N:P) is limiting primary production
(Redfield 1958). Reeves et al. (1989) provide a
particularly good example of using this approach
to identify limiting habitat factors for juvenile
coho salmon. The optimal habitat configuration for
a species may be thought of as encompassing a
range rather than a single value because changes
in habitat quality (e.g., prey availability in juvenile
rearing habitat, or percent fine sediment in spawn-
ing gravel) will alter optimal habitat ratios.
Streams are also clearly dynamic systems, and stat-
ic measures of habitat quality need to be comple-
mented by metrics that capture the effect of dis-
turbance regimes (e.g., floods) and stochastic
events on population persistence (Young 1995).

Nevertheless, optimal habitat ratios may serve as
a useful conceptual foundation for synthesizing
physical habitat requirements of a species for guid-
ing habitat restoration and management. Optimal
habitat ratios may also provide a simple way to
differentiate physical habitat requirements of dif-
ferent species, and for visualizing trade-offs in the
management of sympatric species that have con-
trasting habitat needs (e.g., lotic versus lentic spe-
cialists).

While this review highlights the need to identify
the critical stream habitats necessary for the per-
sistence of species, it is equally important to iden-
tify and protect the processes that ultimately gen-
erate and maintain these features (Imhoff et al.
1996; Roni et al. 2002). For instance, the impor-
tance of natural flow regimes is widely recognized
as critical for the maintenance of scour pools, off-
channel rearing habitat, and clean spawning gravel
(Poff et al. 1997). Ensuring sufficient discharge
for juvenile rearing at base flow will not ensure
healthy populations if the peak flows that maintain
channel structure are absent (Barinaga 1996) or if
natural recruitment of large woody debris is in-
terrupted by destruction of riparian zones (McIn-
tosh et al. 2000). This does not imply that the
identification of critical habitats is unnecessary,
but rather that the overriding management priority
must be to protect and maintain the processes that
create them. Similarly, although the focus of this
paper has been on habitat, it is important to rec-
ognize that there are critical nonhabitat factors
(e.g., fishing and invasions by exotic species) that
will also strongly influence species persistence.

Informed management of fish and wildlife re-
mains centered on an accurate understanding of
habitat requirements. Biologists need to more crit-
ically assess the consequences of using potentially
biased correlative habitat relationships as surro-
gates of the true fitness consequences of habitat
use. Although incomplete knowledge should not
be used as an excuse for delaying immediate con-
servation action on critical habitat issues (Ludwig
et al. 1993; Pister 1999), research efforts need to
be directed at defining less ambiguous metrics of
habitat requirement; these include functions relat-
ing fitness to habitat structure, the identification
of limiting habitat factors by the use of mecha-
nistic population models, and gaining a better un-
derstanding of optimal habitat configurations for
different species of fishes.
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