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Abstract. — Despite the accumulating theoretical interest in experimental management, there are
few practical applications of it. Because most fisheries management plans lack rigorous experimental
design, managers often face controversy when results appear consistent with several alternative

3 Lini mechanisms or when results yield little information about causes of fish population dynamics. We

provide a synthesis of the problems of experimental design in fisheries science and management,

and we show how these problems can be solved to generate better information and better decisions,

especially when combined with proper statistical practices and formal decision analysis. Reasons

why experimental management is currently rare are (1) lack ofunfamiliarity of management agencies

with designing management actions to yield information, (2) logistical constraints placed on rep-

lication by fish migratory patterns, (3) resistance by fishermen who fear experimentation will lower

incomes, or (4) risk of stock collapse. However, recent applications show that these constraints

can be overcome if (1) experimentation is done on a small scale, such as on small stocks, (2)

fishermen are compensated when cuts in fishing effort are required, (3) fishermen believe that

experimentation is in their best interest (e.g., when it is likely to increase harvests), or (4) control

populations are held in reserve in case overharvesting occurs in a treated population. Several

quantitative decision analyses that include uncertainty show that experimentation sometimes has

much higher expected economic value than not experimenting,.
US Even though most fisheries biologists are trained ~ are being underharvested or overharvested and
) r.c;;rgr to d(? field and l_aboratory experiments using whether management actions or environmental
anaging principles of experimental design, approaches to  causes have led to the collapse of stocks (e.g., Glantz
SA. fisheries management typically have been nonex- and Thompson 1981). One root cause of these
nerican perimental (Larkin 1972; Walters 1986). Conse- controversies is the large uncertainty in our sci-
postage quently, unexpected results of management ac- entific understanding of managed systems. Part of
y North tions often lead to confusion rather than to learning,  this uncertainty results from the most common
‘thesda, because the management manipulations were not  approach to fisheries management, called passive
lCOF’}WS designed to distinguish rigorously between alter- adaptive management (Walters and Hilborn 1976),
vy other

native explanations of observations. In other
words, we are seldom able to use surprising results
as tests of understanding.

Many controversies exist over whether fish stocks

! Present address: School of Fisheries, WH-10, Uni-
versity of Washington, Seattle, Washington 98195, USA.

in which historical data are periodically fitted to
a model, new parameters are estimated, and new
controls on fishing practices are identified. This
form of incremental management often prevents
scientists from resolving uncertainties about al-
ternative hypotheses concerning productivity or
optimal harvest for a stock because it tends to limit
the range of observed stock abundances and it
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generates only small contrasts in fishing patterns
over time (Walters and Collie 1989).

Several other factors contribute to uncertainty
in our scientific understanding of managed sys-
tems. Research scientists are continually reducing
uncertainty in some aspects of fisheries biology
(e.g., somatic growth, natural mortality, migra-
tion), but the inability to manipulate systems over
large areas and to control perturbations caused by
fishing impedes understanding of the dynamics
(e.g., recruitment processes) of harvested fish pop-
ulations. Also, results of small-scale field experi-
ments may differ from those of large-scale exper-
iments because of community interactions
(Peterman 1991). Partly for these reasons and partly
because managers rarely have designed and im-
plemented policies to test alternative biological
hypotheses, we have few unambiguous under-
standings of complex interactions among com-
ponents of fish communities. Thus, theories about
such interactions and about responses of com-
munities to disturbances remain based primarily
on incomplete and indirect evidence (Larkin 1972;
Walters and Hilborn 1978; Mercer 1982; Walters
1986; Colby et al. 1987; Sainsbury 1988).

These sources of uncertainty in our understand-
ing of fish population dynamics have led several
authors to advocate an experimental approach to
management (Larkin 1972; Loftus 1976; Walters
and Hilborn 1976, 1978; Holt 1977; Holling 1978;
Silvert 1978; Ludwig and Hilborn 1983; Peterman
and Routledge 1983; Lee and Lawrence 1986;
Walters 1986; Sainsbury 1988; Walters et al. 1988;
Buckley 1989; Collie et al. 1990; McAllister 1990).
Walters’ (1986) book, devoted entirely to this top-
ic, presents compelling arguments for applying a
rigorous, quantitative approach. Experimental
management promotes a scientific basis for man-
agement yet does not require action to be depen-
dent on extensive past studies; instead, actions can
be based on limited current data as long as un-
certainties are recognized openly and experiments
are designed to generate new information to re-
solve them. For example, proponents of the ex-
perimental approach advocate that management
actions be treated as deliberate experiments to test
hypotheses about components of population dy-
namics of fish stocks and to identify optimal man-
agement regimes (e.g., Walters and Hilborn 1978;
Peterman and Routledge 1983). This manipula-
tive approach is essential to most resource man-
agement sciences, and it allows fisheries managers
to learn from their past actions (Larkin 1972). The
main goal of this approach is to reduce uncertainty

in our understanding of the dynamic components
of harvested fish populations so the populations
can be managed more effectively.

An implicit assumption in experimental man-
agement is that information gained by experimen-
tation will be used to meet management objec-
tives. The approaches to analyzing this information
include (1) informal comparisons of treatment and
control populations, and (2) formal quantitative
updating of parameter estimates, testing of alter-
native models of population dynamics, and choos-
ing future management actions based on expected
economic yield and on the actions’ ability to yield
the most information about remaining uncertain-
ties. The second approach was called active adap-
tive management by Walters and Hilborn (1978),
and it constitutes a special case of the broader
category of experimental management. Active
adaptive management provides a framework for
learning as well as for systematically choosing and
evaluating management actions as they are carried
out (Lee and Lawrence 1986; Walters 1986).

