893

ARTICLE

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by Oregon State University on 04/26/16
For personal use only.

The role of the geophysical template and environmental
regimes in controlling stream-living trout populations
Brooke E. Penaluna, Steve F. Railsback, Jason B. Dunham, Sherri Johnson, Robert E. Bilby,
and Arne E. Skaugset

Abstract: The importance of multiple processes and instream factors to aquatic biota has been explored extensively, but
questions remain about how local spatiotemporal variability of aquatic biota is tied to environmental regimes and the geophysical template of streams. We used an individual-based trout model to explore the relative role of the geophysical template versus
environmental regimes on biomass of trout (Oncorhynchus clarkii clarkii). We parameterized the model with observed data from
each of the four headwater streams (their local geophysical template and environmental regime) and then ran 12 simulations
where we replaced environmental regimes (stream temperature, ﬂow, turbidity) of a given stream with values from each
neighboring stream while keeping the geophysical template ﬁxed. We also performed single-parameter sensitivity analyses on
the model results from each of the four streams. Although our modeled ﬁndings show that trout biomass is most responsive to
changes in the geophysical template of streams, they also reveal that biomass is restricted by available habitat during seasonal
low ﬂow, which is a product of both the stream’s geophysical template and ﬂow regime. Our modeled results suggest that
differences in the geophysical template among streams render trout more or less sensitive to environmental change, emphasizing the importance of local ﬁsh–habitat relationships in streams.
Résumé : L’importance de nombreux processus et des facteurs à l’intérieur de cours d’eau pour le biote aquatique a été examinée
en détail, mais des questions demeurent concernant le lien entre la variabilité spatiotemporelle du biote aquatique et les régimes
de conditions ambiantes et le gabarit géophysique des cours d’eau. Nous avons utilisé un modèle de truite basé sur l’individu
pour explorer l’inﬂuence relative du gabarit géophysique et des régimes de conditions ambiantes sur la biomasse de truites
(Oncorhynchus clarkii clarkii). Nous avons paramétrisé le modèle à partir de données d’observation pour chacun des quatre cours
d’eau d’amont (leur gabarit géophysique et leur régime ambiant), puis réalisé 12 simulations dans lesquelles nous avons
remplacé les régimes ambiants (température, débit, turbidité) d’un cours d’eau donnée par les valeurs de chacun des cours d’eau
voisins, tout en maintenant le gabarit géophysique inchangé. Nous avons également effectué des analyses de sensibilité des
résultats du modèle aux différents paramètres pour chacun des quatre cours d’eau. Bien que les résultats du modèle montrent
que la biomasse de truites réagit le plus fortement à des modiﬁcations du gabarit géophysique des cours d’eau, ils révèlent
également que la biomasse est limitée par l’habitat disponible durant l’étiage saisonnier, qui est un produit du gabarit géophysique du cours d’eau et du régime d’écoulement. Les résultats du modèle donnent à penser que des différences sur le plan du
gabarit géophysique entre les cours d’eau rendent les truites plus ou moins sensibles aux changements des conditions ambiantes, soulignant ainsi l’importance des relations locales poissons–habitats dans les cours d’eau. [Traduit par la Rédaction]

Introduction
Our understanding that the land surrounding a stream rules
the stream (Hynes 1975) is formative in stream ecology. These
ideas evolved into a view of streams as a distribution of patchy and
heterogeneous conditions (Vannote et al. 1980; Minshall et al.
1985; Perry and Schaeffer 1987; Townsend 1989; Thorp et al. 2006)
that ﬂuctuate across various spatiotemporal dimensions (Statzner
and Higler 1985; Ward 1989; Ward and Stanford 1995) within a
stream network (Benda et al. 2004). This heterogeneity in streams is
inﬂuenced by spatial and temporal ﬂuxes of resources (Elwood et al.
1983), ﬂoodplains (Junk et al. 1989), riparian zones (Gregory et al.
1991), upslope processes (Montgomery 1999), surface–groundwater

