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ABSTRACT

Mellina, E. and S.G. Hinch. 1995. Overview of large-scale ecological experimental
designs and recommendations for the British Columbia Watershed Restoration
Program.  Province of British Columbia, Ministry of Environment, Lands and
Parks, and Ministry of Forests.  Watershed Restoration Project Report No. 1: 31p.

A key goal of the British Columbia Watershed Restoration Program is the restoration and
protection of fisheries, aquatic and forestry resources that have been negatively
impacted by past logging practices. To achieve this goal, a sound experimental design is
required to evaluate the effectiveness of watershed-scale restoration techniques, and to
assess their general applicability across various ecoregions throughout B.C. This report
reviews and compares existing large-scale ecological experimental designs, and
recommends a design that is suitable for watershed-scale management manipulations.
Three potential problems in attempting to assess the effectiveness of watershed
restoration are lack of replication, the risk of incorrectly assigning causal inferences
(because of increased community complexity and interactions within an ecosystem
framework), and the risk of spatial and temporal autocorrelations within the data. To
circumvent these problems, we recommend a paired watershed approach, where
physically and biologically similar logged watersheds are selected within different
ecoregions. Each pair would consist of two logged watersheds, one subjected to
restoration and the other remaining as an untreated control. Restoration treatments
should be staggered in time to control for time-treatment interactions. A set of biological
and physical variables would then be monitored to determine the treatment (restoration)
effect. To increase the information to be gained from the restoration treatment, a third
unlogged watershed could be matched to 4-6 of the watershed pairs to provide baseline
data on pristine ecosystems.
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INTRODUCTION

Salmonid resources in North America have historically been highly valued by commercial
fishermen, recreational anglers and consumers of fish products (Meehan 1991). In 1992
in British Columbia alone the value of the salmon fishery was estimated to be
approximately 1/2 billion dollars (B.C. Ministry of Agriculture, Fisheries, and Food 1992).
However, salmon-producing streams and rivers are not isolated from their immediate
environments, but are integrated within and reflect the condition of their surrounding
watersheds. These watersheds, in turn, are highly prized for their forestry resources
which are valued from economical, recreational, cultural and spiritual perspectives. In
1992, B.C. forests yielded timber valued at 11 billion dollars, and were responsible for the
creation of approximately 70 000 jobs (B.C. Ministry of Forests 1994). The protection and
continued sustainability of these resources requires an ecosystem approach to resolve
potential conflicts between fish production and forest harvesting (see Meehan 1991 for a
review of fish/forestry conflicts).

Information regarding the efficacy of potential management actions designed to protect
or restore fisheries and forestry values in logged watersheds is needed to improve the
management of public resources. A fundamental problem in the assessment of
management actions or of scientific studies of the mechanisms leading to particular
responses is the adequacy of the experimental design. Most of the scientific studies
upon which current management practices are based have been site-specific case
studies whose generality cannot be assessed. There is a strong need both within the
scientific community and within resource management agencies to identify experimental
designs and watershed selection criteria that will permit rigorous assessments of
scientific manipulations or management actions. The improved information that would
result from such rigorous assessments would benefit both the scientific community and
the public at large through an improved understanding of the mechanisms through which
particular effects are generated by management actions.

Investigations of the disturbance and recovery of aquatic systems have primarily been
based on stream case studies which have opportunistically examined post-disturbance
recovery rates of particular attributes within invertebrate and fish communities following
unplanned disturbance events (Yount and Niemi 1990; Detenbeck et al. 1992).
Disturbances can be defined as discrete events in time that disrupt ecosystem,
community, or population structure (and which may, in turn, change resource availability
or some aspect of the physical environment), while recovery of a system implies a return
to pre-disturbance conditions or a change towards some normal bounds within which the
system can persist. (Yount and Niemi 1990). In their reviews Yount and Niemi (1990) and
Detenbeck et al. (1992) speculated that recovery from disturbance, either natural or
anthropogenic in origin, was relatively rapid in streams (usually less than 2 years)
provided the disturbance did not substantially alter stream banks or other physical
components of watersheds. Examples of such disturbances include flooding in lower
reaches of large rivers, drought, and non-persistent toxic chemical discharge. Slower
recovery (10 to 50 years, or longer), on the other hand, was generally associated with
disturbances that resulted in the alteration or modification of physical habitat. Examples
include clear-cut logging, stream channelization, and mining activities. Thus, the time
frame within which recovery of an aquatic system is expected is heavily dependent on
the type of disturbance.
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Salmonid fish production in turn is largely dependent on physical habitat within streams
(Conquest et al. 1994), and  logging practices provide an excellent example of a type of
disturbance that may engender relatively slow recovery times for fish production in
affected streams. However, fish/forestry interactions are often complex, and this
consideration must be taken into account before any effects (either positive or negative)
of logging on production can be assessed (Hicks et al. 1991). For example, while
harvesting streamside vegetation may increase the amount of solar radiation reaching
the stream, thereby stimulating primary and secondary production, this logging practice
is also believed to be responsible for major physical habitat alterations such as increased
streambank instability, decreased supply of large woody debris from riparian zones, and
increased stream temperatures (Murphy et al. 1986; Hicks et al. 1991; Ralph et al. 1994).
The complexity of these interactions illustrates the need to manage fishery and forestry
practices from an ecosystem perspective to attempt to minimize disturbance and to aid
the system recovery (Frissel et al. 1986; Conquest et al. 1994; Lichatowich et al. 1994).

Presently resource managers are faced with the problem of planning restoration from an
ecosystem perspective while focusing on a specific objective- for example that of
increasing salmon productivity (Lichatowich 1994). Ecosystems that support salmon are
the product of the geological history of the watershed, the evolutionary history of the
biotic community, the erosional forces shaping the structure of the stream and
surrounding landscape, and alterations mediated through anthropogenic influences
(Likens 1985; Murphy and Meehan 1991; Lichatowich et al. 1994), and these factors
must be considered when attempting ecosystem restoration. Restoration, therefore, can
be defined as the return of habitat conditions and salmon productivity to historic levels
that can be supported under existing biological and social constraints (Lichatowich 1994).
This requires a fundamental understanding of the adaptations of native salmon
populations to undisturbed habitat conditions (Sedell and Luchessa 1991). For example,
different salmon life history stages, age structures and distributions are dependent on
different habitat requirements, and these relationships should be incorporated into
restoration planning before any blanket remedies are applied.

