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Detecting persistent change in the habitat of
salmon-bearing streams in the Pacific Northwest

David P. Larsen, Philip R. Kaufmann, Thomas M. Kincaid, and N. Scott Urquhart

Abstract: In the northwestern United States, there is considerable interest in the recovery of Pacific salmon
(Oncorhynchus spp.) populations listed as threatened or endangered. A critical component of any salmon recovery ef-
fort is the improvement of stream habitat that supports various life stages. Two factors in concert control our ability to
detect consistent change in habitat conditions that could result from significant expenditures on habitat improvement:
the magnitude of spatial and temporal variation and the design of the monitoring network. We summarize the important
components of variation that affect trend detection and explain how well-designed networks of 30-50 sites monitored
consistently over years can detect underlying changes of 1-2% per year in a variety of key habitat characteristics
within 10-20 years, or sooner, if such trends are present. We emphasize the importance of the duration of surveys for
trend detection sensitivity because the power to detect trends improves substantially with the passage of years.

Résumé : On s’intéresse beaucoup, dans le nord-ouest des Etats-Unis, au rétablissement des populations de saumons
du Pacifique (Oncorhynchus spp.) considérées comme menacées ou en voie de disparition. L amélioration des habitats
des cours d’eau qui abritent les différents stades du cycle des saumons est une composante essentielle de ce rétablisse-
ment. Deux facteurs associés, soit I’importance des variations spatiales et temporelles et la planification du réseau de
surveillance, déterminent la capacité de détecter les changements stables de conditions de I’habitat résultant de dépen-
ses importantes consenties pour son amélioration. Nous présentons une synthese des principales variations qui affectent
la détection des tendances, ainsi qu’une démonstration que des réseaux bien planifiés de 30-50 sites suivis constam-
ment au cours des ans peuvent déceler des tendances sous-jacentes de 1-2 % par année pour une variété de caractéris-
tiques fondamentales de 1’habitat sur une période de 10-20 ans ou moins, lorsque de telles tendances existent. Nous
insistons sur I’importance de la durée des inventaires pour la sensibilité des détections de tendances parce que la capa-

cité de déceler les tendances s’améliore au cours des années.

[Traduit par la Rédaction]
Introduction

The decline of wild Pacific salmon (Oncorhynchus spp.)
in riverine—riparian ecosystems of the Pacific Northwest has
led to considerable scientific, political, social, philosophical,
and financial efforts to identify causes for the decline and
find solutions (Huntington et al. 1996; Nehlsen 1997; Lackey
2000). The varied and complex causes of the decline tend to
fall into several broad categories: freshwater and estuarine
habitat degradation, commercial and recreational harvest, hydro-
power (dams) and water diversion from stream channels,
oceanic conditions, hatcheries, and biological interactions
such as predation and competition from introduced species
(National Research Council 1996; Committee on Environment
and Natural Resources 2000; Federal Caucus 2000). These
factors affect all life stages to varying degrees and, in aggregate,
affect salmonid populations at regional scales (e.g., bioregions,

provinces, evolutionarily significant units) over time scales
of a decade and longer. Therefore, solutions addressing the
multiple causes of salmonid decline must also vary, both in
spatial and temporal scales and in scientific and socio-
political complexity (Federal Caucus 2000; Lackey 2000).
The degradation and potential recovery of freshwater riparian
and stream channel habitat is an important part of salmon
recovery. Human settlement along stream and river corridors
during the past 150 years has altered the fundamental processes
that created the habitat conditions under which salmonid
populations have evolved and adapted over centuries (Bisson
et al. 1992; Beechie and Bolton 1999; Naiman et al. 2000).
These fundamental processes include the supply of sediment,
wood, and nutrients to channels, the flow regime, connections
to floodplains, and riparian vegetative cover and composition.
Habitat conditions altered by human-induced changes to funda-
mental processes include the longitudinal frequency and depth
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of pools, the composition of stream bed substrate, riparian
vegetative cover, the complexity of channel habitat, and
floodplain connectivity.