interactions (Boulton et al. 1998), and low-frequency, high-magnitude
events that are often regarded in the context of disturbance (Resh
et al. 1988; Swanson et al. 1988; Reeves et al. 1995). Combining the
understanding of the above processes with landscape ecology,
ideas in stream ecology culminated with the “riverscape” concept,
portraying streams as continuous and spatially heterogeneous
mosaics of highly connected habitats (Fausch et al. 2002; Poole
2002; Wiens 2002). However, questions remain about the relative
inﬂuence of the geophysical template and environmental regimes
to aquatic biota in streams. Therefore, if we could separate the
relative effect of these general classes of factors in streams, we
would gain a comprehensive view of the role of each to aquatic
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biota, thereby advancing our understanding of key drivers to
aquatic biota.
Environmental regimes and the geophysical template cover different spatiotemporal dimensions in streams (Arthington 2012).
In the natural world, stream conditions are formed by both dynamic environmental regimes and the relatively ﬁxed geophysical
template, making it challenging to separate their effects because
they are complex (Carbonneau et al. 2012) and often confounded
(Wiley et al. 1997). Environmental regimes consist of stream temperature (Arismendi et al. 2013), ﬂow (Poff et al. 1997), turbidity,
chemicals, and nutrients. Although the geophysical template of a
stream consists of channel form, stream bottom, instream cover,
substrate types, and other forms of structure, it is also a product of
not only these characteristics but also the environmental regimes
that create and alter habitats along a stream. Given enough time,
virtually any of these features vary, but the daily, seasonal, and
annual variation in ﬂow and likely all environmental regimes
typically far exceeds that of the local geophysical template, which
generally changes only in response to disturbances and infrequent high-ﬂow events that affect the balance of sediment and
water delivery to the stream (Frissell et al. 1986; Reeves et al. 1995;
Benda et al. 2004). The geophysical template varies on a ﬁner
spatial scale than environmental regimes. Hence, the spatial scale
at which ﬁsh experience each set of factors is also fundamentally
different.
Although the geophysical template and environmental regimes
are important to ﬁsh (Jonsson and Jonsson 2011; Poff et al. 1997),
we understand little about the relative inﬂuence of these factors
in relation to one another. The geophysical template inﬂuences
ﬁsh responses by setting limits on how environmental regimes
play out (Elton 1966; Southwood 1977; Poff and Ward 1990),
whereas environmental regimes affect ﬁsh by inﬂuencing factors
that directly inﬂuence ﬁsh with most attention to streamﬂow
(Poff et al. 1997; Power et al. 2008), but also temperature (Brett
1956) and turbidity (Harvey and White 2008). For example, ﬂow
interacts with the geophysical template, setting physical features
of streams known to be important to ﬁsh, including depth and
velocity distributions, which may make ﬂow the environmental
regime most likely to inﬂuence biomass. Trout survival is depressed
during seasonal low ﬂow in late summer (Berger and Gresswell
2009), leading us to expect that trout will have greater declines in
biomass in summer compared with winter.
Our objective in this study was to evaluate the relative role of
the geophysical template relative to environmental regimes in
driving biomass of ﬁsh in streams in both summer and winter. We
simulated four neighboring headwater streams from the same
catchment that support coastal cutthroat trout (Oncorhynchus clarkii
clarkii). Headwater streams are a compelling setting because they
are tightly coupled with terrestrial ecosystems and may be more
responsive to their location than larger channels (Vannote et al.
1980; Benda et al. 2004). In addition, cutthroat trout are widespread throughout the western United States, providing an interesting case study with the potential to generalize future hypotheses
to a broader extent. We used an individual-based trout model
(inSTREAM; Railsback et al. 2009) and applied a substitution–
replacement approach in a manner that would be difﬁcult or impossible to replicate in a natural setting. We parameterized the
model with multiyear ﬁeld data on environmental regimes, geophysical template, and trout populations for each stream. We also
used sensitivity analysis to understand how trout respond to speciﬁc factors linked to the geophysical template or environmental
regimes in each modeled stream. Overall, our ﬁndings will lead to
a better understanding of how local spatiotemporal variability in
trout populations is tied to environmental regimes or the geophysical template of stream trout, thereby advancing our understanding of key drivers to stream ﬁsh.
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Methods
Study sites
Our simulations were based on measurements from four streams
in the headwaters of the Trask River catchment, in the Tillamook
River basin of the northern Coast Range, Oregon, USA (Table 1).
Model simulations were performed for a 210 to 250 m contiguous
length of stream reach, named after the streams where these
reaches were located: Gus Creek, Pothole Creek, Rock Creek, and
Upper Mainstem Trask (hereafter Upper Mainstem or UM). Precipitation in the headwater streams ranges from 2.25 to 2.83 m·year−1,
with most precipitation falling as winter rain (Daly et al. 1994).
Stream temperatures are moderate (5–13 °C) year-round, and turbidity is very low (4 NTU) except during winter storm events (up to
150 NTU). Rock and Pothole creeks are located at lower elevations
in the catchment (336.6 and 324.4 m, respectively), whereas Gus
Creek (468.7 m) and Upper Mainstem (609.2 m) are located at
higher elevations. Three streams have similar catchment areas
(Gus = 302.1 ha, Upper Mainstem = 293.2 ha, Pothole = 325.4 ha),
and one (Rock Creek) is twice as big (667.6 ha). Upper Mainstem
(791.81 m2) has the smallest wetted area during seasonal low ﬂow,
followed by Pothole Creek (1010.0 m2), Rock Creek (1416.4 m2), and
Gus Creek (1500.0 m2). Coastal cutthroat trout occur in all four
headwater streams; some streams also support sculpins (Cottus spp.),
steelhead (anadromous Oncorhynchus mykiss) juveniles, and coho
salmon (Oncorhynchus kisutch) juveniles.
The trout model
As our individual-based trout population model, we used version 5.0 of inSTREAM (Lang, Railsback and Associates, Arcata,
California, USA; downloaded on 30 August 2014). This model is fully
described (e.g., Railsback et al. 2009, 2011) and publically available
(http://www.humboldt.edu/ecomodel). InSTREAM simulates trout
population dynamics in a realistic environment, and extensive
model testing reproduced trout population responses typically
observed in nature for both individuals (Railsback and Harvey
2002) and populations (Railsback et al. 2002; Harvey and Railsback
2014; Harvey et al. 2014). As an individual-based trout population
model, inSTREAM derives population dynamics from the fate and
behaviors of individual trout responses to environmental conditions that vary spatially and temporally. Our intent in applying
this model was to evaluate how trout respond to environmental
variability as related to inﬂuences of environmental regimes and
geophysical template, and thus the model is valid for our purpose
(Rykiel 1996). Here we outline how the model works and focus on
features relevant to the objectives of this study. Unless noted otherwise, we used the parameter values for cutthroat trout and
small streams provided by Railsback et al. (2009). We changed the
latitude of model streams to 45°N, which inﬂuences photoperiod.
The model represents a simpliﬁcation of many complexities of
each actual stream, and each study stream is represented as one
reach composed of rectangular cells. Reach variables are environmental regimes of stream temperature, ﬂow, and turbidity, which
varied daily (more details about each regime in Input section). The
cells within reaches represent units of microhabitat, with typical
areas of one to several square metres, and variables of depth,
velocity, area of velocity shelter for drift-feeding, area of spawning
gravel, and distance to hiding cover (more details in Input section). Generally, each cell is as large as the feeding territory of an
adult trout and larger if the habitat is relatively homogeneous;
multiple trout can occupy the same cell. Trout are represented as
individuals from when they emerge from redds; trout variables
include length, mass, condition (the fraction of healthy mass for
their length), sex, and the cell in which they feed. The trout life
cycle is completely represented in the model, beginning with
redds (nest), which are represented as objects with variables for
the number of live eggs they contain and the eggs’ development
status.
Published by NRC Research Press
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Table 1. Description of environmental (ENVR) regimes, geophysical template, and calibration values for Gus Creek, Pothole Creek, Rock Creek,
and Upper Mainstem Trask (UM) in Trask River catchment, Oregon.
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Headwater stream
Model input

Factor

Gus

Pothole

Rock

UM

ENVR regimes

Winter stream temp. (°C)
Winter stream ﬂow (m3·s−1)
Winter turbidity (NTU)
Summer stream temp. (°C)
Summer stream ﬂow (m3·s−1)
Summer turbidity (NTU)
Catchment area (ha)
Wetted area in summer (ha)
Elevation (m)
Distance to hiding cover (m)
Velocity shelter
Spawning gravel
Velocity (m·s−1)
Depth (m)
Max. depth (m)
Wetted width (m)
Max. wetted width (m)
Width to depth ratio
Froude number
Reynolds number (×1000)
Cells (no. per stream)
Drift food (g)
Benthic food (g)
Aquatic predation
Terrestrial predation

4.8±1.4
0.51±1.22
11.6±39.6
11.1±1.3
0.03±0.02
9.9±8.1
302.1
0.15
469
2.40
0.40
0.14
0.18 (0.42)
0.205 (0.239)
0.9 (1.15)
5.01 (5.369)
10.55 (11.14)
5.567 (4.668)
0.328 (0.81)
11.398 (36.311)
35
1.5×10−9
5×10−7
0.900
0.990

6.4±0.9
0.37±0.48
17.6±52.1
10.9±0.7
0.03±0.00
3.6±2.1
325.4
0.101
324
2.30
0.36
0.06
0.16 (0.32)
0.18 (0.202)
0.665 (0.845)
4.969 (4.973)
11.48 (11.48)
7.472 (5.885)
0.717 (0.83)
21.05 (28.944)
35
1.5×10−9
5×10−7
0.900
0.990