The British Columbia Watershed Restoration Program (WRP) of the B.C. Ministry of
Environment, Lands and Parks and the B.C. Ministry of Forests was initiated in 1994 with
3 main goals: 1) to restore and protect fisheries, aquatic and forestry resources that have
been adversely impacted by logging practices in the past; 2) to provide community-based
training, employment and stewardship of watersheds throughout British Columbia; and 3)
to diversify employment opportunities in the forestry sector while modifying historical
logging practices to conform with the revised standards set out in the new Forest
Practices Code (Keeley and Walters 1994). An integral component of the WRP is the
evaluation of the technical effectiveness of restoration projects funded by the WRP. A
primary objective of these projects is to identify the factors limiting salmonid production
and ultimately to increase production itself. These projects will complement much of the
restoration work and experimental studies on fish/forestry interactions that were
conducted on Carnation Creek, British Columbia (Hartman and Scrivener 1990) and by
the B.C. Ministry of Forests and Lands on the Queen Charlotte Islands (see for example
Hogan 1986; Tripp and Poulin 1986; Roberts 1987; Tripp and Poulin 1992), as well as
those currently being conducted in the northwestern U.S. and in Alaska (Murphy et al.
1986; MacDonald et al. 1991; Quinn and Peterson 1994).
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A main innovation of the WRP is the move from site-specific case studies to a synoptic
survey of representative watersheds spanning all major ecoregions within the province of
B.C. (Keeley and Walters 1994). There is increasing evidence that some results of the
effects of logging on stream ecosystems obtained from studies performed on coastal
systems (i.e. within specific ecoregions) such as the Carnation Creek (Hartman and
Scrivener 1990) and Queen Charlotte Islands studies, may not be applicable to
watersheds found in the Interior (i.e. in other ecoregions). For example, in contrast to
coastal systems, streams used by sockeye salmon in the Stuart-Takla region located in
the north-central Interior of B.C. undergo extreme seasonal shifts in water temperature:
they are frozen in the winter and in summer temperatures may reach the upper limit for
sockeye spawning in areas where the canopy is relatively open (Tschaplinski 1994). In
addition, there is the potential for increased fine sediment inputs due to extensive
lacustrine deposits in the region (Macdonald 1992). Therefore, concerns about post-
logging increases in stream temperature variations and fine sediment delivery (and their
concomitant effects on the survival of various salmon life-history stages) are of
paramount importance for interior streams (Tschaplinski 1994). The WRP will go a long
way towards filling the gaps in our knowledge of the effects of logging on temperate
systems, and will allow for a rigorous assessment of the general applicability of various
restoration techniques to increasing salmonid production.

An additional benefit of the WRP is the opportunity to survey the existing fish fauna in the
different ecoregions of B.C., and to attempt to assess the impact of restoration
techniques on biodiversity (Keeley and Walters 1994). With the possible exception of
salmonids, there is a great paucity in our knowledge of native fish assemblages
throughout the province (McPhail and Carveth 1992), and the WRP would therefore
provide a timely opportunity to gain a more complete picture of provincial fish
distributions.

The WRP has proposed evaluating the technical effectiveness of watershed restoration
treatments using a set of 8-16 paired watersheds, each pair comprising one logged,
restored watershed and one logged, unrestored watershed (Walters and Keeley 1994). A
broader evaluation of possible experimental designs would potentially increase the
effectiveness of the WRP's monitoring and evaluation program. The purpose of this
report is therefore to review and summarize experimental designs suitable for the
evaluation of watershed-scale scientific and management manipulations, and to make
recommendations as to the most appropriate and effective design for use within the
WRP.

EXPERIMENTAL DESIGN

Before a single datum is collected, an experimental design must be established to
address the hypotheses being tested, to anticipate any problems in data collection and to
ensure the assumptions underlying statistical tests are met. This design will incorporate
both broad-scale and focussed objectives, the response variables and sampling scales,
and the tools for analysis (Figure 1; Conquest et al. 1994).
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ISSUE:

EFFECTS OF LAND USE PRACTICES
ON STREAM HABITAT

FOCUSSED OBJECTIVE:

STATUS AND TRENDS IN PHYSICAL IN-STREAM
FISH HABITAT AND CHANNEL CONDITION

COMPONENTS

RESPONSE VARIABLES
What to meas ure

H ow to meas ure

SAMPLING SCALES
C hoice o f un its (SPATIAL)

When to measure (TEMPORA L)

TOOLS FOR ANALYSIS

Figure 1. Process for implementation of a large scale habitat monitoring program
(from Conquest et al. 1994).

It is worthwhile to note that the choice of statistical methods is the last step in this
process and simply constitutes a tool for analysis rather than the main focus of the
design.

Hurlbert (1984), in a discussion on the design of ecological field experiments, stressed
five main requirements for experiments relying on simple, parametric statistical tests
(such as t-tests or analysis of variance): 1) controls to address temporal change and
treatment effects; 2) replication of experimental units in time and space to address
random variability; 3) interspersion of experimental units to control for regular spatial and
temporal variation in properties of the units; 4) randomization to address potential
experimenter bias in treatment assignment; and 5) statistical independence of
experimental units to reduce spatial and temporal autocorrelation. Not all of these
requirements are necessary, however, for some types of statistical analysis (such as
examining responses to different treatment levels using regression analysis; McAllister
and Peterman 1992).
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While there is an acknowledged need to view disturbances and restoration from a
broader, ecosystem perspective, this need also highlights certain problems not
encountered in the classical experimental design. Large-scale perturbation studies do not
always lend themselves to experimental designs commonly discussed in standard texts
(Eberhardt and Thomas 1991). Perhaps the most compelling problems are those of
replication (Hurlbert 1984; Carpenter 1989; Eberhardt and Thomas 1991; Stewart-Oaten
et al. 1992), the risk of incorrectly assigning causal inferences due to increased
community complexity and interactions within an ecosystem framework (Walters et al.
1989; Eberhardt and Thomas 1991; McAllister and Peterman 1992; Smith et al. 1993),
and the potential risk of spatial and temporal autocorrelation (non-independence) within
the data set (Millard et al. 1985). Despite these drawbacks, there are several
experimental designs that can be validly employed in impact assessment studies. In this
next section, we will review and outline a number of designs that have appeared in the
literature pertaining to large scale ecological experiments, and will present our choices
for the most suitable design and most efficient statistical analysis for the B.C. Watershed
Restoration Program. We limit our references to studies that involve large-scale
ecological experiments or impact assessments.

The following four experimental designs proposed by Hall et al. (1978) form the
cornerstone of many of the designs used in current assessments of logging impacts on
stream habitat and fish production, and these will be examined in turn.

1) Intensive Before-After Study (Hall et al. 1978 )
The intensive before-after study has been a popular design for long-term watershed
analysis, and involves intensive monitoring of biotic and abiotic watershed characteristics
(such as fish populations, water temperature, turbidity and dissolved oxygen) both before
and after a treatment or disturbance takes place. This design can be applied to single or
multiple watershed studies. For example, the Alsea Watershed Study in Oregon involved
a 7 year pre-treatment monitoring of fish populations and physical characteristics in 3
adjacent watersheds followed by logging in 2 of the watersheds with the third remaining
as a control (Hall and Lantz 1969). Intensive monitoring of the same biotic and abiotic
factors continued after the logging took place for an additional 7 years. Other impact
assessment studies that have used this design include Sheridan and McNeil (1967),
Burns (1972), Narver and Chamberlin (1976), Krause and King (1981), Scrivener and
Andersen (1984), Troendle and King (1985), Wright et al. (1990), and Macdonald et al.
(1992).