Although many authors have advocated exper-
imental management in various situations, rela-
tively few management agencies have tried the
approach. A significant drawback to active adap-
tive management—as the method is portrayed by
Walters and Hilborn (1976), Sainsbury (1988), and
others—is that it may not be readily understand-
able to fisheries managers and the fishing industry
because it involves relatively sophisticated quan-
titative methods (see Walters 1986). Moreover,
experimental management is only now gaining wide
acceptance, and most fisheries managers are sim-
ply not yet familiar with its potential benefits. Ad-
ditional reasons for the paucity of applications of
experimental management involve social, eco-
nomic, and biological constraints. For example,
large reductions in fishing effort could generate
large, informative contrasts (ranges) in catch and
effort data that might allow analysts to more
clearly identify the true underlying shape of den-
sity- or effort-dependent relationships on which
successful management depends. However, such
reductions in effort may be resisted by fishermen
because of the possibility of lowered incomes. In
contrast, large increases in effort may produce an
unacceptable risk of stock collapse. Spatial repli-
cation of management actions to control for spatial
variation in responses may be impossible if dif-
ferent stocks move widely across potential spatial
replicates. Nevertheless, examples described be-
low illustrate that experimental management can
be applied even with these constraints.
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In this paper, we attempt to make the case for
a more experimental approach to fisheries man-
agement by bridging the gap between the complex
quantitative methods of active adaptive manage-
ment and the general conceptual approach to ex-
perimental management. First, we outline some
general features of experimental design highlighted
by Hurlbert (1984), and we add statistical power,
Bayesian analysis, and formal decision analysis
criteria to these concepts. Second, we demonstrate
how various management actions and field re-
search projects with improper experimental design
have led to inconclusive results. We suggest im-
provements to the dcsighs in each case. Third, we
discuss the heuristic potential of some proposed
and implemented experimental designs. Fourth,
we review evidence from analyses of decision op-
tions showing that, in some fisheries, an experi-
mental approach to management may generate
higher economic value than current management
strategies generate. Finally, we discuss the appli-
cability of the experimental approach, as well as
its constraints and how to overcome them.

General Design of Experiments
Hurlbert’s Features of Experimental Design

Hurlbert (1984) identified the components of an
experiment as (1) hypothesis, (2) experimental de-
sign, (3) execution of experiment, (4) data analysis,
and (5) interpretation of results. In this paper, we
are primarily concerned with experimental design.
Advocates of experimental management empha-
size that before management actions are taken,
hypotheses should be clearly stated, possible bi-
ological models should be described mathemati-
cally, and experimental designs should be carefully
chosen (Walters and Hilborn 1978; Walters 1986;
Sainsbury 1988). Good experimental design is cru-
cial to distinguish among alternative hypotheses
(Hurlbert 1984).

Hurlbert (1984) stated that experiments based
on simple methods such as comparing means with
t-tests or analyses of variance should include (1)
control units (e.g., populations) against which one
or more treatment units are to be compared; (2)
treatments that control for effects of the procedure
and for temporal changes in experimental units;
(3) replication in time and space, which controls
for stochastic factors among replicates that are in-
herent in the experimental material or introduced
by the experimenter; (4) interspersion of differ-
ently treated units in time or space to control for
regular spatial or temporal gradients in properties
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of experimental units; (5) randomization in allo-
cation of different treatments to experimental units
to control for bias; and (6) statistically indepen-
dent experimental units so that the responses in
one experimental unit are not related to responses
in other units except insofar as they share the same
type of treatment and there is a treatment effect.
Note, however, that some of these criteria are not
necessary for some types of statistical analyses (e.g.,
replication is not necessary if responses to different
levels of a treatment are determined by regres-
sion).

Statistical Power

The concept of statistical power is also impor-
tant for the design of field and management ex-
periments (Dixon and Massey 1969; Pearson and
Hartley 1976; Green 1979, 1989; Vaughan and
Van Winkle 1982; Peterman and Routledge 1983;
Toft and Shea 1983; Millard and Lettenmaier 1986;
Gerrodette 1987; Holt et al. 1987; Peterman 1989,
1990). Statistical power reflects the ability of an
experiment to detect an effect that actually exists.
The power of an experiment is equal to 1 — £,
where 3 is the probability of committing a type 11
error. A type II error occurs when an experiment
fails to reject the null hypothesis, the hypothesis
stating that there is no effect, even though an effect
exists. For a given experimental situation, 3 is in-
versely related to «, the probability of committing
a type I error, whereby the null hypothesis is in-
correctly rejected. The power of an experiment
may be increased by increasing the differences be-
tween the levels of treatments, increasing the num-
ber of experimental units, increasing the duration
of the experiment, reducing sample variance caused
by measurement error, or increasing the a level.
Cohen (1988) and Peterman (1990) discussed sta-
tistical power further.

Until recently, most ecologists focused on
avoiding the costs of type I errors (Toft and Shea
1983; Peterman 1990). However, type II errors
may also be very costly, as when one incorrectly
concludes that stock productivity is not declining
under current management regulations (Allen 1980;
Toft and Shea 1983; Green 1984; Peterman 1990).
Because type II errors can be costly, managers
should design experimental or management ac-
tions so that true responses can be detected with
high probability (high power).

Bayesian Criteria

Bayesian analysis is another means to assess the
statistical performance of an experimental design




(Edwards et al. 1963; Berger 1985). It offers an
alternative to classical or “frequentist” statistical
inference, of which statistical power analysis is a
part. As is well known, by using data to estimate
a test statistic, the classical approach addresses the
question “Given that the null hypothesis is true,
what is the probability of obtaining a test statistic
as extreme as or more extreme than the one ob-
served?” If the probability (i.e., P value) is less
than the significance level chosen (usually 0.05),
the null hypothesis is rejected.