5.8±1.2
0.73±0.74
7.7±18.6
11.3±1.0
0.03±4.10
4.9±0.0
667.6
0.142
337
1.75
0.88
0.10
0.19 (0.40)
0.285 (0.359)
0.625 (0.69)
6.634 (6.634)
10.43 (10.57)
10.615 (9.615)
0.746 (0.724)
43.621 (59.884)
31
1.5×10−9
5×10−7
0.900
0.990

4.7±1.1
0.26±0.24
11.8±17.3
10.5±1.1
0.04±0.02
10.5±8.9
293.2
0.079
609
1.06
0.32
0.17
0.09 (0.20)
0.287 (0.218)
0.97 (0.54)
4.089 (4.896)
8.725 (8.725)
4.215 (9.067)
0.65 (0.587)
38.282 (22.971)
32
6×10−10
8×10−7
0.960
0.985

Geophysical template

Calibration

Note: Winter is January and February and summer is July and August. Distance to hiding cover, availability of velocity shelter, spawning gravel, velocity by season,
and depth by season are averaged values (total/no. of cells in stream). Higher distance to hiding cover values represent less overall hiding cover availability. Velocity
shelter and spawning gravel are each estimated as a percentage of cell area with that characteristic. Values for the geophysical template denote mean summer
conditions (unless noted), while parenthetical data represent mean winter. ENVR regimes display mean values ± standard deviation for data collected from March 2007
to September 2011.

InSTREAM uses a daily time step for six consecutive actions.
(1) Daily values of stream temperature, ﬂow, and turbidity are
taken from ﬁles of actual ﬁeld observations (Fig. 1). The depth and
velocity of each cell is then calculated from streamﬂow to allow
for changing environmental conditions. (2) The ﬁrst trout action
is spawning; female trout age 1 or older with fork length >10 cm
spawn within speciﬁc dates if environmental thresholds are met.
When they spawn, female trout move to cells with spawning
gravel and construct a redd. The number of eggs deposited in a
redd increases with female fork length. The representation of
spawning and redds is simpliﬁed in the model, but it enables the
model to simulate the full life cycle and long-term population
dynamics (Railsback et al. 2009). (3) All trout select a cell for feeding or hiding by making a trade-off between energy intake and
mortality risk (Railsback et al. 1999; Railsback and Harvey 2002).
Trout select a habitat cell, in order of trout size, with the largest
trout selecting cells ﬁrst leading to a length-based hierarchy (see
ideal despotic distribution; Fretwell 1972). Generally, this habitat
selection method causes individuals to choose available habitat
cells not already occupied by a larger trout, which minimizes risk
while avoiding mass loss (Railsback and Harvey 2002). Then, in
this same step, trout decide the best activity: feed or hide. Trout
that hide have zero food intake and swimming speed leading to
slight mass loss. Alternatively, trout can choose to feed during
daylight hours. Food intake consists of two sources: drift (food
items entrained in the ﬂow) and benthic (food that trout must
actively seek from the benthos). Benthic food, however, is a small
portion of the total food supply for adults (10%–20%), whereas
young-of-year depend on it completely. Each time a trout feeds in
a habitat cell, its food consumption is subtracted from that remaining for smaller trout. Food availability depends on how
much food was in each cell and the trout’s ability to capture food.
Food capture depends on trout size (with increasing length be-

cause larger trout see and swim better) and food availability.
(4) Daily growth is calculated as a function of trout size and habitat conditions in the selected cell, especially depth and velocity. It
is the difference between energy intake from food and metabolic costs. Metabolic costs increase with trout length, swimming
speed, and temperature. As a consequence, growth peaks at an
optimal velocity that delivers sufﬁcient food while not requiring
excessive energy for swimming. However, trout can also lose energy during spawning season (if mature and if spawn). (5) Mortality is modelled by calculating the daily probability of each trout’s
survival, then stochastically determining if it dies. The daily probability that trout will survive depends on individual attributes
(length, mass), variables of its cell, and vulnerability to stochastic
events. Trout can die from predation by terrestrial animals, predation by larger trout, and starvation. Trout are assumed to have
accurate knowledge of predation risks and how they vary among
habitat cells. (6) Redd actions include updating its developmental
stage (a function of temperature), subtracting egg mortality due to
temperature stress, disease, scouring, or desiccation. When a redd
is fully developed, recruitment of new trout is a function of surviving eggs.
Input
Measurements of the geophysical template were collected to
parameterize the model for each stream. During seasonal low
ﬂow in 2009, measurements of channel shape were made and
used to delineate cells. For each cell, we measured availability of
velocity shelters, spawning gravel, and distance to hiding cover.
Depth, velocity, and water surface elevation of each cell were
measured over a range of low, medium, and high ﬂows from 2009
to 2010. Depth is the distance from the water surface to the stream
bed, and water surface elevation is the elevation of the water
surface relative to a known elevation. We computed daily mean
Published by NRC Research Press
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Fig. 1. Environmental regimes of streamﬂow, stream temperature, and turbidity capturing the natural variability observed in Gus Creek,
Pothole Creek, Rock Creek, and Upper Mainstem Trask (UM) from 2007 to 2011.

streamﬂow, stream temperature, and turbidity from ﬁeld measurements recorded every 10 min from March 2007 to September
2011. Mean streamﬂow and temperature were measured using a
Montana-style Parshall ﬂume with a water temperature sensor.
Mean daily streamﬂow was calculated as the total 24 h ﬂow volume divided by the number of measurements in 24 h. Mean daily
temperature was the sum of all the values in 24 h divided by the
number of measurements in that same time period. Mean turbidity was measured using an instream nephelometer, which measures the scatter of a focused light beam by suspended solids.
Following standard procedure to minimize initialization effects
(Railsback et al. 2009, 2011), we simulated 8 years by repeating the
4 years of data for environmental regimes and analyzed results
from the last 4 years.

Calibration
Model calibration allows the model to match empirical observations and estimates the values of parameters that we cannot
evaluate directly (Railsback and Grimm 2012). Although inSTREAM
is composed of multiple equations and parameters, it is less reliant
on calibration than simple models (Railsback and Grimm 2012).
Following Railsback et al. (2009), we found a combination of parameter values for each modeled stream that best matched the
ﬁeld data for that stream (estimated trout densities and length by
age class in September from 2007 to 2009). We varied four parameters in inSTREAM that have different effects on trout populations: concentration of drift food, concentration of benthic food
that trout search for, risk of terrestrial predation, and risk of trout
predation. We explored multiple parameter combinations to idenPublished by NRC Research Press

Penaluna et al.