The main advantage to this approach lies in the ability to assess year-to-year variability in
the selected parameters and to relate this variation to management practices. In addition
there is the ability to assess rates of recovery, and no formal assumptions are required
about pre-treatment conditions.

However, there are several disadvantages associated with this design. As Hall et al.
(1978) state, the design is more one of a case study than of a true experiment, with the
consequence that the results are not necessarily applicable to other systems that differ in
climate, hydrology, soils, geology, or fish assemblages. The design is also vulnerable to
unusual events (such as storms), especially if the event coincides with the treatment,



6

making causal inferences difficult (Walters et al. 1989). The long investment in time is
also a limitation, since not only may the watershed practices be obsolete by the time
recommendations are made, irreparable damage to the fish communities may occur
before the recommendations are in place. In today's uncertain economic climate, funding
for such a long-term project may also be unavailable or dry up mid-way through the
program. The design suffers from statistical limitations, in that the main assumptions of
normal parametric tests would not be met given the lack of controls (in the case of a
single case study), the inability to randomly assign treatments, the lack of true replication
and the potential for spatial and temporal autocorrelation (sensu Hurlbert 1984) among
the data because the same sites are sampled repeatedly over time. Despite these
drawbacks, the benefits of case studies can be considerable. For example, one has only
to look at the enormous literature that has been published on Carnation Creek alone,
which has done much to advance our understanding of the effects of logging on fish
population processes (see Hartman and Scrivener 1990 for a review).

2) Extensive Before-After Study (Hall et al. 1978)
A second approach, similar in concept to the intensive before-after study but differing in
spatial and temporal scales, is the extensive before-after study. In this design, multiple
watersheds are selected, sometimes spanning a wide geographic range and usually for
short term monitoring of biotic and abiotic characteristics. Thus, there is an implicit trade-
off between increasing the number of watersheds versus decreasing the sampling effort
per watershed. For example, as a companion to the Alsea Project, Moring and Lantz
(1974) selected an additional 12 watersheds for a short term study involving the effects
of logging on stream habitat and fish production one summer before and one summer
after logging.

The advantages of this type of design include increasing the applicability of results to a
wider range of watersheds due to the broader perspective gained from increasing the
geographic range, and the relatively short time required to obtain results (as little as 3-4
years). The larger number of watersheds does allow for the possibility to incorporate
controls, randomization of treatments, and true replication, although valid comparisons
could only be made if watersheds were similar in their physical and biological
characteristics. The main disadvantages lie in the lack of assessing long-term natural
variability relative to the magnitude of treatment effects, and an inability to detect time-
lagged effects (since all treatments are initiated in the same year), making a clear
assessment of causal inference difficult (Walters et al. 1989).

3) Intensive Post-Treatment Study (Hall et al. 1978)
A third design, termed intensive post-treatment study, again involves long-term
monitoring of watershed characteristics but differs from the intensive before-after study in
that only post-treatment monitoring is done. A logged stream may be monitored for a
number of years, and the attributes compared to an unlogged control which may be a
separate stream or an unlogged reach upstream of the logged section. Aho (1977) and
Murphy (1978) used this design in a 4 year study to evaluate logging effects on cutthroat
trout populations as part of the IBP Coniferous Biome Study.
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The main advantage of this design lies in retaining the ability to assess year-to-year
variation while lowering the overall time required to complete the experiment. It can also
provide a time perspective for the effects of logging (immediate versus long term)
comparable to the intensive before-after study. The disadvantages lie in the assumption
(necessary for any effects to be ascribed to the treatment rather than to some
extraneous factor that happens to coincide with the treatment) that the logged and
control streams or reaches must have been essentially identical before logging took
place. This is often difficult to establish. In addition, if a single stream is used, the reach
serving as a control must always be upstream of the impacted reach to minimize any
treatment effects (such as increased sediment input) adversely affecting the control site.
The design provides no geographical perspective, thus having limited applicability to
other systems, and suffers from a lack of replication and an inability to randomly assign
treatments.

4) Extensive Post-Treatment Study (Hall et al. 1978 )
The last of Hall et al.'s (1978) designs is termed an extensive post-treatment study, and
uses multiple paired-site comparisons to determine impacts of watershed practices on
streams. According to Hall et al. (1978), each study site pair consists of one logged
stream section and one unlogged section, upstream and adjacent to the logged site, to
serve as a control. A main assumption here is that both sites are essentially identical
before the treatment takes place. Grant et al. (1986), in an excellent study on the effects
of logging on salmonid standing crops, tested this assumption before using the extensive
post-treatment design and found  no significant differences in salmonid biomass between
pairs of similar habitats within a stream. They did point out the need to carefully select
physically similar pairs of sites to ensure the validity of the design. Short-term monitoring
(on the order of a single season) is then conducted in both control and treated sites only
after the treatment has taken place, and differences in response variables are attributed
to treatment effect. Grant et al. (1986) further recommend a slight modification to Hall et
al.'s (1978) design of subdividing each of the paired sites into multiple quadrats, thereby
allowing for a measure of in-site variability to be calculated and justifying the use of
statistical testing. This subsampling, however, must not be confused with true replication
(Skalski and McKenzie 1982; Hurlbert 1984). Studies that have used the extensive post-
treatment design to examine impacts of forestry practices on streams include Newbold et
al. (1980), Murphy and Hall (1981), Hawkins et al. (1983), Murphy et al. (1986), and
Carlson et al. (1990).

Of the four designs discussed above, the extensive post-treatment study is the one
endorsed by Hall et al. (1978) as being most useful in providing information about
watershed practices on streams, and is also a commonly used design in water quality
monitoring (MacDonald et al. 1991). The greatest advantage of this design lies in
providing a basis for separating treatment effects from unrelated factors (such as
climate) through judicious pairing of sites, since pairing itself can often reduce variance
and increase precision because the control and treated sites are subject to the same
extraneous factors. While Hall et al. (1978) favor restricting this design to pairing
adjacent reaches within a stream, their definition of sites can easily be expanded to
encompass whole watersheds with pairing based on attributes such as size, slope,
geology, and climate, and indeed this forms the basic concept behind paired-watershed
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experiments (Bosch and Hewlett 1982). This design also benefits from a wide spatial and
temporal perspective, and allows for a greater generality in the application of results
gained from examining watershed practices across a variety of situations. Pairing sites or
watersheds across a broad range of physical characteristics provides an additional
opportunity to assess any modifying effects these characteristics might have on stream
biota, although this greatly increases the number of sites or watersheds required for
adequate replication. While this design requires the least amount of time, it can provide a
longer perspective than can be gained from the other three designs by combining pairs
of sites or watersheds that differ in the length of time since logging has occurred within
the same study. This can be useful in assessing watershed management practices, the
impacts of which are usually most dramatic in the first couple of years following logging.
With multiple paired sites, some measure of randomization and replication is also
possible allowing for the use of certain statistical tests.