In contrast, the Bayesian approach allows the
scientist to address the question “What is the prob-
ability that a hypothesis is true, given the data?”’ —
and thereby directly address the likelihood of dif-
ferent hypotheses being true—whereas the classi-
cal approach only indirectly provides information
concerning whether some effect exists (Berger and
Berry 1988; Reckhow 1990). In addition, the
Bayesian approach facilitates quantification of sci-
entists’ subjective input in experimental design and
statistical analysis by incorporating into the anal-
ysis the scientists’ prior expectations of the like-
lihood of alternative hypotheses (known as prior
probabilities). Bayesian methods can also be used
to design and evaluate the results of large-scale
field experiments for which no replication is pos-
sible (Walters 1986; Parma and Deriso 1990;
Reckhow 1990). Hence, Bayesian statistical anal-
ysis has been advocated for ecological field ex-
periments (Carpenter 1990; Reckhow 1990), and
it is also starting to receive attention in fisheries
science (Walters 1986; Sainsbury 1988; Parma and
Deriso 1990).

To evaluate the statistical performance of an
experimental design within the Bayesian frame-
work, the analyst computes the expected rate at
which the assumed-true hypothesis can be iden-
tified when there are a number of alternative hy-
potheses. In separate simulation analyses, each al-
ternative hypothesis is treated as if it is true. The
most informative design then becomes the one
that, for example, maximizes the expected rate of
improvement in the probability that the assumed-
correct hypothesis is true (summed across all of
the alternative hypotheses) (e.g., Parma and Der-
iso 1990).

However, there is a continuing controversy over
the benefits and disadvantages of the Bayesian ap-
proach compared with the traditional approach
(Howson and Urbach 1989 summarize many of
the arguments). In spite of this, Bayesian statistics
appear to be gaining wider acceptance among ecol-
ogists (e.g., Reckhow 1990).
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Decision Theoretic Criteria

In addition to statistical criteria, decision the-
oretic criteria can be used for experimental design
when components of management decisions can
be identified and costs and benefits of different
outcomes can be estimated. In this context ana-
lysts identify alternative hypotheses about the sys-
tem of interest and several alternative manage-
ment policies, usually ranging from experimental
to nonexperimental. The optimal experimental
design or policy option is the one that yields the
highest value of the objective function—for in-
stance, the highest expected economic value. The
expected value of a policy option incorporates the
alternative hypotheses of interest, the odds placed
on each alternative hypothesis, and the economic
value (often in terms of catch biomass) of an out-
come that is expected under each alternative hy-
pothesis. The expected value of a policy option is
thus the sum of products of the probability level
placed on each hypothesis and the discounted val-
ue yielded under it, summed across all of the al-
ternative hypotheses (including the null hypoth-
esis) (Raiffa 1968; Walters 1977, 1986; Parma and
Deriso 1990). Utility functions are sometimes used
to convert economic and nonmonetary measures
of performance into units that reflect the relative
value of each option (Keeney and Raiffa 1976;
Walters 1977).

Within this framework of decision theory, the
classical approach to hypothesis testing is not di-
rectly useful because it does not generate proba-
bilities that a given alternative state of nature is
true (Berger and Berry 1988). In contrast the
Bayesian approach gives these probabilities di-
rectly; it is thus sometimes used in computing the
expected values of alternative policy options (Wal-
ters 1986; Sainsbury 1988; Parma and Deriso

1990).

But clearly both statistical and decision theo-
retic criteria are important in assessing the appro-
priateness of experimental design in different man-
agement situations. When sensitivity analyses of
a decision analysis show that uncertainties regard-
ing utility or net economic benefits drastically in-
fluence the choice of experimental design, statis-
tical criteria provide important additional
information. Statistical criteria are also important
in situations where decision processes are so com-
plex that they preclude decision analysis (C. J.
Walters, University of British Columbia, personal
communication) or where economic or utility val-
ues cannot be estimated. For more discussion and
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details on methods of Bayesian, frequentist, and
other approaches relevant to statistical inference
in ecological and fisheries experiments, see Wal-
ters (1986), Carpenter (1990), and Reckhow (1990).
For descriptions and discussion of decision the-
oretic techniques, see Raiffa (1968), Lindley (1985),
and papers referenced by Walters and Holling
(1990).

Problems with Past Experimental Designs
and Possible Improvements

Some readers of our examples below may con-
clude that we have not adequately recognized the
biological, logistical, or budgetary constraints faced
by researchers and managers. On the contrary, we
recognize these constraints, but one of our pur-
poses is to raise the current level of awareness
about the benefits of applying principles of exper-
imental design to management so that researchers
and managers can take full advantage of oppor-
tunities that arise if such constraints are relaxed.
We respect past attempts at experimental man-
agement and are merely trying to constructively
identify additional elements of design that could
be added if similar situations arise again. We em-
phasize that because of biological, logistical, or
budgetary constraints, some of the improvements
we recommend do not create ideal experimental
designs with all the appropriate features. However,
our recommended improvements should at least
lead to stronger tests of hypotheses, reduce the
number of alternative explanations of the resulting
observations, and thereby reduce uncertainty con-
cerning the effects of past and current approaches
to management.