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by Oregon State University on 04/26/16
For personal use only.

tify our best match parameter set. We compared length and abundance of simulated trout from the model by minimizing sum of
squared deviations for all age classes to actual trout data estimated from mark and recapture at the corresponding ﬁeld stream
(J. Dunham, unpublished data). We classiﬁed cutthroat trout into
four age classes: age 0, age 1, age 2, and age ≥3.
Scenarios
We modeled trout biomass in relation to conditions within
each stream (the local geophysical template and environmental
regime) and then conducted a substitution of condition among
streams, replacing the dynamic environmental regimes (streamﬂow, stream temperature, turbidity) of a given stream with values
from each of the three neighboring streams while keeping the
geophysical template (channel shape, instream cover, spawning
gravel) ﬁxed. This resulted in 16 scenarios for both summer and
winter over a 4-year period. This substitution and replacement
process was continued until all possible combinations of environmental regimes and geophysical templates were examined. During the substitutions, we did not adjust the environmental regimes
for proportional differences in catchment area or other features
(Table 1) because the complex links among streamﬂow, temperature, and turbidity would be lost with such changes.
Sensitivity analysis
We evaluated sensitivity of simulated trout biomass to single
factors important to adult stream-living trout populations: base
ﬂow, drift food, hiding cover, piscivory risk, redd scour, spawning
gravel, summer temperature, velocity shelter, and winter temperature (Railsback et al. 2011). To this end, we performed a sensitivity
analysis for each of the four headwater streams with their own
environmental regimes using inSTREAM’s “limiting factors tool”
(Railsback et al. 2011), which automates the generation of input
ﬁles for sensitivity scenarios. The sensitivity analysis assesses the
relative effect of the key factors by running the model multiple
times using a wide range of values for one factor, reﬂecting the
range of conditions found in our study streams. We added a range
of values for each key factor bounded by a highest and lowest
value to the actual value. Flows varied from 0 to 4 m3·s−1, temperatures varied from −4 to 4 °C, food varied from 0.5 to 2 g, gravel
availability varied from 0.25 to 1.5, velocity shelter varied from
0.25 to 1.5, hiding cover varied from 0.25 to 1.5 m, piscivory risk
was a fraction of the standard value ranging from 0.9 to 1.0, and
redd scour ratio varied from 0.5 to 1.5. After scaling the factor
scenarios from 0 to 1, results were analyzed via linear regression
of simulated trout biomass versus factor value. High sensitivity
to a factor is indicated by larger slopes and R2 values. We also
examined results for strong but nonlinear responses. Only older
(≥age 1) trout were considered for the sensitivity analysis because
simulated age 0 trout biomass is more variable and less important
to long-term populations.
Distance to hiding cover and availability of velocity shelter and
spawning gravel are averaged values (total/no. of cells in stream).
Higher distance to hiding cover values represents less overall hiding cover availability. Velocity shelter and spawning gravel are
each estimated as a percentage of cell area having that characteristic. Aquatic and terrestrial predation are each estimated as probability of occurrence ranging from 0 to 1.
Population-level responses, hydraulic dimensions, and data
analysis
We analyzed biomass output every 10 days during the 4-year
study from ﬁve replicate model runs. We averaged biomass for
each of the four age classes for both summer (July and August) and
winter (January and February) for the 16 scenarios each year based
on the ﬁve replicate model runs.
We calculated various hydraulic dimensions from our ﬁeld
measurements to more deeply characterize each stream in both

897

summer and winter. Depth measures the distance from the water
surface to the stream bed, where mean depth comprises every cell
value and max. depth is the highest value in the reach. Wetted
width represents the distance between the left wetted edge to the
right wetted edge, where mean wetted width consists of all transect measurements and max. wetted width is the highest width in
the reach. Width to depth ratios of the mean values reﬂects the
shape of the wetted cross-sections. Froude number is a ratio between kinetic and gravitation forces. It is very sensitive to the
proportion of rifﬂes versus pools in reaches, because it has very
different values for these habitat types (it is <0.2 in pools and >0.4 in
rifﬂes; Jowett 1993; Lamouroux and Capra 2002). The Reynolds
number is multiplied by 1000 throughout this paper, and it represents discharge per unit width. Hence, it is sensitive to ﬂow rate
and quantiﬁes the level of turbulence in each stream (Lamouroux
and Capra 2002).
We captured the complexities within a population among four
age classes of trout from all modeled scenarios using nonmetric
multidimensional scaling (NMDS), a nonparametric ordination
technique (Kruskal 1964; Mather 1976). NMDS is an iterative process that seeks to minimize the “stress” of a k-dimensional conﬁguration. To calculate the similarity matrix, we used the square
root transformation of the Euclidean distance among biomass
values for each age class to reduce the inﬂuence of highly inﬂuential age classes (Clarke 1993; McCune and Grace 2002). The resulting matrix was 128 rows (16 scenarios for both summer and
winter during a 4-year period) × 4 trout age classes, for a total of
512 values. To understand which age class was driving the ordination on each NMDS axis, we correlated the ranks of the ordination
axis scores of biomass by age class with Kendall’s . We used
multiresponse permutation procedures (MRPP) of Euclidean distances (␣ = 0.05; Mielke and Berry 2001) to examine the hypothesis
of no difference among stream or environmental regime between
pairs of modeled streams (Gus versus Pothole, Gus versus Rock,
Gus versus UM, Pothole versus Rock, Pothole versus UM, Rock
versus UM) and between seasons (winter versus summer). MRPP is
a nonparametric procedure for testing the hypothesis of no difference among pairs or groups (McCune and Grace 2002). To further describe patterns, we examined dispersion, deﬁned as the
spread in multivariate space among streams for trout biomass,
measured as the area of a convex hull. We analyzed all data using
PC-ORD software (MjM Software Design, Gleneden Beach, Oregon), except for dispersion, for which we used software R version
2.11.1 (R Development Core Team 2012) with the siar package.

Results
To determine the relative role of the geophysical template versus environmental regimes on trout biomass, we ﬁrst considered
the conditions for each factor that corresponded to each stream
with its own local regime in its observed state. Simulations of
these conditions revealed that biomass increased with increasing
values of ages 2 and 3+ trout on axis 1 from the highest overall
biomass in Gus Creek to next highest biomass in Rock Creek,
Upper Mainstem, and Pothole Creek, in that order (Fig. 2a; Table 2).
In addition, as biomass increased by stream there was a general
increase in the variability of biomass within each stream, as measured by the convex hull area (Pothole Creek = 0.09; Upper Mainstem = 0.50; Rock Creek = 0.60; Gus Creek = 0.62). Although there
was a lot of overlap in the ordination among modeled streams,
trout from different streams displayed unique characteristics. For
example, we found more ages 2 and 3+ trout in Gus Creek, more
ages 0 and 1 trout in summer in Rock Creek, and less trout of all
ages in winter in Upper Mainstem compared with other study
streams. Although total trout biomass in summer followed a similar pattern in the ordering of streams as trout biomass by age in
the NMDS ordinations, total trout biomass showed that the yearto-year variability within a stream was greater than the differences
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Fig. 2. Nonmetric multidimensional scaling ordination of mean
biomass of coastal cutthroat trout from ﬁve replicated simulations (a) in
four modeled streams (stress = 2.20) observed in Gus Creek, Pothole
Creek, Rock Creek, and Upper Mainstem Trask (UM). The solid line
represents convex hull area for each stream. The four modeled streams
are again plotted in panels (b) and (c), in addition to the 12 stream
combinations where we replaced the environmental regime (ﬂow,
temperature, turbidity) of a given stream with those from each of the
three neighboring streams (stress = 5.90). The ordination in panel (b) is
coded by geophysical template of the stream used, with the solid line
indicating the convex hull area. The ordination in panel (c) has the
same points as in panel (b), but this time we have coded for environmental
regime of stream. Inﬂuential age classes for panels (b) and (c) are
indicated for biomass, with arrows indicating positive or negative
correlations for each axis.
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Table 2. Multiresponse permutation procedure results for coastal cutthroat trout populations at four headwater streams in the Trask River
Catchment, Oregon, where alternative environmental (ENVR) regimes
were substituted among local regimes while geophysical template
from a stream remained ﬁxed.
Scenarios
grouped by:
Stream