The main disadvantage of this design is the assumption that no differences existed
between sites before the treatment took place (although a short pre-treatment calibration
stage would help alleviate this as well as provide baseline data for comparisons of
unreplicated sites; MacDonald et al. 1991; Grant et al. 1986). However, Keeley and
Walters (1994) point out that in situations where all watersheds have been impacted by
logging (i.e. there are no truly undisturbed sites), results become questionable when
treatment/control comparisons are made within a stream by reach. Because
experimental sites are within disturbed watersheds, sites within streams will inevitably
affect each other regardless of whether treatment sections are located upstream or
downstream of controls. MacDonald et al. (1991) also raise the matter of the increased
cost of obtaining replicates, and that the absence of replicates precludes the use of
statistics for detecting treatment effects.

5) Control-Treatment Pairing (CTP) (Skalski and McKenzie 1982)
A variation on the extensive post-treatment design described by Hall et al. (1978) that
also focuses on the theme of pairing control and treatment sites is termed a control-
treatment pairing (CTP) design (Skalski and McKenzie 1982). This design was developed
primarily for use in quantifying changes in organism abundance as a result of nuclear
power plant operations, but the design can be extended to cover a wider range of impact
assessment studies. As with Hall et al.'s (1978) extensive post-treatment design, the
success of the CTP design depends on the successful pairing of treatment/impact sites
with environmentally similar control sites. However, Skalski and McKenzie (1982)
recommend that a pre-impact monitoring period take place at both control and eventual
impact sites to not only evaluate the success of the pairing scheme prior to implementing
the treatment but also to establish the proportional abundance of organisms between the
control and impact sites. A key assumption of the CTP design (testable during the pre-
treatment monitoring phase) is that organism abundances at control and treatment sites
"track" each other (i.e. maintain a constant proportionality), and treatment effect is
therefore defined as a statistically significant change in the proportional abundance of
organisms at treatment and control sites between pre-treatment and treatment periods.
The use of proportional abundances in the CTP design  allows for the removal of annual
and seasonal variation in abundance, and allows for repeated observations of a
treatment combination between years to be considered as replicates.
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6) Before-After-Control-Impact (BACI) Design (Stewart-Oaten et al. 1986; 1992)
The BACI design is similar to the CTP design of Skalski and McKenzie (1982), and has
been proposed to address the problem of a lack of replication and an inability to
randomly allocate treatments to experimental sites in studies involving unreplicated
perturbations (e.g. impact assessments; Stewart-Oaten et al. 1986; 1992). The goal of
the BACI design is to "determine whether the state [the mean value of some univariate or
multivariate response variable, such as mean abundance of a certain species] of a
perturbed system differs significantly from what it would have been in the absence of the
perturbation" (Stewart-Oaten et al. 1992), a goal that Walters et al. (1989) consider
scientifically unanswerable because there is no way to both treat and not treat the same
system. The BACI design circumvents this problem by pairing a control and an impacted
site and by taking simultaneous samples (temporal replicates) at both sites before and
after the perturbation occurs. The sites are therefore viewed as pairs and as representing
a block in time (Smith et al. 1993). Although Hurlbert (1984) warns that  temporal
replication (adding more sampling times in each unit) is actually "pseudoreplication", is of
limited value, and that what is needed is to monitor additional, independent units,
Stewart-Oaten et al. (1986) treat the sampling times as replicates given that sampling at
control and impact sites is conducted simultaneously and that each sampling time is
represented only as one number in the analysis: the difference between the impact and
control site for that time. Differences between the CTP and BACI designs stem from the
simultaneous sampling required of the BACI design (not explicitly stated by Skalski and
McKenzie 1982) and the metric used to determine if an impact has occurred. The CTP
design requires a change in the proportional abundance of organisms in the control and
impact sites between pre-operational and operational phases of a power plant. BACI, in
contrast, takes the observed differences in the response variable of interest (for e.g. fish
abundance) between the control and impact sites during the Before period and compares
them (using standard two sample t-tests or an ANOVA, or their non-parametric
equivalents; Smith et al. 1993) to those in the After period. A change in the mean
difference between periods is taken to imply that the impact site has undergone a
change relative to the control site and that this change is attributable to the perturbation.
Johnston et al. (1990) presented a study on the effects of fertilization on juvenile
salmonid growth that used the BACI design.

The BACI design is one of the best models for impact assessment (Smith et al. 1993),
and because differences are used in the analysis it allows for the possible occurrence of
large-scale events (such as storms or seasonal effects) since these events should
influence both control and impact sites at the same time. However, the design has come
under increasing criticism for several potential shortcomings. Smith et al. (1993), in an
attempt to apply BACI to an impact assessment study, suggest that contrary to the
above assumption (that the effects of large-scale events can be removed by
differencing), sites may actually respond differently to the same event, a possibility that
may be tested using pre-treatment data. Pairing of control and impact sites must also be
done with care since notable differences may cause the sites to respond differently to
environmental changes, thus making interpretation of the results difficult. Several of the
assumptions underlying the BACI design have also been questioned, such as the
additivity of site and time effects, and identical normal distributions of the deviations
between observed differences and mean differences in the Before and After periods
(Stewart-Oaten et al. 1992; Smith et al. 1993). Serial correlation in the observed
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differences may also invalidate the use of parametric tests, although this problem may
be reduced if sampling times are sufficiently spaced (Stewart-Oaten et al. 1992) or if the
data are transformed (Smith et al. 1993). While Skalski and McKenzie (1982)
recommend at most monthly and bi-monthly sampling for plankton and benthic
organisms if high correlation is to be avoided, Millard et al. (1985) found that spatial
correlation will often be greater than temporal correlation at these sampling frequencies.
Sampling frequency should also be kept constant during the Before and After periods.
Problems may also be encountered if there are zeros in the data set (Smith et al. 1993).
The long time required before results can be obtained may also preclude the use of this
design (Keeley and Walters 1994).

Stewart-Oaten et al. (1992) acknowledge the problems surrounding the BACI design and
admit that there is no easy solution in the analysis of data from unreplicated perturbation
experiments. Perhaps in response to these criticisms, they have placed their emphasis
on estimating the size of effects and the precision of these estimates (i.e. how large are
the effects and do they matter), not hypothesis testing. As an alternative solution to some
of the problems with using parametric tests, they suggest using variables such as
temperature or current from the impact site as predictors for the response variable of
interest (e.g. density of organisms). Using regression analysis, an empirical relationship
would be derived that best models organism density in the impact site using data from
the Before period. This function would then be used to predict densities in the impact site
during the After period, which would then be compared to observed densities using a
graphical technique and confidence intervals. Observed densities from the After period
falling outside of these intervals would be interpreted as implying an effect has taken
place. Mathur et al. (1980) use this technique, but as both Stewart-Oaten et al. (1992)
and Walters et al. (1989) point out, several other plausible and alternative explanations
can be conjured to account for any observed differences. If the BACI design is to be
used, Smith et al. (1993) suggest collecting supplemental information (such as the age
structure of a fish population, in addition to densities) and having a sound understanding
of the underlying biological processes in the system being studied to aid in assigning
causes.