In response to these changes, a variety of plans and ap-
proaches are being developed and implemented to improve
freshwater habitat conditions thought to be most important
to salmonid survival (Schmitten et al. 1995; Tuchmann et al.
1996; Independent Scientific Group 1999). Local-scale activities
are underway, such as adding habitat structure to stream
reaches (wood placement, streamside stabilization, native
riparian vegetation planting) and modifying road building
and management to minimize excessive sediment supply to
streams (proper culvert construction, retiring of inactive road-
beds, construction of new roads on stable land types). Broader
regional-scale principles and procedures are also being
implemented, such as conducting watershed analysis to guide
watershed restoration. Federal and state policies have been
embodied in the Northwest Forest Plan (Tuchmann et al.
1996), in the Oregon Plan for Salmon and Watersheds (Nicholas
1997), and in the accumulation of legal decisions on lawsuits
aimed at ensuring compliance with existing mandates pro-
mulgated by the Clean Water Act or the Endangered Species
Act.

A key factor in determining the success of these combined
activities and policies is a sound monitoring program that
tracks changes over time frames appropriate to the spatial
and temporal scales of expected responses. Given that habitat
degradation has probably been occurring gradually for decades
and longer, and that recovery activities will not restore habitat
within a short time frame at regional scales, a monitoring
plan that tracks habitat features at regional spatial scales over
decades is of primary importance. A step toward designing and
implementing such a monitoring program is to evaluate trend
detection capability. What trends are we likely to detect at
what cost? An issue sometimes raised is that the features of
interest are so spatially and temporally variable that only the
strongest of trends can be detected. As we show, however, a
carefully designed monitoring network can quantify and manage
spatial and temporal variation and detect gradual changes in
key indicators.

During the past decade, we conducted a series of regional
monitoring surveys in small, perennial streams in the size
range important for spawning and rearing of Pacific salmon,
measuring many significant attributes of stream and riparian
habitat. The survey designs allowed us to calculate components
of variation important in detecting regional trends (Urquhart
et al. 1998; Larsen et al. 2001). In this article, we describe
the key components of variation that affect regional trend
detection, summarize our estimates of these components for
several key physical habitat indicators, and demonstrate the
trend detection sensitivity of a regional network of sites (its
power to detect trends of specified magnitudes).

Materials and methods

Trend detection

The ability of a monitoring program to detect trends is
sensitive to spatial and temporal variation in the target indicators
as well as to design choices for a network of sites and the
timing and frequency of sampling (Urquhart et al. 1998;
Urquhart and Kincaid 1999; Larsen et al. 2001). Restoration
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of habitat is expected to produce conditions that vary spatially
and temporally and that could mimic conditions to which
salmonids have adapted (Reeves et al. 1995; Abbe and
Montgomery 1996; Bisson et al. 1997). To evaluate the effects
of spatial and temporal variation, we have focused on four
major components of variation whose management is useful
for evaluating and controlling trend detection power: site,
year, interaction, and residual variation (Table 1).

We define trend as a persistent unidirectional (positive or
negative) change across years, as elaborated in Urquhart et
al. (1998). Trend can be with or without pattern. In either
case, a trend contains an underlying linear component. Our
evaluation of trend detection capability relies on the detection
of this underlying linear component, which will be present
with any complex, consistent pattern of change (Urquhart et
al. 1998). More complex change and trend detection methods
might detect trends sooner, and with greater power, than we
suggest here. We do not know what the pattern will be ahead
of time, but once it unfolds (if present), trend detection
techniques that take the pattern into account are likely to
indicate trend sooner than a simple linear approximation.
Hence, our evaluation can be considered a conservative
evaluation of trend detection capability (power to detect a
specified trend if such a trend is present) (Gerrodette 1987;
Peterman 1990; Gibbs et al. 1998). We hypothesize that the
underlying linear component will be different from zero when
a trend is present. Trend detection sensitivity, therefore, evaluates
the likelihood of distinguishing whether a slope (change per
year) of a specified magnitude in the mean value of a habitat
characteristic (e.g., pool depth) across a network of streams
differs from zero.

Stream surveys

We base our evaluation on six surveys that included 392
stream reaches and 200 repeat visits. These surveys were
conducted in Oregon and Washington from 1993 to 1999.
Most were from 1 to 3 years in duration, but one survey
lasted 6 years (Table 2). These surveys targeted wadeable
perennial streams occupied by diverse salmon species and
life stages. A team of two persons measured a comprehensive
set of habitat characteristics in about 3 h with simple measuring
devices, such as tape measures, clinometers, surveying rods,
and visual estimation. Stream reach length ranged from
150 m to 1 km; catchment areas ranged from 0.1 to 150 km?
(Kaufmann and Robison 1998; Kaufmann et al. 1999).