ENVR regime

Season

Pairwise comparison

A

P

Gus versus Pothole
Gus versus Rock
Gus versus UM
Pothole versus Rock
Pothole versus UM
Rock versus UM
Gus versus Pothole
Gus versus Rock
Gus versus UM
Pothole versus Rock
Pothole versus UM
Rock versus UM
Winter versus summer

0.22
0.31
0.12
0.09
0.15
0.19
0.00
0.00
0.06
0.01
0.05
0.07
0.08

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.96
0.25
<0.001
0.05
<0.001
<0.001
<0.001

Note: We examined the hypothesis of no difference among stream or environmental regime between pairs of modeled streams and between seasons.
Streams are Gus Creek, Pothole Creek, Rock Creek, and Upper Mainstem
Trask (UM). Signiﬁcant p values indicate differences within the pair in question
and are indicated in bold (␣ = 0.05). “A” is chance-corrected within group agreement, and it is a measure of effect size (A = 1 − (observed delta/expected delta)).

Fig. 3. Example mean biomass (+1 SD) of coastal cutthroat trout
during summer (July and August) in Gus Creek, Pothole Creek, Rock
Creek, and Upper Mainstem Trask (UM). Standard deviations represent
variability among ﬁve replicated simulations. All age classes are combined.

in trout biomass among three of the four streams, except Gus
Creek (Fig. 3).
When we replaced the local environmental regimes for each
stream with alternative regimes from neighboring streams, a similar pattern of differences in trout biomass among streams was
observed (Fig. 2b; Table 2). Although trout biomass for each stream
maintained the same relative order in trout biomass (Gus Creek
highest, next highest in Rock Creek, Upper Mainstem, and Pothole Creek, in that order), alternative environmental regimes expand the boundaries of biomass for each stream (Figs. 2a versus 2b).
Convex hull area also increased for trout biomass under scenarios of alternative environmental regimes when compared with
streams modeled with their own environmental regimes (Pothole
Creek = 0.09 to 0.56; Upper Mainstem = 0.50 to 1.54; Rock Creek =
0.60 to 1.02; Gus Creek = 0.62 to 5.32). For all study streams, appli-

cation of the environmental regime from Rock Creek led to projected biomass values higher than those generated by the application
of regimes from other streams (Fig. 2c; Table 2). We observed
signiﬁcant seasonal differences in the NMDS ordination along
axis 2, with summer displaying higher biomass of ages 0 and
1 trout (Fig. 4).
Biomass was consistently sensitive to base ﬂow; in all modeled
streams, higher base ﬂows resulted in greater biomass of adult
trout (Table 3). Trout biomass was also sensitive to food in three
streams (except in Pothole Creek). For the three streams where
food was inﬂuential in the model, greater food availability led to
higher biomass of adult trout. Elevated summer temperatures
and increased hiding cover led to increased biomass of adult trout
in Rock Creek.

Discussion
Our modeling approach separates the relative effects of the
geophysical template from environmental regimes and provides a
sensitivity analysis to provide a detailed picture of how processes
affect trout biomass in headwater streams. Because trout biomass
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Fig. 4. Nonmetric multidimensional scaling ordination of mean
biomass of coastal cutthroat trout from ﬁve replicated simulations in
the four modeled streams (Gus Creek, Pothole Creek, Rock Creek, and
Upper Mainstem River Trask (UM)) and the 12 stream combinations
where we replaced the environmental regime (ﬂow, temperature,
turbidity) of a given stream with those from each of the three neighboring
streams (stress = 5.90). The ordination has the same points as in Figs. 1b
and 1c, but here we have coded by season to explain the variability
along axis 2. Winter is January and February and summer is July and
August. Inﬂuential age classes are shown for biomass, with arrows
indicating positive or negative correlations for each axis.
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Table 3. Sensitivity analysis of key factors that may affect age 1+
coastal cutthroat trout population biomass (g) in four headwater
streams in Trask River Catchement, including Gus Creek, Pothole
Creek, and Rock Creek, and Upper Mainstem Trask River (UM).
Headwater stream

Base ﬂow (m3·s−1)

Slope
R2
Benthic and drift food (g) Slope
R2
Summer temperature (°C) Slope
R2
Hiding cover (m)
Slope
R2
Piscivory risk
Slope
R2
Redd scour
Slope
R2
Spawning gravel
Slope
R2
Velocity shelter
Slope
R2
Winter temperature (°C)
Slope
R2

Gus

UM

Rock

Pothole

138 150
0.63*
7 794
0.18*
3 900
0.04
1 335
<0.001
4 950
0.03
0
<0.001
566
<0.001
82
<0.001
1 144
0.04

29 820
0.53*
4 370
0.49*
150
<0.001
275
0.01
37
<0.001
0
<0.001
60
<0.001
79
<0.001
109
<0.001

54 553
0.58*
2 078
0.20*
1 370
0.14*
1 138
0.10*
25
<0.001
0
<0.001
42
<0.001
330
<0.001
53
<0.001

48 208
0.60*
1 607
0.03
1 356
0.03
1 064
0.02
119
<0.001
0
<0.001
30
<0.001
101
<0.001
64
<0.001

Note: Population data were analyzed using linear regression analyses against
factor values scaled 0–1, with positive or negative slope values indicated. Factors
are more important when they have higher slope magnitude and R2.
*Factor–stream combinations that have R2 > 0.05.