7) "Staircase" Experimental Design (Walters et al. 1988; 1989)
In dealing with experimental designs for impact assessments, there is always the spectre
that treatment effects may not be due to the impacts of the treatment at all but rather to
some progressive, cyclic, or irregular impacts stemming from an uncontrolled factor such
as climate change (Walters et al. 1989). The need to estimate transient responses to the
application of treatments (i.e. habitat changes arising from logging or restoration
practices) is a real one, where transient responses are defined as any pattern of
population size or rate change over time that does not involve a simple, sudden shift
from one level to another.  For example, fish abundance may increase immediately
following habitat restoration work only to decline back to pre-treatment levels as other
ecological changes respond to the same habitat improvements (Walters et al. 1989). The
staircase design advocated by Walters et al. (1989) addresses the question of whether or
not apparent responses to treatments depend strongly on when the treatments are
applied (i.e. is there a strong time-treatment interaction?). A time-treatment interaction
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could occur, for example, if stream habitat restoration coincides with favorable oceanic
conditions for salmon survival. Would any increased salmon abundance in streams
following habitat restoration be due to the restoration work, to the oceanic conditions, or
to a combination of both (i.e. do treated and untreated streams respond differently to
environmental changes)?

The basic concept of the staircase design incorporates the ideas of pairing
physically/environmentally similar experimental units (streams, watersheds, etc.), and
monitoring these during pre-treatment and post-treatment periods similar to the BACI
design of Stewart-Oaten et al. (1986). The key to the staircase design lies in staggering
the treatments applied to the experimental units over time. For example, after an initial
pre-treatment monitoring period of one year to assess trends and variability in the
response variables of interest, one experimental unit would be treated at t=one year (i.e.
immediately following pre-treatment monitoring), a second unit would be treated two
years after the first, a third unit three years after the second, and a control unit that would
remain untreated. A staircase design assumes any transient responses resulting from
the application of a treatment will occur after the same length of time following treatment
initiation in all treated units. Furthermore, because treatments will be staggered in time,
not all transient responses will occur in the same year. Conversely, time-treatment
interactions can be detected because any interactions that affect treated units
independently of the treatment initiation time (e.g. favorable oceanic conditions for
salmon survival that may occur during a certain period during the experiment) will show
its effects across all treated experimental units during the time that the interaction
occurs, but will be absent from the control units. Time-treatment interactions that only
occur following specific treatment initiation times can also be detected since the
interactions will only manifest themselves in experimental units in which treatments were
initiated at the same time; they will not be apparent in treated units with different
treatment initiation times (McAllister and Peterman 1992). Trade-offs between the
number of treatments started each year (whether to clump or spread out the treatment
starting times), the initial pre-treatment time, and the number of control units must also
be considered.

While the advantages of the staircase design include detection of transient responses
and time-treatment interactions as well as fully providing for randomization and
replication, the ideal requirements for the success of the design may not be attainable
given nature's inherent variability and economic constraints (Walters et al. 1989). In order
to confidently attribute observed effects to a single treatment, a minimum of three and an
optimum of six experimental units (streams, watersheds, etc.) are required, with at least
one third of the units serving as controls. Under optimal conditions it would also be
necessary to replicate each treatment's initiation time to distinguish interaction effects
from possible trends unique to each experimental unit. In light of these potential
restrictions, Walters et al. (1989) concluded that it may be difficult to find six
experimental units with similar environmental and historical attributes, and that the cost
of monitoring such a large number of units over a sufficiently long period may make
implementing this design prohibitively expensive. The key question would therefore
center around choosing the best of a number of "bad" assumptions in defining an
acceptable experimental design.
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8) Patient-Template (PTA) Analysis (Watson 1992; Lichatowich et al. 1994)
The PTA design is a recent innovation that more closely resembles a case-study design
than a true experimental design involving replicates, randomization, controls,
interspersion and independence of experimental units. Lichatowich et al. (1994) describe
the PTA design as a form of limiting factor analysis that allows managers to focus on the
primary objective of increasing the natural productivity of a specific salmonid population
while considering the structure and function of the ecosystem supporting the population.
The focus of PTA lies in the reconstruction of historical spatial and temporal salmonid life
history-habitat relationships and the conservation of diverse life histories, and the
incorporation of these into management objectives. In attempting to restore salmon
productivity, successful restoration cannot rely on improving numbers alone because the
important ecological relationships are those between habitat and fish life-histories. The
design allows for the identification of factors limiting production (so-called "bottlenecks")
and helps select the most effective means of restoring natural productivity to levels that
are sustainable within the context of current social and economic constraints. There are 6
main steps comprising the PTA, and these are briefly summarized below.

a) Identify management objectives: These are usually limited to numerical objectives
(such as escapement targets or harvest goals) but the PTA encourages tempering these
objectives with specifications of resource quality. For example, where hatcheries are
included as part of the restoration, management objectives might not only include
absolute numbers of fish but also specify some aspect of the quality pertaining to those
numbers (e.g. the reproductive success of returning adults or the long-term genetic
structure of the hatchery populations). In addition, if a certain life-history pattern in a
population has disappeared due to habitat degradation, a management objective might
include the restoration of that pattern within the target population. For example, if a
thermal or discharge barrier prevents juvenile migration from tributaries to the main stem
of a stream, resulting in the suppression of the sub-yearling smolt life history pattern,
management objectives seeking to increase natural production should correct the barrier
to re-establish the lost life-history stage.

b) Patient-template analysis: The patient in this case is a description of the current status
of habitat and life-histories of the target fish population, while the template is a
description of the habitat and life-histories of the target population in its healthy state.
One of the drawbacks of this design is that the description of the template will usually
require the reconstruction of historical habitat quality or life-history diversity, and such
data are rarely available. Lichatowich et al. (1994) suggest reconstruction based on a
literature review of the target stock, and while this approach may again suffer from a lack
of data the design may be modified to allow for an undisturbed control stream to act as
the template. Descriptions of the patient and template are organized according to the use
of individual stream reaches during the different salmonid life-history stages, and a
comparison of the patient and template, either qualitative or quantitative, will identify
factors limiting production which can then be targeted by the restoration techniques.

c) Recommend treatment: Treatments are specific activities that eliminate or circumvent
the limiting factors identified in the patient-template analysis so that the objectives of
increased production (through restoration of habitat complexity and life-history diversity)
can be achieved.
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d) Risk analysis: This involves an evaluation of the strengths and weaknesses of the
assumptions underlying recommended treatments and their potential impacts on a
project's success. An assumption is termed critical if its falseness leads to the failure of a
project's objectives, and risk analysis therefore becomes the likelihood of failure to
achieve these management objectives. In this way, risk analysis can allow for alternative
treatments to be chosen should a recommended treatment prove too risky. Lichatowich
et al. (1994) suggest incorporating risk analysis from scientific (what level of risk is
present) and social (what amount of risk is acceptable) perspectives.

e) Revise the objective; and

f) Design and implement monitoring and evaluation: One of the advantages of the PTA is
that planning and evaluation become an iterative process through these two steps. The
original objective is re-assessed in light of the PTA, recommended treatment and risk
analysis to determine if it is achievable, and any required changes are made here.
Monitoring and evaluation in turn determine if the objectives are met, provide early
warning of potential problems through monitoring of key ecological variables, and aid in
improving future restoration projects.