For each survey, a region of interest was specified (e.g.,
the stream network in the coastal province of Oregon and
Washington or the stream network in the Central Cascades
of Oregon). Then, a set of stream sites (specified by the desired
sample size) was selected for field monitoring from the
network, as represented on 1: 100 000-scale U.S. Geological
Survey digital stream traces. The site selection procedure
uses a probability survey design similar to a simple random
sample, with the exception that it guarantees that any selected
sample has the same spatial distribution as the stream spatial
distribution (Stevens and Olsen 1999). Because of the
randomized selection process, measurements made at the
sampled locations can be used to infer conditions within the
entire specified network of interest. Each design was con-
structed to facilitate estimation of the applicable components
of variation (specified in Table 1). Field crews sampled the
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Table 1. Summary of the four components of variation important for evaluating regional trend detection power (Urquhart et al. 1998;

Larsen et al. 2001).

Component of

variation Description

Site Persistent differences among stream reaches across a region are expressed through site-to-site variation.
For example, stream size or gradient differs across the landscape. Some stream channels are constrained
by V-shaped valleys and are regularly scoured to bedrock; other channels are contained in broad alluvial
valleys and have high alluvial loads. Similarly, some stream channels are inherently more capable of
supporting more deep pools than others, or more large wood. These differences among stream reaches
in a region are captured by site-to-site variation

Year

The synchronous or coherent yearly variation among all sites in a network that might be influenced by

regional-scale forces such as climate, broad-scale disturbances, or ocean conditions. An example is the
synchronous variation in stream flows that are higher than normal at all sites during a wet year but
lower than normal at all sites during a dry year

Interaction

The independent, desynchronized yearly variation among all sites in a network, subject to local-scale influ-

ences. An example is the yearly variation in the amount of wood or fine sediments in stream channels.
The supply of wood or sediments might be quite patchy spatially and variable temporally such that
some reaches receive high amounts in particular years but lower amounts in other years, whereas the

reverse might be true for other reaches
Residual variance captures the remaining variation. It consists primarily of the short-term variation during

Residual

the temporal window when measurements are made, measurement error, and team-to-team differences in

applying the same field protocol

Table 2. Summary of the regional surveys on which the variance analyses are based.

No. of No. of within-year No. of between-year Years covered by

Region sites revisits revisits survey
Willamette Valley/Cascades (Oregon) 46 22 51 1993-1997
Oregon—Washington Coastal Ecoregion 139 35 59 1994-1996
Upper Deschutes (Oregon) 54 12 1 1997-1998
Upper Chehalis (Washington) 27 5 0 1997
Tillamook/Kilchis (Oregon) 53 6 1 1998-1999
Oregon Coastal Ecoregion 73 8 0 1998

Total 392 88 112 1993-1999

selected stream sites during a low-flow summer index window,
generally between July and mid-September.

Habitat attributes

This evaluation focuses on several habitat characteristics
(i) commonly agreed upon as important to salmon and other
aquatic species, (if) frequently targeted in restoration activities,
and (iii) expected to respond to improved management practices
(MacDonald et al. 1991; Committee on Environment and
Natural Resources 2000; Bauer and Ralph 2001). Although
numerous other stream channel features are important to
salmon and are often incorporated into monitoring programs,
we chose these as illustrative of patterns of variation and of
the potential for detecting subtle, decadal-scale trends. Our
selection of habitat attributes does not imply that salmon
abundances would necessarily increase, should positive trends
be present. The approach is applicable to other streams in
other regions. Our selected habitat characteristics include
pools, riparian canopy cover, fine sediments, and large wood.

Pools

Pools are quiet waters of greater than average stream depth
distributed along the longitudinal profile of a stream channel.
Pools serve a variety of functions for many salmon species

and life stages, particularly for juveniles (Beechie and
Sibley 1997; MclIntosh et al. 2000). It is thought that both
the frequency of pools (e.g., number of pools per unit length
of stream channel) and the average pool depth have de-
creased over the past century as a result of broad-scale human
activities (Beechie and Sibley 1997; Mclntosh et al. 2000;
Collins et al. 2002). Regional increases in average pool
depth and pool frequency are expected as a response to nu-
merous local- and regional-scale management actions. Our
surveys estimate residual depth (Lisle 1987; Robison and
Kaufmann 1994; Wood-Smith and Buffington 1996), de-
fined as the depth of water that would remain if stream flow
ceased; this measure of pools removes the effect of dis-
charge variation on the definition and characterization of
pools.