remains in the same relative order when alternative environmental regimes are applied, we demonstrated that the geophysical
template is a dominant inﬂuence on trout biomass compared
with environmental regimes. Based on the sensitivity analysis, we
also showed that trout biomass is inﬂuenced by the interactions
of the geophysical template and environmental regimes. In particular, seasonal low ﬂow interacts with the geophysical template
to minimize available habitat, thereby restricting biomass. Our
modeled ﬁndings are supported by Hynes (1975), who argues that
the land surrounding a stream rules the stream, because we show
that the layout under the stream rules the stream. Below, we
explain how the geophysical template alone and by interactions
with environmental regimes inﬂuence trout biomass in neighboring headwater streams.
Biomass of trout is locally responsive to the geophysical template because even when alternative environmental regimes are
applied, they remain in the same relative order. The dominance of
the geophysical template to ﬁsh has also been suggested by other
authors (Southwood 1977, 1988) where the geophysical template
inﬂuences ﬁsh life histories, behavior, and physiology. Here, the
geophysical template describes the structural environment of a
stream, including channel form, instream cover (hiding cover and
velocity shelter for drift feeding), and spawning gravel. For example, sensitivity analysis demonstrates that hiding cover inﬂuences
biomass in Rock Creek, whereas in other streams hiding cover
is considerably less important. In our model, environmental regimes consist of stream temperature, streamﬂow, and turbidity,
which are highly dynamic in nature and are attributed to the
reach scale. In our modeled streams, the magnitude of turbidity
(Harvey and White 2008), temperature (Meeuwig et al. 2004; Bear
et al. 2007), and ﬂow (Poff et al. 1997) are likely not extreme
enough to produce strong responses in trout biomass, with the
exception of the ﬂow regime in Rock Creek. When the Rock Creek
environmental regime is applied to any stream, the highest biomass for each trout population occurs, because its ﬂow is the
highest of all the local regimes, allowing trout more available
habitat and deeper pools during seasonal low ﬂow (when ﬂow
and, therefore, available habitat can be limiting).

As in real streams, interactions among key factors and processes in the model likely play a stronger role than single inﬂuences. Local environmental conditions created by stream hydraulics
represent an interaction between the geophysical template and
streamﬂow, creating unique microhabitats where individual
trout experience change. Accordingly, the same ﬂows in streams
with a different geophysical template can produce radically different microhabitat conditions and thus the varied, localized responses of trout that we observed (Statzner et al. 1988). Local
hydraulics affect four main factors in the model that inﬂuence
trout: food availability, depth, velocity, and available habitat.
Food can be particularly important to stream-living ﬁsh (Chapman
1966); however, food is not contributing to the differences in biomasses among streams because three of the four streams were
assigned the same food concentration values in model calibration. Fine-scale differences in food availability, stream depth,
and velocity can strongly inﬂuence positions selected by trout in
streams (Fausch 1984). Habitat selection rules in the model are
designed to reﬂect the interplay among these factors (Railsback
et al. 2011), but the sensitivity analyses suggested that none of
these factors are limiting. Available habitat, however, plays an
important role in inﬂuencing trout biomass, as seen in the sensitivity analysis. The amount of available habitat appears to be the
factor that restricts biomass during seasonal low ﬂow, a biological
crunch time identiﬁed in empirical work (Berger and Gresswell
2009). In support of our ﬁndings, other studies have shown that
streamﬂow inﬂuences available habitat area and volume, affecting the number of ﬁsh present and the body size of individuals
(Chapman 1966; Bohlin et al. 1994; Dunham and Vinyard 1997;
Dodds et al. 2012).
Our modeled results have valuable implications for management because trout populations in neighboring headwater
streams have different biomasses due to the geophysical template
of streams, rendering some populations more or less sensitive to
environmental change. Our ﬁndings suggest that trout populations from nearby streams, where the environmental conditions
are relatively similar, are differentially sensitive to environmental
change because of the geophysical template alone (e.g., Jeffress
Published by NRC Research Press

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by Oregon State University on 04/26/16
For personal use only.

900

et al. 2013). Hence, we need to consider key features that contribute to local variability, which have a long and ongoing history in
applied ecology. By incorporating ﬁsh–habitat relationships into
our thinking about broad-scale change, we infer that generalizing
responses of stream ﬁsh to projected broad-scale change across a
landscape may mask important factors of the geophysical template occurring at the local scale. In addition, providing uniform
standards, as is currently done to manage species, runs the risk of
ignoring the importance of natural spatiotemporal variability to
trout populations (Bisson et al. 2009). If we can better understand
the drivers of natural variability of stream populations, we may
better manage both streams and stream-living trout. We show
that the geophysical template plays a key role in headwater
streams; however, in rivers or larger streams, biological interactions and environmental factors, including water chemistry, may
play a larger role. Although the geophysical template has the
greatest inﬂuence on trout biomass in the short term, over the
longer term alterations to environmental regimes may be large
enough to overwhelm the effects of the geophysical template, but
also alter the geophysical template itself. The importance of the
geophysical template is likely dependent on both variability of
environmental regimes and the time scale over which the physical dynamics of streams are considered; nonetheless, our work
shows that the geophysical template can be a dominant factor
inﬂuencing ﬁsh in headwater streams.

Acknowledgements
BEP was funded by an Environmental Protection Agency STAR
Grant, a J Frances Allen scholarship from American Fisheries Society, a grant from the US Geological Survey to Oregon State University, the Watersheds Research Cooperative, and various
scholarships at Oregon State University. I. Arismendi, L. Ganio,
J. Hall, M. Betts, and three anonymous reviewers provided helpful
comments. A. Evans gave statistical advice, and K. Ronnenberg
helped with graphical illustrations. The use of trade or ﬁrm
names here are for reader information only and do not constitute
endorsement of any product or service by the US Government.

References
Arismendi, I., Johnson, S.L., Dunham, J.B., and Haggerty, R. 2013. Descriptors of
natural thermal regimes in streams and their responsiveness to change in
the Paciﬁc Northwest of North America. Freshw. Biol. 58: 880–894. doi:10.
1111/fwb.12094.
Arthington, A. 2012. Environmental ﬂows: saving rivers in the third millennium.
University of California Press, Berkeley, Calif.
Bear, E.A., McMahon, T.E., and Zale, A.V. 2007. Comparative thermal requirements of westslope Cutthroat Trout and rainbow trout: implications for
species interactions and development of thermal protection standards.
Trans. Am. Fish. Soc. 136: 1113–1121. doi:10.1577/T06-072.1.
Benda, L., Poff, N.L., Miller, D., Dunne, T., Reeves, G., Pess, G., and Pollock, M.
2004. The network dynamics hypothesis: how channel networks structure
riverine habitats. BioScience, 54: 413–427. doi:10.1641/0006-3568(2004)054
[0413:TNDHHC]2.0.CO;2.
Berger, A.M., and Gresswell, R.E. 2009. Factors inﬂuencing coastal cutthroat
trout (Oncorhynchus clarkii clarkii) seasonal survival rates: a spatially continuous approach within stream networks. Can. J. Fish. Aquat. Sci. 66(4): 613–632.
doi:10.1139/F09-029.
Bisson, P.A., Dunham, J.B., and Reeves, G.H. 2009. Freshwater ecosystems and
resilience of Paciﬁc salmon: habitat management based on natural variability. Ecol. Soc. 14: 45–63.
Bohlin, T., Dellefors, C., Faremo, U., and Johlander, A. 1994. The energetic equivalence hypothesis and the relation between population density and body size
in stream-living salmonids. Am. Nat. 143: 478–493. doi:10.1086/285614.
Boulton, A.J., Findlay, S., Marmonier, P., Stanley, E.H., and Valett, H.M. 1998. The
functional signiﬁcance of the hyporheic zone in streams and rivers. Annu.
Rev. Ecol. Syst. 29, 59–81. doi:10.1146/annurev.ecolsys.29.1.59.
Brett, J.R. 1956. Some principles in the thermal requirements of ﬁshes. Q. Rev.
Biol. 31: 75–87. doi:10.1086/401257.
Carbonneau, P., Fonstad, M.A., Marcus, W.A., and Dugdale, S.J. 2012. Making
riverscapes real. Geomorphology, 137: 74–86. doi:10.1016/j.geomorph.2010.
09.030.
Chapman, D.W. 1966. Food and space as regulators of salmonid populations in
streams. Am. Nat. 100: 345–357. doi:10.1086/282427.