We believe that PTA holds considerable promise as a means to implement effective
restoration programs, but this approach is relatively new and to our knowledge has only
been applied to restoration of Upper Yakima River spring chinook salmon (Watson
1992). It remains to be seen whether managers will endorse this approach in the future.

STATISTICAL CONSIDERATIONS AND DATA ANALYSIS

Type I and Type II Errors
Whether or not an experiment can detect treatment effects is an important component of
experimental designs. Statisticians approach this problem by defining two types of error
relative to the null hypothesis of no treatment effect (Eberhardt and Thomas 1991): Type
I and Type II errors. A Type I error (alpha) is defined as the probability of rejecting a null
hypothesis (i.e. concluding that an effect has taken place) when in fact the null
hypothesis is correct. Convention usually sets the alpha value at a level of 0.05 (i.e. there
is a one in 20 chance that that an observed difference is due to chance). Increasing the
sample size and reducing variability by altering measurement techniques or the sampling
design are two ways of lowering the alpha value (MacDonald et al. 1991). A Type II error
(beta) is defined as the probability of failing to reject the null hypothesis (i.e. concluding
that no effect has taken place) when in fact an effect has occurred. Associated with a
Type II error is the notion of power (1-beta), the probability of correctly detecting a
difference when a difference indeed occurs. The power of a test can be increased by
increasing the differences between treatment levels, increasing the number of
experimental units, increasing the duration of an experiment, or decreasing the sample
variance caused by experimental error (McAllister and Peterman 1992). There is also a
trade-off between the two types of error, so that an increase in the level of a Type I error
automatically lowers the Type II error (and consequently increases the power of the test).
Therefore, managers must assess the relative costs of making a wrong decision when
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deciding on the level of significance (alpha) and power of a test in order to optimize the
detection of true responses while minimizing the acceptance of false responses
(McAllister and Peterman 1992). Power analysis has recently become more prevalent in
impact assessment studies, and excellent coverage can be found in Green (1989),
Skalski and McKenzie (1982), and Peterman (1990).

Statistical versus Graphical Interpretation
Once an experimental design has been adopted, there remains the question of choosing
an appropriate statistical method to analyze the data. Carpenter (1989) makes a cogent
point by separating large-scale ecological experiments into two types: those involving
true replication and randomization, thereby allowing for direct statistical testing of
hypotheses, and those in which replication is not possible and interpretation of results is
based on graphical means. The use of statistics is therefore not an absolute pre-requisite
in detecting treatment effects. Large-scale impact assessment studies that have
interpreted data without conventional statistical techniques include Hall and Lantz (1969),
Cederholm et al. (1981), Tschaplinski and Hartman (1983), Bilby (1984), Schindler et al.
(1985), Andrus et al. (1988), Murphy and Koski (1989), and Bilby and Ward (1991).

If the experimental design lends itself to statistical interpretation, the appropriate
statistical procedure will often depend on the type of data that is collected and its
conformity to the assumptions underlying the statistical method (Figure 2). In this
section, we will briefly cover some of the statistical considerations concerning data
analysis in large-scale perturbation experiments. An excellent primer with specific
applications to evaluating effects of forestry activities on streams can be found in
MacDonald et al. (1991).

Parametric versus Non-Parametric Tests
Two of the more common choices for univariate parametric tests to assess aquatic
monitoring data appear to be analysis of variance (ANOVA) and the t-test (Millard et al.
1985; Grant et al. 1986; Bilby and Ward 1989; Reeves et al. 1993; Hawkins et al. 1982;
Carlson et al. 1990; Murphy et al. 1986; Hawkins et al. 1983; Ralph et al. 1994). While
the use of these tests appear widespread, Millard et al. (1985) suggested that aquatic
monitoring data often violate one or more of the 4 assumptions required for the tests to
be valid: 1) the independence of error terms; 2) the homoscedasticity of error terms; 3)
the normal distribution of error terms; and 4) additivity (Eberhardt and Thomas 1991;
Millard et al. 1985). In particular, since aquatic monitoring data often form a time series
because many sites are sampled over time, there is the possibility of both temporal and
spatial correlation in the data, violating the assumption of independence of error terms
and leading to a possible inflation of  the Type I  error.  It  is  therefore  imperative  that
this  assumption  be carefully  checked  before the test is administered.  The additivity
and independence assumptions can be tested with the single degree of freedom test for
non-additivity  and von  Neumann's ratio  test,  respectively, according to Stewart Oaten
et al. (1986). In the event that the data do not conform to the assumptions, Millard et al.
(1985) suggested multivariate time series analysis in the presence of temporal
correlation and multivariate analysis of variance in the presence of spatial correlation.
Alternatively, trends in the data may first be removed (according to the methods of
Montgomery and Reckhow (1984) or Jassby and Powell (1990), for example) followed by
the application of parametric tests (MacDonald et al. 1991).
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Zimmerman et al. (1985) have proposed a method for performing statistical comparisons
among groups that is similar in purpose to the t-test or one-way analysis of variance but
does not depend on the assumptions of normality or homogeneous variances. The multi-
response permutation procedures (MRPP) depends instead on the internal variability of
the data, and can be applied to multivariate problems (Zimmerman et al. 1985) as well as
to randomized blocks designs (Mielke and Iyer 1982). Ralph et al. (1994) have recently
used this technique in examining whether the distribution of large woody debris differed
significantly among intensively harvested, moderately harvested and unharvested sites in
a study investigating the impacts of logging on stream habitat characteristics.

If a BACI design is used, concerns about the validity of parametric tests (such as t-tests)
when the assumptions of independence and error distributions are questionable can be
overcome through the use of randomized intervention analysis (RIA; Carpenter et al.
1989). RIA is a means of detecting changes in time series by testing the null hypothesis
that the same trends have occurred in both the treatment and reference units after a
perturbation has taken place (Carpenter et al. 1989). Rejecting the null hypothesis,
however, does not automatically mean that the treatment was responsible for any
observed changes. While Carpenter et al. (1989) state that RIA is not affected by either
non-normal error distributions or heterogeneous variances and that serial correlation is
not a serious problem, Stewart-Oaten et al. (1992) in a rejoinder refute their claims and
argue that a) RIA's robustness to non-normality offers little advantage over parametric
tests; and b) that RIA is not valid if Before and After distributions have different variances
(unless sample sizes are approximately equal), if time and location effects are not
additive, or if successive differences are not independent. In light of this controversy, the
decision of whether or not to use RIA is left up to the manager, although it may be
significant that the only published impact assessment study that we are aware of that
used RIA was the one presented by Carpenter et al. (1989).

Multivariate statistical techniques may also prove useful in data analysis and hypothesis
testing when there are several dependent (response) variables. These techniques are
subject to the same basic assumptions as univariate tests, but usually require more
complex calculations and are sometimes more difficult to interpret (Gurevitch and
Chester 1986). Multivariate techniques have proven useful in testing the assumption of
similarity between treatment and control units (e.g. the use of cluster analysis with the
staircase design; Walters et al. 1989).