Riparian canopy cover

Shading of sunlight by the riparian canopy cover maintains
the cool stream temperatures necessary for salmon reproduction
and growth (Rutherford et al. 1997; Mitchell 1999; Bartholow
2000). Riparian cover also serves as a source of small and
large (especially large wood) particulate organic matter, which
is important to the maintenance of channel structural complexity
and metabolism (Gregory et al. 1991; Naiman et al. 2000).
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Streamside activities, such as farming, silviculture, and con-
struction, are responsible for substantial reduction in riparian
canopy cover. We measure riparian cover as the proportion
of a convex hemispherical densiometer on which the reflection
of riparian vegetation is visible (Kaufmann and Robison 1998;
Kaufmann et al. 1999).

Fine sediment

An excess of fine sediment (sediment particles of <2 mm)
in stream channels fills spaces in larger sized substrates,
thereby eliminating critical habitat and reducing the flow of
oxygen to invertebrates and to developing salmon eggs and
juveniles (Kondolf 2000). Much current management activity
attempts to reduce or eliminate excess fine sediment in stream
channels through proper road construction and maintenance
as well as prevention of timber harvest in riparian areas or
on slopes particularly sensitive to mass wasting. By means
of systematic pebble count procedures (Wolman 1954), we
measure fine sediment as the proportion of sand, silt, and
finer substrate particles estimated to be <2 mm in diameter
(Kaufmann and Robison 1998; Kaufmann et al. 1999).

Large wood

Research during the past 20 years has revealed the ecological
importance of large wood (generally defined as pieces >10 cm
in diameter and 1.5 m long) in stream channels. It creates
pools and cover for aquatic organisms, stabilizes stream banks,
and fosters habitat diversity (Harmon et al. 1986; Maser and
Sedell 1994; Ralph et al. 1994). Until the 1970s, stream
channels were actively cleared of large wood. As a result of
subsequent research, management activities now encourage
the replenishment of wood in stream channels through a variety
of actions. Wood is placed directly into stream channels, the
removal of large wood is prevented, and riparian corridors
are protected to promote the regrowth of natural riparian
vegetation that regenerates natural supplies of wood to channels.
However, stream cleaning is still widespread in urban and
agricultural settings. Our protocols count the number and
sizes of pieces of large wood and express results in terms of
the volume of wood per unit length of channel (Kaufmann
and Robison 1998; Kaufmann et al. 1999).

Analytical methods

For each of the four habitat characteristics, we estimated
the magnitude of the components of variation for each sur-
vey separately; we also made estimates from all surveys com-
bined. We use a linear model of the following form as a
framework for identifying and calculating the components
of variation (Table 1): X;; = pn + St; + ¥; + St¥;; + R,jk,
where X;; is the response for the kth v131t at stream site i
during year j, W is the overall mean, St; is the random effect
due to stream site i, Yj is the random effect due to year j,
StY; is the random effect due to the interaction of stream
site i and year j, and Ry is the random effect due to resid-
ual variation for the kth visit at stream site i during year j.
In this model, subscript i ranges from 1 to [ (the number of
stream sites surveyed), subscript j ranges from 1 to ¢ (the
number of years of data), and subscript k ranges from 1 to r;
(the number of visits during year j at stream site i). The
components of variation are defined as follows: Var(St;) =
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GStream for all i, Var(Y) = 6% for all J, Var(StY;) =
Glnteractlon for all i and j, and Var(Rl]k) OResiqual TOr all i,
j, and k. Total variance then consists of the sum of the
four components: site variance (62,.,,), year variance
(0%, ), interaction variance (G, erction)> and residual variance
(G 2Residual ) .