Lack of Temporal and Spatial Replication

In situations where treatments are not replicat-
ed, interpretations of results are often limited.
However, application of replicate treatments to
separate experimental units enables researchers to
(1) test whether treatments produce repeatable ef-
fects in situations with similar conditions, (2) dis-
tinguish treatment effects from natural variation,
(3) estimate the variance in estimated parameters,
and (4) test for significance. Given the situations
often faced by resource managers (no replication
and one or two levels of a treatment), results can-
not easily be generalized to other cases. In many
fisheries situations, managers are interested only
in one fish stock, or they can undertake manipu-
lations only on the entire set of managed stocks
or only at one site. Thus, managers frequently ini-
tiate one treatment (e.g., a new regulation) at a
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time rather than conducting two or more contrast-
ing treatments simultaneously on different popu-
lations, and manipulations often are initiated
without spatial replication or simultaneous con-
trols. Because fisheries systems are typified by spa-
tial variability and chance events, ideal experi-
mental conditions may not hold, and this use of
unreplicated, uncontrolled treatments exacerbates
difficulties in subsequent interpretation of results.

If there is any replication, it is usually temporal.
Stewart-Oaten et al. (1986) argued that when there
is only one control and one treatment site, mea-
surements of responses should be taken repeatedly
both before and after the manipulation begins.
Without this replication in time, there is no control
for temporal variability and error in the measured
responses. Repeated measurements in time, how-
ever, are no substitute for replicated treatments,
especially when only one stock is treated and the
results will be applied to more than one fish stock
in the future. Replication in time by itself does
not control for, or enable measurement of, the
magnitude of spatial variability or the interactions
between spatial units and treatments (Green 1987).
These problems of replication are exemplified be-
low. See Walters (1986) and Walters et al. (1988,
1989) for quantitative methods (e.g., cluster anal-
ysis) for choosing spatial replicates in management
situations.

In the following cases, the first and second ex-
amples show temporally but not spatially repli-
cated manipulations, and the third example shows
manipulations that were neither spatially nor tem-
porally replicated.

Example 1.—In the 1930s the International Pa-
cific Halibut Commission (IPHC) imposed several
regulations to conserve stocks of Pacific halibut
Hippoglossus stenolepis. For example, in 1932, in
order to protect immature Pacific halibut, the IPHC
closed halibut fishing year-round in two areas, one
in southeastern Alaska and the other in British
Columbia. These closures were maintained until
the 1960s (Skud 1985). In addition, seasonal quo-
tas and closures were established elsewhere in the
1930s and have continued since then.

The IPHC gained international recognition for
rebuilding Pacific halibut stocks between 1930 and
1960. However, some scientists (Burkenroad 1948;
Ketchen 1956; Fukuda 1962) have questioned
IPHC’s role in the recovery of the stocks. For ex-
ample, Ketchen (1956) concluded that historical
data are also consistent with climatic trends as a
cause of recovery of Pacific halibut stocks since
the 1930s. Furthermore, it is unclear how well each
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of the different regulations worked because they
were all initiated at approximately the same time.

Recommended improvements: In the Pacific
halibut fishery, spatial replication of contrasting
fishery regulations is not practical because of the
wide-ranging migratory behavior of halibut. Yet
the effects of different regulations could have been
distinguished better if the regulations had been
imposed sequentially rather than simultaneously
(Stewart-Oaten et al. 1986). Seasonal closures and
catch quotas could have been imposed at non-
overlapping times in an attempt to yield strong
contrasts in abundance among sets of age-classes.
For example, the effect on age-class abundances
of a large quota imposed over 10 years could have
been compared with that of a small quota in a
subsequent period. This procedure would not have
eliminated the possibility that changing marine
conditions could confound the results, but one
could guard against this by later reintroducing a
large quota. Parma and Deriso (1990) reported a
more comprehensive analysis of experimental op-
tions for Pacific halibut; it was based on a Bayesian
approach that compared the expected perfor-
mances of actively adaptive, passively adaptive,
and nonadaptive harvest policies in discriminat-
ing between alternative hypotheses about mech-
anisms that could affect recruitment of Pacific hal-
ibut.

Example 2. —Between 1903 and 1936, 10 fish
hatcheries in British Columbia propagated sock-
eye salmon Oncorhynchus nerka (White 1988).
During the 1920s biologists questioned whether
hatchery propagation of sockeye salmon actually
resulted in higher freshwater survival rates than
did natural propagation (Foerster 1938). Foerster
(1938) compared the egg-to-smolt survival rates
of natural and two artificial methods of propaga-
tion, but only at Cultus Lake, British Columbia.
The different treatments were alternated between
years for 12 years. Because Foerster found no sig-
nificant difference in survival rates, the British Co-
lumbia Minister of Fisheries closed all 10 British
Columbia sockeye salmon hatcheries in 1936
(Foerster 1968). As a result, hatcheries have not
been used subsequently in British Columbia to
produce sockeye salmon, with the exception of two
small pilot projects (White 1988).

However, Foerster’s experimental design, which
employed only one hatchery and its associated wild
population, gave insufficient evidence to conclude
that all hatcheries in British Columbia were not
more efficient at propagation of sockeye salmon
than were natural means. Of course, Foerster (1968)

recognized this insufficiency, and he reported that
spawning conditions at Cultus Lake were atypical
relative to conditions at other hatchery locations:
sockeye salmon at Cultus Lake spawned along
gravel inshore areas of the lake where seepage oc-
curred, but at other hatchery locations wild pop-
ulations of sockeye salmon spawned in tributary
streams. Thus, egg-to-smolt survival rates at Cul-
tus Lake were probably not representative of those
at other hatchery locations (White 1988), and the
findings of this study should not have been gen-
eralized to other sockeye salmon hatcheries by the
Minister of Fisheries.