If the data do not lend themselves to parametric tests, a further alternative is to use non-
parametric statistics on the data. These tests do not require the assumption of normality,
and are hence more broadly applicable, more robust, but generally less sensitive
(MacDonald et al. 1991). Two studies that have used non-parametric tests (the Mann-
Whitney U-test) in impact assessments include Scrivener and Andersen (1984) and
Grant et al. (1986).

Randomized Complete Block Designs (RCBD)
The RCBD may be the most relevant design for aquatic monitoring studies (MacDonald
et al. 1991). Each block in the design contains all the experimental treatment and control
units within a given site, and ideally treatments are randomly assigned to the units within
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a block. Thus, there are two effects to be evaluated: a treatment effect (which is of
primary interest) and a block or site effect (which is of secondary interest). Using
ANOVA, differences between treatments within one or more blocks are evaluated,
regardless of any differences between different blocks. Hence, the primary advantage of
this design is that it allows for the exclusion of extraneous factors (such as site
differences, which occur between blocks) and instead focuses on primary treatment
effects (MacDonald et al. 1991). Indeed, the RCBD is included here in the data analysis
section because the main benefit of the design is statistical in nature and allows the
sensitivity of the test to be increased by removing unwanted variability (between site
effects) from the denominator of the F test.

Paired watersheds and upstream-downstream comparisons are among the simplest
examples of RCBD, with the treated and control watersheds (or upstream and
downstream sites) within a pair forming a single, unreplicated block (MacDonald et al.
1991). Additional paired watersheds undergoing identical treatments form additional
blocks, and randomization is achieved if a treatment can be randomly allocated to either
of the watershed pairs within a block. Randomization, however, is not usually possible
with upstream-downstream comparisons since these usually involve the impact
(treatment) occurring at a fixed location. More complex designs can be developed to
incorporate multiple factors with various levels within each factor, but the main drawback
here becomes the requirement for an increased number of experimental units (Skalski
and McKenzie 1982; MacDonald et al. 1991). Impact studies that have used RCBD
include Murphy et al. (1986) where the effects of clear-cut logging with and without buffer
strips were evaluated on juvenile salmonids in Alaskan streams, and MacDonald et al.
(1991) where the impacts of agriculture on water quality on the Snohomish River,
Washington were evaluated using stratified sampling in addition to RCBD to allow for
statistical testing of differences between years, seasons, stream pairs and location
(upstream or downstream of the agricultural activity).

Repeated Measures Design
Often times ecological experiments involve making repeated measurements over time on
groups subjected to different treatments in order to examine trends over time (Gurevitch
and Chester 1986). In such cases, standard univariate analyses (such as the ANOVA
with randomized block) are often inappropriate due to the inherent correlations among
measurements arising from the inability to randomly assign treatments to the
experimental units (Moser et al. 1990; Gurevitch and Chester 1986). For example, if
measurements are to be made on a tree at yearly intervals and if stem diameter is to be
measured at breast height and at 10 m above ground (i.e. time and space are
considered treatments), then measurements in the fifth year cannot be made before the
second year and diameter at breast height can only be measured at breast height and
not at 10 m above ground (Moser et al. 1990). In contrast to the RCBD, which assumes
that measurements are made statistically independent through random assignment of
treatments to experimental units, an analysis using a repeated measures design must
account for the non-random nature of the design arising from a lack of independence
between measurements.
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A repeated measures analysis is the investigation of treatment factors, repeated
measures factors, and their interactions, and can take the form of univariate or
multivariate tests (Moser et al. 1990). Univariate tests are generally preferred due to their
ease of interpretation, relative simplicity and increased power (Gurevitch and Chester
1986; Moser et al. 1990), but such tests are very sensitive to the assumption of
homogeneity of variances and any deviations from this assumption should lead to the
use of multivariate procedures (Gurevitch and Chester 1986; Day and Quinn 1989).

Gurevitch and Chester (1986) provide an algorithm for an analysis of repeated measures
experiments to determine if treatments differ in the patterns of their responses over time.
The analysis is based on reducing each set of measurements on each subject to a
weighted sum followed by a univariate analysis on those sums as if they were the original
measurements. Moser et al. (1990) provide an alternative model for use in situations
when a treatment is applied to each subject in addition to taking repeated
measurements. A variation on the traditional split-plot design is used (with no
randomization being possible in the subplot), and a repeated-measures two-factor
analysis of variance (where treatment and time are considered as factors) is carried out.
The authors point out that care is needed in deciding which mean squares are to be used
for testing hypotheses. A different approach is advocated by Hicks (1993), who argued
that repeated-measures designs are nothing more than special cases of factorial and
nested-factorial designs. Using an algorithm to generate the expected mean square
(EMS), the author convincingly demonstrates that results obtained from a repeated-
measures approach are indeed identical to those obtained from a nested-factorial
approach. Further coverage of repeated measures designs as applied to ecological
experiments can be found in von Ende (1993). An example of an impact assessment
study that used a repeated measures design can be found in Sebastien et al. (1989),
who examined the impact of an insecticide on nontarget organisms in a stream. Similarly,
Griffiths (1993) used profile analysis (i.e. a Model II, repeated measures ANOVA;
Morrison 1976) to determine if changes in macroinvertebrate abundance at sites
sampled repeatedly over time differed significantly between areas with and without a
non-endemic invading mussel species. This approach has potential applications to the
WRP, where changes in response variables can be monitored between streams
undergoing restoration and those serving as controls.

RECOMMENDATIONS FOR THE WATERSHED RESTORATION PROGRAM

A main goal of the WRP is to evaluate the overall technical effectiveness of watershed
restoration techniques that will be carried out in logged watersheds distributed over the 4-
6 major ecoregions in the province of British Columbia. Restoration techniques will aim
primarily to improve the physical habitat of streams, with the primary biological response
variable of interest being salmonid fish production (Keeley and Walters 1994), and it is
with this objective in mind that we recommend what we consider to be the best
experimental design to evaluate program-wide effects of restoration.

From a strict statistical standpoint, and using the criteria of replication (Hurlbert 1984;
Carpenter 1989; Eberhardt and Thomas 1991; Stewart-Oaten et al. 1992), the risk of
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incorrectly assigning causal inferences (Walters et al. 1989; Eberhardt and Thomas
1991; McAllister and Peterman 1992; Smith et al. 1993), and the potential risk of
autocorrelation within the data set (Millard et al. 1985), we propose the following ranking
of the above experimental designs (in order of decreasing statistical strength) according
to their ability to evaluate large-scale watershed treatment effects: 1) Staircase; 2)
Before-after-control-impact (BACI); 3) Extensive post-treatment study; 4) Control-
treatment pairing (CTP); 5) Extensive before-after study; 6) Intensive post-treatment
study; and 7) Intensive before-after study.