In multiple-site surveys, in which a network of sites is
monitored consistently over time, the components of variation
are captured by the attribute’s time series. If the surveys are
properly designed, the data obtained from multiyear monitoring
can be used to estimate the magnitude of each of these
components of variation. The sum of squares in an analysis
of variance model can be partitioned into each of the compo-
nents of variation and converted to mean squares. Mean
squares and sample allocation are used to estimate variances
as follows:

2 _ 2 2 2 2
STotal = SStream + SYear + Slnteraction + SResidual

2 —
SResidual = MSResidual
sStream (MSStream MSImeraclion) I'N Year N Visit
sYear (MSYear MSInteraClion) /'N, StreamN Visit

Slznteraclion = (MSInleraction - MSResidual) I'N Visit

The estimated components of variation (s*) and mean squares
(MS) are descriptively subscripted. Sample sizes (N) are
subscripted by number of stream sites, years, and visits to a
stream within a year. These formulas assume a balanced design
in a sites-by-years matrix, with revisits to all sites each year.
Most standard statistical software packages provide routines
for calculating the components of variation when balanced
designs are used; sometimes these are called repeated measures
designs. For unbalanced designs (in which not all sites are
revisited within a year nor are all sites monitored each year),
the same framework is used for estimating components of
variation, but the calculations are more complicated. An
alternative approach for estimating components of variation
for unbalanced designs is to use estimation methodology
based on maximum likelihood, which is available in many
statistical programs (e.g., SAS and S-PLUS). Specifically, a
variant of maximum likelihood estimation referenced as
restricted maximum likelihood can produce components of
variation estimates for any design.

Our evaluation of trend detection capability considers regional
trend as the average across a set of site-specific trends.
Consider a network of stream sites that has been monitored
for years. At each stream site, the temporal trajectory across
years can be evaluated for site-specific trend. The average
value of this set of site-specific trends comprises regional
trend. As noted earlier, any trend, patterned or not, has an
underlying linear trend; it is this underlying linear component
of the consistent trend that we hypothesize to be different
from zero and on which we base trend detection capability.
Trend detection sensitivity, therefore, evaluates whether the
slope differs from zero and is based on an expansion of the
usual linear regression model (e.g., Draper and Smith 1967,
Urquhart et al. 1998; Larsen et al. 2001) as follows:
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Fig. 1. Relative magnitude of the four components of variance
for the key habitat attributes evaluated illustrating the dominance
of the site component of variation and the relatively small magnitude
of both the year and interaction components. Components of
variation: site (shaded bars), year (open bars), interaction (solid
bars), and residual (hatched bars).
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where 62 refers to variances as subscripted, N refers to the
number of stream sites or the number of visits to stream
sites in a particular year, and Y refers to years. Urquhart et
al. (1998) provided the formal statistical basis for the trend
detection model and power estimation that incorporates
var(slope) along with justification for assumptions of ap-
proximate normality regarding the distribution of slope val-
ues. Exact computations of power depend on normality, but
the comparative patterns that we describe hold up in the ab-
sence of normality.

The numerator of eq. 1 contains the components of variation
described (Table 1) and illustrates how various design choices
can affect trend detection capability; the denominator corresponds
to the x-axis of a standard linear regression and is expressed
in years because of the expected long time frame likely to be
needed for trends in stream habitat to appear. In the numerator,
the effect of the stream component of variance vanishes if
revisits to stream sites are incorporated into the design. The
interaction and residual variances are controlled by the number
of sites in a network, but year variance is not. Furthermore,
residual variance is controlled both by number of sites in the
network and by number of revisits to sites within a year,
but interaction variance is controlled only by the number of
sites in the network. The effect of all components of vari-
ance on the ability to detect trends (var(slope)) is controlled
by the duration (denominator) over which the survey net-
work in monitored.

Results and discussion

Individual variance estimates from each survey did not
differ in any substantial way from the grand estimation. The
results summarize the relative magnitude of each of the four
components, scaled to 100 so that comparisons can easily be
made across habitat attributes measured on different scales
and with different measurement units (Fig. 1). As might be
expected because of the range of stream types, sizes, and local
settings, most of the variation is associated with site-to-site
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Fig. 2. The equation for the variance of a slope (eq. 1) can be
viewed as a sum of three parts when stream sites are revisited
across years: year, interaction, and residual. The relative effect of
these parts on the variance of a slope is illustrated as a bar
graph, rescaled to 100% for the most variable slope, for a design
in which 50 stream sites are visited once annually. The effects of
the interaction and residual components are minor compared with
the dominant effect of the year component. Components of varia-
tion: year (open bars), interaction (solid bars), and residual
(hatched bars).

Stream habitat
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differences among the streams. If unaccounted for in survey
designs intended to detect regional trends, this site component
of variation can substantially diminish sensitivity (Urquhart
et al. 1998). However, if patterned revisits are incorporated
across years, the effect of site-to-site differences is effec-
tively eliminated in a manner analogous to experimental
designs that use self-pairing.