Can. J. Fish. Aquat. Sci. Vol. 72, 2015

Clarke, K.R. 1993. Non-parametric multivariate analyses of changes in community
structure. Aust. J. Ecol. 18: 117–143. doi:10.1111/j.1442-9993.1993.tb00438.x.
Daly, C., Neilson, R.P., and Phillips, D.L. 1994. A statistical-topographic model for
mapping climatological precipitation over mountainous terrain. J. Appl. Meteorol. 33: 140–158. doi:10.1175/1520-0450(1994)033<0140:ASTMFM>2.0.CO;2.
Dodds, W., Robinson, C., Gaiser, E.E., Hansen, G., Powell, H., Smith, J., Morse, N.B.,
Johnson, S.L., Gregory, S.V., Bell, T., Kratz, T.K., and McDowell, W.H. 2012.
Surprises and insights from long-term aquatic datasets and experiments.
BioScience, 62: 709–721. doi:10.1525/bio.2012.62.8.4.
Dunham, J.B., and Vinyard, G.L. 1997. Relationships between body mass, population density, and the self-thinning rule in stream-living salmonids. Can. J.
Fish. Aquat. Sci. 54(5): 1025–1030. doi:10.1139/f97-012.
Elton, C.S. 1966. The pattern of animal communities. Methuen and Company,
London, England.
Elwood, J.W., Newbold, J.D., O’Neill, R.V., and Van Winkle, W. 1983. Resource
spiraling: an operational paradigm for analyzing lotic ecosystems. In Dynamics of lotic ecosystems. Edited by T.C. Fontaine and S.M. Bartell. Ann Arbor
Science, Mich. pp. 3–27.
Fausch, K.D. 1984. Proﬁtable stream positions for salmonids: relating speciﬁc
growth rate to net energy gain. Can. J. Zool. 62(3): 441–451. doi:10.1139/z84067.
Fausch, K.D., Torgersen, C.E., Baxter, C.V., and Li, H.W. 2002. Landscapes to
riverscapes: bridging the gap between research and conservation of stream
ﬁshes. BioScience, 52: 483–498. doi:10.1641/0006-3568(2002)052[0483:LTRBTG]
2.0.CO;2.
Fretwell, S.D. 1972. Populations in a seasonal environment. Princeton University
Press, Princeton, N.J.
Frissell, C.A., Liss, W.J., Warren, C.E., and Hurley, M.D. 1986. A hierarchical
framework for stream habitat classiﬁcation: viewing streams in a watershed
context. Environ. Manage. 10: 199–214. doi:10.1007/BF01867358.
Gregory, S.V., Swanson, F.J., McKee, W.A., and Cummins, K.W. 1991. An ecosystem perspective of riparian zones. BioScience, 41: 540–551. doi:10.2307/
1311607.
Harvey, B.C., and Railsback, S.F. 2014. Feeding modes in stream salmonid population models: Is drift feeding the whole story? Environ. Biol. Fishes, 97:
615–625. doi:10.1007/s10641-013-0186-7.
Harvey, B.C., and White, J.L. 2008. Use of benthic prey by salmonids under turbid
conditions in a laboratory stream. Trans. Am. Fish. Soc. 137: 1756–1763. doi:
10.1577/T08-039.1.
Harvey, B.C., White, J.L., Nakamoto, R.J., and Railsback, S.F. 2014. Effects of
streamﬂow diversion on a ﬁsh population: Combining empirical data and
individual-based models in a site-speciﬁc evaluation. N. Am. J. Fish. Manage.
34: 247–257. doi:10.1080/02755947.2013.860062.
Hynes, H.B.N. 1975. Edgardo Baldi Memorial Lecture: The stream and its valley.
Ver. Int. Verein. Limnol. 19: 1–15.
Jeffress, M.R., Rodhouse, T.J., Ray, C., Wolff, S., and Epps, C.W. 2013. The idiosyncrasies of place: geographic variation in the climate–distribution relationships of the American pika. Ecol. Appl. 23: 864–878. doi:10.1890/12-0979.1.
PMID:23865236.
Jonsson, B., and Jonsson, N. 2011. Ecology of Atlantic salmon and brown trout:
habitat as a template for life histories. Fish Fish. Ser. 33: 1–21.
Jowett, I.G. 1993. A method for objectively identifying pool, run, and rifﬂe habitats from physical measurements. N.Z. J. Mar. Freshw. Res. 27: 241–248.
doi:10.1080/00288330.1993.9516563.
Junk, W.H., Bayley, P.B., and Sparks, R.E. 1989. The ﬂood-pulse concept in riverine ﬂoodplain systems. In Proceedings of the International Large River Symposium, Can. J. Fish. Aquat. Sci. Spec. Publ. 106. pp. 110–127.
Kruskal, J.B. 1964. Nonmetric multidimensional scaling: a numerical method.
Psychometrika, 29: 115–129. doi:10.1007/BF02289694.
Lamouroux, N., and Capra, H. 2002. Simple predictions of instream habitat
model outputs for target ﬁsh populations. Freshw. Biol. 47: 1543–1556. doi:
10.1046/j.1365-2427.2002.00879.x.
Mather, P.M. 1976. Computational methods of multivariate analysis in physical
geography. J. Wiley and Sons, London, UK.
McCune, B., and Grace, J.B. 2002. Analysis of ecological communities. MjM Software Design, Gleneden Beach, Ore.
Meeuwig, M.H., Dunham, J.B., Hayes, J.P., and Vinyard, G.L. 2004. Effects of
constant and cyclical thermal regimes on growth and feeding of juvenile
Cutthroat Trout of variable sizes. Ecol. Freshw. Fish, 13: 208–216. doi:10.1111/
j.1600-0633.2004.00052.x.
Mielke, P.W., Jr., and Berry, K.J. 2001. Permutation methods: a distance function
approach. Springer, Berlin.
Minshall, G.W., Cummins, K.W., Peterson, R.C., Cushing, C.E., Bruns, D.A.,
Sedell, J.R., and Vannote, R.L. 1985. Developments in stream ecosystem theory. Can. J. Fish. Aquat. Sci. 42(5): 1045–1055. doi:10.1139/f85-130.
Montgomery, D.R. 1999. Process domains and the river continuum. J. Am. Water
Resour. Assoc. 35: 397–410. doi:10.1111/j.1752-1688.1999.tb03598.x.
Perry, J.A., and Schaeffer, D.J. 1987. The longitudinal distribution of riverine
benthos: a river discontinuum? Hydrobiologia, 148: 257–268. doi:10.1007/
BF00017528.
Poff, N.L., and Ward, J.V. 1990. The habitat template of lotic systems: recovery in
the context of historical pattern of spatiotemporal heterogeneity. Environ.
Manage. 14: 629–645. doi:10.1007/BF02394714.
Published by NRC Research Press