Recommended improvements: A design that
could have permitted generalization would have
included spatial replication. Hatcheries in several
different river systems could have been included
in the experiment. As in Foerster’s (1938) study,
hatchery propagation could have been alternated
with artificial propagation between years, and
sockeye salmon responses to each propagation
method could have been monitored in each river
system. However, because of the potential varia-
tion in the performance among hatcheries, perhaps
it would have been even better to decide whether
to maintain or close hatcheries based on their in-
dividual performance rather than on the average
performance of a subset of all of the hatcheries
(Foerster 1968).

Example 3.—Bilton et al. (1982) studied how
size and time at release of hatchery-raised smolts
of coho salmon Oncorhynchus kisutch affected re-
turns. The study took place over one season at one
study site. Groups of small, medium, and large
smolts were tagged and released at four times be-
tween April and July. The rates of return of jack
(2-year-old) and adult (3-year-old) coho salmon
were then monitored. Bilton et al. (1982) deter-
mined optimal sizes and times of release by using
biological and economic (benefit—cost) criteria.
However, they could not estimate interannual
variability in times and smolt sizes optimum for
release because they had data from only 1 year.
Furthermore, they could not estimate the mag-
nitude of among-stock variability because tests
were performed only at one site. Thus, they could
not make generalizations applying to other years
or to other stocks at other sites.

Recommended improvements: The experimen-
tal design could have been improved by replicating
the same design in other years at the same site to
enable estimation of temporal variation in optimal
time and size of release at the study site (Stewart-
Qaten et al. 1986). To develop a model to predict
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times and fish sizes optimal for release of hatchery-
raised coho salmon from other hatcheries and in
other years (and thus generate the highest sustain-
able economic yield), researchers could use an ex-
perimental design similar to that described by Bil-
ton et al. (1982) but at several different hatcheries
over several years. It is likely that times and fish
sizes optimal for release varied between years and
among sites because of variation in such features
as genetic stock of coho salmon, availability of
food, and risk of predation in release waters. These
potentially important variables would have to be
carefully and systematically monitored and re-
corded at all experimental sites. The effect of vari-
ables such as genetic stock on fish sizes and times
that are optimal for release could be tested by
replicating treatments within and across sites; such
an approach incorporates a control for interaction
effects between site and treatment (Green 1979,
1987).

Thus, manipulations that are not replicated in
time or space may provide only limited infor-
mation. As shown above, replication in time but
not in space may be uninformative, especially when
rare events occur between years or when changes
in environmental conditions occur simultaneously
with the imposed regulations. Experiments with
both temporal and spatial replication are less likely
to be confounded by these events and will allow
the probability levels in classical hypothesis tests
to be calculated after the experiment (Hurlbert
1984). Even with Bayesian criteria, such experi-
ments also facilitate better discrimination among
alternative hypotheses than do manipulations with
only temporal replication (Walters 1986; Sains-
bury 1988; Carpenter 1990; Reckhow 1990).

Lack of Contrasting Treatments

Absence of informative ranges for stock abun-
dances and fishing patterns over time characterizes
many fisheries, especially conservatively managed
ones (Walters 1986; Walters and Collie 1989). This
pattern is apparent, for example, in management
of whales (Holt 1977; Allen 1980), of Pacific ocean
perch Sebastes alutus (Walters and Collie 1989)
and sockeye salmon in British Columbia (Walters
and Hilborn 1976; Collie et al. 1990), and of some
multispecies communities (Tyler et al. 1982;
Sainsbury 1988). The authors cited above noted
that ranges of fishing effort and stock abundance
in these fisheries are not wide enough to identify
clearly the best model of stock dynamics or to
provide reasonable estimates of model parameters
or maximum sustainable yield (MSY).

Managers often are reluctant to increase effort
to test their understanding of stock dynamics for
fear of overharvesting (Walters 1986; Sainsbury
1988; Walters and Collie 1989) or to decrease ef-
fort because of social or economic constraints. Yet
the inability of mathematical and statistical meth-
ods to eliminate uncertainty associated with ex-
isting data often indicates a need for “adaptive
probing” —that is, fishing effort needs to be sig-
nificantly changed to generate informative con-
trasts in the data. This approach thus would de-
crease varance estimates in model parameters
(Walters and Hilborn 1976; Ludwig and Hilborn
1983; Walters and Collie 1989).

Example.—Dwindling spawning escapements
of chinook salmon Oncorhynchus tshawytscha in
the Fraser River led managers to attempt to reduce
the terminal gill-net harvest by imposing a max-
imum gill-net mesh size in 1981. It was expected
that smaller nets would catch sockeye salmon and
pink salmon O. gorbuscha effectively but not the
larger chinook salmon. Indeed, the terminal gill-
net catch of chinook salmon decreased signifi-
cantly (K. Wilson, Canada Department of Fish-
eries and Oceans, personal communication), and
replication over several years produced results
consistent with the hypothesis that the new reg-
ulation was effective. However, adult chinook
salmon abundance continued to decrease after the
new regulation was imposed (Walters and Riddell
1986). Therefore, one cannot definitively conclude
that the new mesh regulations worked, because the
decrease in abundance may have accounted for
some or all of the decrease in catch of chinook
salmon (Wilson, personal communication).

Recommended improvements: Managers could
have more accurately estimated the effectiveness
of the mesh-size regulation in reducing the by-
catch of chinook salmon by applying simultaneous
contrasting treatments in which a portion of the
fleet used large-mesh nets and the remainder used
small-mesh nets. Managers could then have com-
pared the catch per unit effort (CPUE) for chinook
salmon between the two types of nets. If CPUE
for the two types of nets had decreased by about
the same amount after the new regulations were
imposed, then it would have been clear that the
overall decline in stock abundance was a major
contributor to the decrease in CPUE. In contrast,
if the CPUE for boats with small-mesh nets had
decreased much more than that for boats with
large-mesh nets, then the evidence would have
been stronger that the change in mesh size had a
larger effect than did the decrease in stock abun-
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dance. Statistical power analysis (Peterman 1990)
could also have been used to estimate the number
of boats to be equipped with large-mesh nets, so
that the effect (if any) of the new regulation on by-
catch of chinook salmon could be detected.