The remaining components of variation affect sensitivity
to trends to varying degrees, depending on design choices
(Urquhart et al. 1998; Urquhart and Kincaid 1999; Larsen et
al. 2001). The effect of the residual component of variation
is sensitive to number of revisits to a site within a year (or
within the seasonal temporal window during which the survey
is conducted), but the effect of the interaction component is
not. Both, however, are affected by the number of sites in
the survey. As a result, it is generally better to add sites to a
survey rather than revisit sites within the year, unless revisits
to sites are much less costly than visits to new sites. The final
component of variation, the year effect, cannot be managed
by the same design choices as the other three components;
regional trend detection is particularly sensitive to its magnitude
(Urquhart et al. 1998; Urquhart and Kincaid 1999; Larsen et
al. 2001). Rather, it is managed through measurement or
evaluation of the factors controlling it (e.g., oceanic conditions,
decadal weather patterns, regionally consistent stream flow
patterns). If these controlling factors are identified and their
effects on target variables quantified by modeling, then the
“year effect” can be reduced.

To illustrate the interactions of these components and their
effects on trend detection sensitivity, we examined their
influences on detection of a 1-2% per year trend with a net-
work of 50 sites. With a set of 50 sites visited every year, the
effects of the interaction and residual components become
minimal compared with the now undiminished year effect,
whose relative influence is magnified (Fig. 2). When the
year effect is substantial, increasing the number of sites in a
network has little effect on trend detection.

Using the power of a statistical test to detect an outcome
is increasingly being accepted as a means of evaluating sen-
sitivity (Peterman 1990; Gibbs et al. 1998; Fox 2001). Power

© 2004 NRC Canada



288

Can. J. Fish. Aquat. Sci. Vol. 61, 2004

Fig. 3. Power to detect 1% per year (broken lines) and 2% per year (solid lines) trends, with 80% power for each indicator, in the four
habitat indicators (@, canopy cover; A, residual depth; no symbols, fine sediment; B, large wood) with a monitoring network of 50 sites

visited annually (o0 = 0.05).
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Table 3. Number of years to detect 1% per year and 2% per
year trends in habitat attributes with 80% likelihood, if specified
trends occur, as a function of number of monitoring sites sam-
pled annually (0. = 0.05). For comparison, sensitivity (in paren-
theses) is estimated for a design that uses a random set of sites
monitored each year.

No. of Residual Canopy Fine Large
sites depth cover sediment wood
1% per year

10 22 (40) 15 (24) 28 (43) 32 (44)
20 21 (33) 14 (20) 24 (35) 29 (37)
30 20 (30) 14 (18) 23 (32) 28 (34)
40 20 (28) 13 (17) 22 (29) 27 (32)
50 20 (26) 13 (16) 21 (28) 27 (31)
2% per year

10 14 (25) 10 (15) 18 (27) 20 (28)
20 13 (21) 9 (13) 15 (22) 18 (23)
30 13 (19) 9 (11) 14 (20) 17 (21)
40 13 (17) 8 (11) 14 (19) 17 (20)
50 12 (17) 8 (10) 13 (18) 17 (20)

describes the likelihood of detecting an outcome if that outcome
occurs. For example, how likely are we to detect a 1-2% per
year trend in our selected physical habitat characteristics, if
such a trend occurs, as a function of the duration of a survey?
A 1-2% per year trend is a rather small trend, amounting to
a proportional change of about 15-30% of the initial value
in 15 years. If trends of this magnitude indeed occur in these
habitat attributes, the likelihood of detecting them is high
within 10-20 years (80% and higher detection probability,
5% probability of incorrectly asserting a trend; Fig. 3). Power
is clearly sensitive to the duration of the survey; a few addi-
tional years of monitoring increases sensitivity substantially,
as shown by the steepness of the power curves.

Trend detection, based on these estimates of the variance
components, is relatively insensitive to the number of sites
in the survey (Table 3). We varied the number of sites from
10 to 50 and found, for some of the indicators, relatively little
difference in the number of years to detect 1% and 2% per
year trends. However, because surveys of this nature are
intended to represent conditions at a regional scale, we suggest
that at least 30-50 sites be used. Fewer sites might yield
unacceptably high uncertainty for regional estimation. These
results indicate a fairly consistent time frame within which
subtle trends in stream habitat characteristics, if present, would
be detectable. This consistency should be useful as a guide
for communicating expectations for detecting underlying re-
gional changes in the habitat of northwest streams in re-
sponse to the array of current and potential management
actions.