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by Oregon State University on 04/26/16
For personal use only.

Penaluna et al.

Poff, N.L., Allan, J.D., Bain, M.B., Karr, J.R., Prestegaard, K.L., Richter, B.D.,
Sparks, R.E., and Stromberg, J.C. 1997. The natural ﬂow regime: a paradigm
for river conservation and restoration. BioScience, 47: 769–784. doi:10.2307/
1313099.
Poole, G.C. 2002. Fluvial landscape ecology: Addressing uniqueness within the
river discontinuum. Freshw. Biol. 47: 641–660. doi:10.1046/j.1365-2427.2002.
00922.x.
Power, M.E., Parker, M.S., and Dietrich, W.E. 2008. Seasonal reassembly of a river
food web: ﬂoods, droughts, and impacts of ﬁsh. Ecol. Monogr. 78: 263–282.
doi:10.1890/06-0902.1.
Railsback, S.F., and Grimm, V. 2012. Agent-based and individual-based modeling:
a practical introduction. Princeton University Press, Princeton, N.J.
Railsback, S.F., and Harvey, B.C. 2002. Analysis of habitat selection rules using
an individual-based model. Ecology, 83: 1817–1830. doi:10.1890/0012-9658
(2002)083[1817:AOHSRU]2.0.CO;2.
Railsback, S.F., Lamberson, R.H., Harvey, B.C., and Duffy, W.E. 1999. Movement
rules for individual-based models of stream ﬁsh. Ecol. Modell. 123: 73–89.
doi:10.1016/S0304-3800(99)00124-6.
Railsback, S.F., Harvey, B.C., Lamberson, R.H., Lee, D.E., Claasen, N.J., and
Yoshihara, S. 2002. Population-level analysis and validation of an individualbased Cutthroat Trout model. Nat. Resour. Modell. 15: 83–110. doi:10.1111/j.
1939-7445.2002.tb00081.x.
Railsback, S.F., Harvey, B.C., Jackson, S.K., and Lamberson, R.H. 2009. InSTREAM:
the Individual-based Stream Trout Research and Environmental Assessment
Model [online]. Gen. Tech. Rep. PSW-GTR-218. US Department of Agriculture,
Forest Service, Paciﬁc Southwest Research Station, Albany, Calif. Available from
www.fs.fed.us/psw/publications/documents/psw_gtr218/psw_gtr218.pdf.
Railsback, S.F., Harvey, B.C., and Sheppard, C. 2011. InSTREAM: the individualbased stream trout research and environmental assessment model [online].
Version 5.0. Available from www.humboldt.edu/ecomodel.
R Development Core Team. 2012. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.
Reeves, G.H., Benda, L.E., Burnett, K.M., Bisson, P.A., and Sedell, J.R. 1995. A
disturbance based ecosystem approach to maintaining and restoring freshwater habitats of evolutionarily signiﬁcant units of anadromous salmonids
in the Paciﬁc Northwest. Am. Fish. Soc. Symp. 17: 334–349.

901

Resh, V.H., Brown, A.V., Covich, A.P., Gurtz, M.E., Li, H.W., Minshall, G.W.,
Reice, S.R., Sheldon, A.L., Wallace, J.B., and Wissmar, R.C. 1988. The role of
disturbance in stream ecology. J. N. Am. Benthol. Soc. 7: 433–455. doi:10.2307/
1467300.
Rykiel, E.J., Jr. 1996. Testing ecological models: the meaning of validation. Ecol.
Modell. 90: 229–244. doi:10.1016/0304-3800(95)00152-2.
Southwood, T.R.E. 1977. Habitat, the templet for ecological strategies? J. Anim.
Ecol. 46: 337–365. doi:10.2307/3817.
Southwood, T.R.E. 1988. Tactics, strategies and templets. Oikos, 52: 3–18. doi:10.
2307/3565974.
Statzner, B., and Higler, B. 1985. Questions and comments on the river continuum concept. Can. J. Fish. Aquat. Sci. 42(5): 1038–1044. doi:10.1139/f85-129.
Statzner, B., Gore, J.A., and Resh, V.H. 1988. Hydraulic stream ecology: Observed
patterns and potential applications. J. N. Am. Benthol. Soc. 7: 307–360. doi:
10.2307/1467296.
Swanson, F.J., Kratz, T.K., Caine, N., and Woodmansee, R.G. 1988. Landform
effects on ecosystem patterns and processes. BioScience, 38: 92–98. doi:10.
2307/1310614.
Thorp, J.H., Thoms, M.C., and Delong, M.D. 2006. The riverine ecosystem synthesis: biocomplexity in river networks across space and time. River Res. Appl.
22: 123–147. doi:10.1002/rra.901.
Townsend, C.R. 1989. The patch dynamics concept of stream community
ecology. J. N. Am. Benthol. Soc. 8: 36–50. doi:10.2307/1467400.
Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, J.R., and Cushing, C.E.
1980. The river continuum concept. Can. J. Fish. Aquat. Sci. 37(1): 130–137.
doi:10.1139/f80-017.
Ward, J.V. 1989. The four-dimensional nature of lotic ecosystems. J. N. Am.
Benthol. Soc. 8: 2–8. doi:10.2307/1467397.
Ward, J.V., and Stanford, J.A. 1995. Ecological connectivity in alluvial river ecosystems and its disruption by ﬂow regulation. Regul. Rivers Res. Manage. 11:
105–119.
Wiens, J.A. 2002. Riverine landscapes: taking landscape ecology into the water.
Freshw. Biol. 47: 501–515.
Wiley, M., Kohler, S., and Seebach, P. 1997. Reconciling landscape and local
views of aquatic communities: lessons from Michigan trout streams. Freshw.
Biol. 37: 133–148.

Published by NRC Research Press