Lack of Statistical Independence

Pseudoreplication occurs when researchers use
inferential statistics to test for treatment effects in
data from experiments in which treatments were
not replicated or replicates were not statistically
independent (Hurlbert 1984). Green (1987) em-
phasized that a typical result of pseudoreplication
is that the variance'in error terms used in statistical
tests is underestimated. This inaccuracy can occur
if the variance among repeated samples of a single
treatment—rather than properly replicated treat-
ments—is used in the tests, or if treatment in one
experimental replicate affects measured responses
to treatment in other replicates and the replicates
are treated as independent from one another in
statistical tests.

Example.—Lack of independence among ex-
perimental units could also make it difficult for
managers to interpret responses to treatments. In
the Great Central Lake fertilization (enrichment)
project in British Columbia, the returns of adult
sockeye salmon to the nearby, unfertilized Sproat
Lake, which is in the same river system, were mon-
itored as a control. Addition of nutrients to the
treated lake was expected to increase its primary
and secondary productivity and thereby increase
the production of sockeye salmon rearing in Great
Central Lake. However, adult returns to both lakes
increased substantially following treatment of
Great Central Lake. LeBrasseur et al. (1978) at-
tributed the unexpected increase in adult returns
to Sproat Lake to (1) reduction in depensatory
mortality factors (e.g., from predators feeding on
smolts migrating from both lakes) as a result of
substantially increased smolt output from Great
Central Lake, (2) straying of Great Central Lake
adults into Sproat Lake, or (3) unplanned simul-
taneous cultural eutrophication in Sproat Lake,
which could have increased the food supply for
juveniles. The first two possible interactions make
Sproat Lake an unsuitable control in this experi-
ment.

Lack of independence between spatial units is a
universal problem for spatially replicated designs
in fisheries management. Strong interactions be-
tween adjacent fish stocks from migration, shared
predators, or competition for a shared food source
may violate their statistical independence, so

managers should be extremely careful in choosing
replicates to minimize this problem.

Lack of Interspersion

Where there are several experimental units or
stocks with different treatments, the use of inter-
spersion is critical to avoid confounding results
with spatial differences in properties of experi-
mental units (Hurlbert 1984). These differences
may represent an initial condition, or they may
arise from spatially distinct disturbances that oc-
cur once an experiment is in progress (Hurlbert
1984). If the differences occur along a gradient,
and if experimental units with different treatments
are arrayed along that gradient, it may be difficult
to distinguish treatment effects from other sources
of variation. Spatially interspersing the different
treatments across experimental units may reduce
the potential for such sources of confusion. Parallel
arguments also apply to the need for temporal
interspersion, whereby a stock is exposed to treat-
ment A for some period, treatment B for the next
period, and then to treatment A again. This pattern
reduces the possibility that the apparent initial
response to treatment B could be confused with
some temporal change in a variable that happened
to occur simultaneously with initiation of treat-
ment B.

Example. — As noted above, the by-catch of chi-
nook salmon in the Fraser River decreased after
the mesh size of gill nets was changed in 1981, but
it was unclear whether this decrease was due to
changing selectivity of nets or whether, as sug-
gested by other data (Walters and Riddell 1986),
chinook salmon abundance had simply decreased.
If the simultaneous contrasting-treatment design
recommended above proved unworkable, it might
be possible to eliminate one of these explanations
by monitoring total stock abundance and by in-
terspersing contrasting treatments in time. After
several years with the new, smaller-mesh nets, one
could allow the old-style, large-mesh gill nets again
for some period, which would create interspersion
in time of the two treatments—a period of years
of fishing with large-mesh gill nets followed by a
period with small-mesh gill nets, and then back to
large-mesh nets. If CPUE was high, low, and high
in those respective periods, and if stock abundance
was constant or showed a monotonic trend across
the three periods, this would indicate that the
change in mesh size was effective. But if the CPUE
pattern was high, low, and low, it would suggest
that decreasing fish abundance was mainly re-
sponsible for the decrease in by-catch in the second
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period and that the change in mesh size was not
very important.

Lack of Randomization

Randomization is critical when there is poten-
tial bias in selecting replicates for experimentation
from a population of potential replicates and in
assigning different treatments to experimental units
(Hurlbert 1984; Green 1987). Because of the many
constraints on applying experimental designs in
fisheries management, randomization is rarely
possible. The following example represents a case
of inadequate controls but also demonstrates how
randomization can be useful.

Example.—The experimental design of the large-
scale Lake Enrichment Program for sockeye salm-
on in British Columbia lacks proper controls be-
cause response variables have not been monitored
in untreated (unfertilized) lakes to the same extent
as in the 17 treated lakes (Hyatt and Stockner
1985). Ideally, controls and treatments should have
been randomly assigned to all lakes considered
suitable for treatment to avoid bias that could un-
duly influence the results. Lakes not chosen for
enrichment may not serve as valid controls pre-
cisely for the reasons they were not chosen in the
first place. For example, currently untreated coast-
al lakes that rear sockeye salmon generally are
nonoligotrophic, much smaller than treated lakes,
or fry-recruitment limited (K. Hyatt, Canada De-
partment of Fisheries and Oceans, personal com-
munication). Thus, rearing conditions may differ
significantly between treated and untreated lakes,
and the untreated lakes might be unsuitable as
controls for statistical tests of the effects of lake
enrichment on biomass of adult sockeye salmon.
Given various assumptions, empirically based
simulation modeling could be used to evaluate the
economic value and information payoffs of ran-
domization of treatments and controls and value
of a monitoring program in more sockeye salmon
rearing lakes.