For contrast, we also illustrate trend detection sensitivity
for less well designed surveys. For example, if the survey
did not revisit sites across years, as in a design in which
sites were selected at random each year, the site component
of variation (divided by the number of sites in the survey)
would be included as part of the numerator of eq. 1. The site
component of variation is much larger than the sum of interac-
tion and residual, accounting for 80-90% of the total variation
(Fig. 1). The magnitude of site variance far outweighs the
variation in interaction and residual variation among the
various individual surveys. Hence, a survey design that includes
random selection of sites each year can be considered a
“worst-case” scenario for these indicators. With such worst-case
designs, trend detection sensitivity could be substantially lower,
particularly if relatively few sites are monitored, than in
cases with sites revisited annually (as contrasted in Table 3).
However, achieving the specified power for trend detection
for some indicators is delayed only a few years, especially if
30-50 sites are used in the survey.

Although we use 50 sites per year, visited annually, to
illustrate trend detection sensitivity, nearly the same power
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can be achieved in a 10- to 20-year time frame with designs
that use different patterns of visits to sites. Designs that
incorporate a cyclical pattern of revisits to sites across years
can be nearly as powerful as an annual design after three
cycles (Urquhart et al. 1998; Urquhart and Kincaid 1999).
For example, in a 4-year panel design, a different set of 50
sites would be monitored each year for 4 years. Then in year
5, the first year’s sites would be revisited; in year 6, the second
year’s sites would be revisited, and so on. Adding some
revisits within years and between adjacent years would allow
estimation of the components of variation. An ongoing eval-
uation of variation would allow the design to be adjusted if
the observed magnitude of the components of variation differed
from that expected. Although panel designs are somewhat
less sensitive to trend detection than annual visits, they have
the advantage of visits to a larger number of different sites
for essentially the same cost. The larger sample size greatly
increases the utility of the network for assessing status and
regional patterns and can allow for finer resolution in evaluat-
ing separate classes of streams. Survey designs that include
visits on alternate years do not hamper trend detection sensitivity
significantly; they only delay trend detection by a few years.
Crucial to the success of various designs, however, is
continuance of a consistent monitoring program over years.
Trend detection capability increases dramatically with time.
The actual details of the temporal design do not matter as
much as a commitment to the long-term integrity of the survey.

Survey designs of the type implied here are also flexible
with respect to the resource of interest. Our results cover a
rather broad geographic range of streams across Oregon and
Washington. Nevertheless, they suggest that subtle trends in
habitat condition might be detectable. We do not mean to
imply that a monitoring network of 30-50 sites across the
Northwest can adequately address all of the many questions
about changes in habitat condition in streams. However, research
could focus on specific geographic subpopulations of streams,
specific stream channel types within them (e.g., Montgomery
1999), or specific types of management actions. There might
be interest in small headwater coastal streams in which wood
and sediment recruitment would be expected to be high.
Trends might be more visible for these attributes there. Similarly,
particular channel types, such as low-gradient, “response”
channels, might be expected to be more responsive to
management actions than other channel types (Montgomery
and MacDonald 2002). The surveys can be designed to monitor
networks of sites within the channel type of interest. It is
encouraging that fairly small trends should be detectable in
reasonably short time frames.

Given the broad agreement on the importance of several
key stream habitat features, the huge expenditures allocated
to salmon restoration (U.S. General Accounting Office 2002),
and the 10- to 20-year time frame over which subtle trends
are likely to be detected, it seems wise to begin monitoring
programs that focus, at a minimum, on a core set of habitat
elements, recognizing that complete agreement on the exact
set, and the field procedures for their measurement, is unlikely.
An adaptive monitoring perspective could be adopted (Ringold
et al. 1999) to allow for estimation of the important components
of spatial and temporal variation and use of that information
to refine the designs through an iterative process without
losing the value of the data already collected. Compared
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with expenditures on various aspects of habitat restoration and
protection, costs of monitoring are relatively minor. Further-
more, the cost effectiveness of monitoring programs can be
greatly enhanced by initiating them soon, thereby capitalizing
on the substantial effect that survey duration has on the ability
to detect trends.
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