In light of the need for replication in large-scale ecological studies (Carpenter 1989), and
taking into consideration the availability of a large number of logged watersheds
throughout B.C., the review of experimental designs presented above suggests that a
paired watershed approach would provide the most powerful means (statistically
speaking) of attaining WRP objectives. Under ideal conditions, without natural or
economic constraints, the staircase design of Walters et al. (1988; 1989) in its
unadulterated form would be the primary candidate. However, the low likelihood of
finding a sufficient number of similar watersheds precludes the use of the staircase
design in its pure form (recall that for each treatment an optimum of 6 similar watersheds
would have to be found with treatment initiation times being staggered over several
years). The next best approach, in our opinion, would be to use a series of watershed
pairs, each pair comprising one logged, restored (treated) watershed and one logged,
unrestored (control) watershed, distributed throughout the province. This design forms
the basis of an  extensive post-treatment study (Hall et al. 1978) and is the approach
advocated by Keeley and Walters (1994). We therefore strongly endorse this design to
fulfill the goals of the WRP. Carpenter (1989) eloquently summed up the advantages of
this design:

"In many cases, limited numbers of experimental systems or high costs will prevent
adequate replication of ecosystem experiments. When large-scale experiments employ
insufficient (e.g., 2 or 3) replicates and/or modest perturbations of the independent variate, there
is great risk of erroneously accepting the hypothesis of no treatment effect. Therefore,
unreplicated paired-system experiments (one reference and one experimental system) are often
preferable even though classical statistics cannot be used to determine whether manipulation
caused a change in the experimental system. A series of unreplicated paired-system
experiments, staggered in time and performed in many locations, will provide more ecological
insight than a replicated experiment in a single region."

Keeley and Walters (1994) propose that the experimental design operate on two levels:
first, a set of 8-16 paired watersheds will be matched on a broad set of physical and
biological criteria. We recommend following a stream valley classification system
developed by Cupp (1989) that includes: 1) ecoregions; 2) watersheds; 3) basins; 4)
valley segments; 5) habitat complexes; and 6) habitat units. Conquest et al. (1994)
suggest using the valley segment as the functional sampling unit, which can be
distinguished by six diagnostic criteria based on valley bottom and sideslope
geomorphologic characteristics. Eighteen valley segment types have been identified in
the forested lands of Washington at a spatial scale that will ensure that the defining
characteristics remain stable over tens to hundreds of years (Cupp 1989). A similar
classification system has been proposed by Rosgen (1994). The physical similarity of
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watershed pairs can be assessed using standard multivariate techniques (e.g. cluster
analysis, discriminant analysis; Conquest et al. 1994; Cheong 1995). Eight to sixteen
watershed pairs, monitored over a period of 4 to 8 years, also represent the most
powerful comparison with the greatest cost to benefit return (Keeley and Walters 1994).
Within these 8-16 watershed pairs, a relatively small set of physical, fish habitat, and fish
related response variables will be monitored (Keeley and Walters 1994) and may include
such factors as suspended sediment, stream and air temperature, light intensity, stream
discharges, and streambed composition (Macdonald et al. 1992). Although fish
production is the primary response variable of interest, other biological indicators such as
invertebrate stream drift, benthos abundance and distribution, and fish growth,
movement, habitat use and population size structure (Macdonald et al. 1992; Keeley and
Walters 1994) would also greatly facilitate the interpretation of results as well as aid in
assigning causal factors. Given the scientifically unfamiliar nature of interior watersheds,
we strongly recommend gathering data from as many relevant response variables as
time and budgetary constraints permit.

The second level in the experimental design will be to choose a subset of between 4-6
watershed pairs that will receive more intensive study. In order to increase the
information gained from a restoration treatment effect, Keeley and Walters (1994)
proposed adding a third, unlogged, watershed to the subset pairs to form 4-6 triplets,
where one logged watershed would receive an intensive restoration treatment (hillslope
and in-channel), the second would receive only a partial restoration treatment, and the
unlogged watershed would serve as a control. The unlogged watersheds would also be
matched physically to their sister pairs, and the triplets would be distributed across the
major provincial bio-geoclimatic zones. This subset would undergo more intensive
monitoring, and would include a broader set of biotic and abiotic response variables. The
primary objective of the intensive studies is to identify factors limiting fish production in
these watersheds, and to make the larger, less intensive monitoring program more
efficient by concentrating on these factors. This design will also allow for an assessment
of how restoration succeeded or failed to increase fish production.

Furthermore, we recommend incorporating the PTA design (Lichatowich 1994) into the
WRP because relatively little additional effort will have to be expended to obtain the
necessary data, and the design (despite being relatively untried) may become particularly
useful in identifying factors limiting fish production. If time and funds permit, we also
advocate implementing a short pilot study, lasting from 1-2 years and involving the
monitoring of as many response variables as possible in 1-3 watershed pairs. Such a
study would enable power analysis to be conducted (Green 1989) as well as allowing for
a preliminary assessment of the feasibility of the overall design, to provide early warning
for any unexpected problems, and to allow for some exploratory data analysis.

Consideration must be given to controlling for possible time-treatment interactions. While
the triplet design contains the minimum number of replicates needed for a staircase
design, the staircase design assumes that treated units will respond in the same way to
any environmental event regardless of the time that has elapsed since treatment
initiation (Walters et al. 1989). In the case of the WRP design, the unlogged watershed
would serve as the control, one logged watershed would undergo restoration following at
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least 1 year of untreated observation, and the second logged watershed would be treated
in the same manner as the first but in the very next time step (Walters et al. 1989). It
would therefore not be possible to differentiate between partial and complete restoration
treatments. While the minimum of one year's monitoring without treatment in any of the
watersheds may also not fall within the scope of the WRP objectives, we recommend
that the concerns of Walters et al. (1989) that "compromise to less than three
experimental units makes it impossible even in principle to distinguish transient treatment
effects from environmental effects, so that when less than three units are feasible we
may just as well stay with only one and just make (foolish) pre- versus post-treatment
comparisons" be taken into account before the implementation of an experimental
design.

With an experimental design in tow, there remains the question of data analysis. While
the choice between parametric and non-parametric tests will largely depend on the data
distribution, repeated measurements of response variables over time suggest a
repeated-measures analysis of variance approach, with treatment (restoration) and time
as factors and with a watershed pair (or triplet) constituting a block. The pairing approach
increases the detection of treatment effects by removing any background variation that is
common to the watersheds within a block (such as climate or seasonal effects). The
approach can be modeled in a similar fashion after the design presented by Murphy et al.
(1986), although their randomized blocks analysis of variance would be replaced by a
repeated-measures analysis of variance as described by Moser et al. (1990). Because
watersheds will span several ecoregions, it may further be possible to identify general
treatment effects on fish through the use of regression analysis and to examine
relationships between fish and habitat variables (Murphy et al. 1986).

While large-scale ecological studies are often hampered by economic and natural
constraints, the scope of the WRP will provide a unique opportunity to not only restore
and protect fishery and forestry resources that have been adversely impacted by logging
practices in the past, but also to implement the relatively novel step of assessing the
effectiveness of restoration techniques The implementation of a sound experimental
design is a key component in ensuring the success of the program, and will provide for a
statistical assessment of treatment effects across a wide range of biotic and abiotic
conditions. This program will play a key role in advancing our knowledge in the realm of
fish/forestry interactions.
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