Incomplete Measurement of Responses

In fisheries research and management, the re-
sponse variables that are monitored are sometimes
either uninformative or monitored inadequately
(Walters 1986). Attributes of a good biological re-
sponse variable include (1) linkage to the questions
and hypothesis tested, (2) relevance to regulations
and management as well as sensitivity to them,
(3) economic value, (4) tendency to change in some
consistent manner with respect to the type and

level of treatment, and (5) ability to be estimated
from sampling that is quick, precise, and minimal
in cost. The choice of response variables and the
spatial and temporal pattern in which they are
measured also affect the probability of an exper-
iment correctly detecting a response (Peterman
1990).

Example 1.—To determine whether hatcheries
are effective, Foerster (1938) estimated egg-to-
smolt survival rates for artificially and naturally
produced sockeye salmon at Cultus Lake, British
Columbia. However, because the ultimate goal of
hatcheries is to produce adult sockeye salmon,
measurement of egg-to-smolt survival rates may
have been insufficient. Egg-to-adult survival rates
would have been the appropriate response vari-
able because density-dependent responses after
smolts left the lake could have occurred, thereby
decreasing the benefits from the hatchery (Peter-
man 1987, 1991; Guthrie and Peterman 1988).
An even better design would have involved mea-
surement of both survival rates to create a higher-
power test.

Example 2. —In the British Columbia Lake En-
richment Program, scientists have not consistently
measured primary and secondary production,
sockeye salmon smolt sizes, and adult returns in
all 17 lakes that were fertilized (Hyatt and Stock-
ner 1985). Trophic responses and smolt sizes in
geographically remote lakes are monitored less fre-
quently than in more accessible ones, yet processes
of cultural eutrophication could depend on acces-
sibility. Thus, researchers may not be obtaining a
representative picture of the effects of lake enrich-
ment. Moreover, emphasis has been on the most
readily measured responses— primary and second-
ary production and sizes of smolts (Hyatt and
Stockner 1985). These responses provide only in-
direct evidence for the effect of lake enrichment
on biomass of adult returns.

Monitoring of adult returns in a larger number
of treated lakes and also in untreated control lakes
could improve the scientific basis for lake enrich-
ment. Currently, adult returns are monitored in
only four treated lakes because of mixed-stock
fisheries, remote location of spawning sites, and
poor documentation of procedures to generate his-
torical escapement estimates (Hyatt and Stockner
1985). With errors as large as 25% in estimated
abundance (Hyatt and Stockner 1985) and large
interannual variability in returns, it may take many
years to detect possible responses in the abundance
ofthe returns, as was found in Allen’s (1980) whale
example (see below). The potential net economic
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value of these additional monitoring efforts could
be evaluated through quantitative analysis to de-
termine if they are worth pursuing.

Low Statistical Power

Example.—White (1988) found that Foerster’s
(1938) Cultus Lake hatchery investigation had low
statistical power (i.e., low probability of rejecting
the null hypothesis of no difference between fresh-
water survival rates of hatchery and wild fish).
Although Foerster (1938) failed to find a signifi-
cant difference in survival rates, the low power of
his experimental design meant that he had at least
a 64% chance of making a type II error, if in fact
the mean observed survival rates reflected the true
values. Statistical power analysis was not known
in Foerster’s time, and it remains unclear whether
artificial propagation significantly improved egg-
to-smolt survival rates of sockeye salmon at Cul-
tus Lake. The potentially high cost of a type II
error is therefore possibly important; British Co-
lumbia may have forgone economic benefits of
hatchery propagation of sockeye salmon for many
years. The power of the test could have been im-
proved by increasing the duration of the study and
the number of hatchery sites employed. This ex-
ample shows that in the absence of other criteria,
unless the power of an experiment is expected to
be high, experimentation may not be worthwhile.

Examples of Better Experimental
Management Designs

This section contains examples of management
programs that address some of the experimental
design problems described above. Again, these are
not ideal experimental designs, but at least they
help improve our knowledge of managed fish pop-
ulations by eliminating some of the possible con-
founding interpretations.

Designs That Include Interspersion

Example.—Walters and Collie (1989) used in-
terspersion in their proposed experimental harvest
strategy for Pacific ocean perch in Canada. To ob-
tain better estimates of stock sizes and MSYs, fish-
ermen agreed in principle to three types of exper-
imental fishing zones: unrestricted, quota, and no
fishing (Figure 1). In the proposed design, these
three different treatments are interspersed across
seven fishing zones from north to south, each of
which contains a distinct substock and is identified
as an experimental unit. The one zone chosen for
no fishing is bordered by two chosen for quota

54 40'
SE-FREE FISHING

54° 00

SE-QUOTA
FISHING

BRITISH
58-CLOSED
(MORESBY GULLY COLUMBIA
510 39’

5B—QUOTA FISHING
51° 15' (MITCHELL GULLY)

SA-FREE FISHING
(GOOSE ISLAND GULLY)

50° 30

3D-QUOTA FISHING

49° 30'
3C-FREE FISHING

47° 20

FIGURE 1.—Proposed arrangements of closed, unre-
stricted, and quota fishing areas for a slope rockfish ex-
perimental management program off the British Colum-
bia coast (redrawn from Walters and Collie 1989). Areas
SE, 5B, etc,, are statistical areas used by the Canadian
Department of Fisheries and Oceans.

fishing to buffer the effects of unrestricted fishing
in other areas and to simplify enforcement of the
closure. The interspersion may help to distinguish
differences in responses to quota and unrestricted
fishing from latitudinal gradients that may exist
in productivity and stock abundance. The arrange-
ment also permits pairwise comparisons between
adjacent quota and unrestricted fishing areas (Wal-
ters and Collie 1989).

Designs That Include Randomization

Example.—Bergh et al. (1990) evaluated two
potential trawl gear experiments designed to test
for an effect on catch value per hour of towing
different types of trawl cod ends (diamond-mesh
and knotless square-mesh nets with different mesh
sizes). One experiment involved randomly assigh-
ing a single type of cod end to each vessel for each
trip. The other involved a randomized block de-
sign in which each vessel was to use all types of
cod ends during each fishing trip. In a complete
randomized block, all types of cod ends would be
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used in a series of successive tows. The order of
use of these cod ends would be chosen randomly—
that is, if there were four types of cod ends, the
first three would be picked randomly without re-
placement, and the fourth would be dictated by
the type not picked in the first three random
choices. Randomization, which occurred after the
site and target species were chosen, prevented bias,
for example, in the order of the choice of net types
with respect to each site and species. Furthermore,
the randomized block design required between 10
and 25% of the number of trips that the unblocked
experimental design required to yield acceptably
high statistical power in tests for the effect of gear
type on catch value. The randomized block design
has already been executed and has provided high-
er-power tests of hypotheses than originally ex-
pected (E. Pikitch, University of Washington, per-
sonal communication). The results could be
instrumental in the redesign of mesh-size regula-
tions for the demersal fishery along the Oregon
and Washington coast.

Designs That Include Statistical Power Analysis

Example 1.—Peterman and Routledge (1983)
showed that evaluating statistical power is essen-
tial to distinguish experimental designs that will
yield valuable information from those that will
not. Managers of Oregon coho salmon were un-
certain whether the relationship between abun-
dance of adult hatchery-produced coho salmon
and abundance of smolts released by hatcheries is
linear or shows density dependence. This is be-
cause marine survival rates are highly variable and
smolt abundances vary over a relatively narrow
range. Experimental management options includ-
ed repeated releases of moderate or large numbers
of coho smolts over varying periods. Peterman
and Routledge (1983) showed that both the num-
ber of smolts released per year and the duration
of the experiment critically affected the ability of
an experiment to indicate whether survival rates
of coho salmon in the ocean are density dependent.
These estimations of power of alternative designs
provide useful information to managers in their
choices among alternatives where experiments and
type II errors are very costly. For example, if ma-
rine survival rate is density dependent but man-
agers assume density independence, releases of
large numbers of smolts may generate low if not
negative net economic benefits because costs in-
crease with smolt releases (Peterman 1989, 1991).

Example 2.—Statistical power is also used to
evaluate experiments to estimate trends in stock

abundance and optimal harvest rate (Allen 1980;
Gerrodette 1987; Peterman and Bradford 1987;
Peterman 1990). Allen (1980) suggested that man-
agers may learn most about optimal harvest rates
of whale populations by harvesting different pop-
ulations at different rates and observing responses.
He evaluated whether this strategy was practical
by estimating the time that would elapse before
the rate of decrease in whale abundance would be
significantly different from zero. Estimations were
made with different « levels and levels of impre-
cision in the method of estimating whale abun-
dance. Allen found that the magnitude of deple-
tion in whale abundance that occurred before a
significant decrease in abundance could be de-
tected increased with a lower « level, a higher rate
of decrease in abundance, and more imprecision
in abundance estimates. In one example with a
low « level (0.05), high rates of change per year
(20%), and high imprecision (coefficient of vari-
ation, 30%), whale populations would be depleted
severely (down to 26% of initial levels) before a
significant decrease could be detected with greater
than 80% probability (after 7 years). Allen (1980)
emphasized the need to (1) carefully design man-
agement experiments to have high probability of
producing useful results, (2) decide in advance the
acceptable level of accuracy that would be sought
in the results, and (3) estimate abundance in a way
that minimizes the coefficient of variation.

Designs That Control for Temporal and
Spatial Variability

In the following five examples, the cited authors
have proposed harvest strategies designed to gen-
erate informative contrasts in the data, control for
spatial variability and effects of concurrent envi-
ronmental changes, and provide fail-safe plans in
case of overfishing.

Example 1.—As noted above, the purpose of
Walters and Collie’s (1989) proposed experimen-
tal harvest strategy for Pacific ocean perch is to
better estimate stock sizes and MSYs by estab-
lishing informative contrasts in the fishing effort.
Survey schemes were proposed to monitor re-
sponses of each of the seven substocks in the rep-
licated areas designated for unregulated harvest,
quota management, and complete closure of fish-
ing (Figure 1). Contingency plans were proposed
to detect and respond to collapse of stocks in the
unregulated zones.

Example 2.—In response to the uncertainty
about the stock dynamics of whale species, some
managers in the 1970s advocated a temporary
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moratorium on harvest. However, Holt (1977) ar-
gued that little will be learned about sustainable
yields from whale stocks unless attempts are made
to significantly change stock abundances. Thus,
Holt (1977) proposed an experimental harvest re-
gime in which different stocks of a whale species
would be subject to differing quotas set by opti-
mistic and pessimistic estimates of the state and
productivity of the stocks. These quotas would be
maintained for several years so that responses to
them could be monitored. Stocks with small
amounts of overlap in habitat were suggested for
this experiment so that any stocks that suffered
collapse could recover. by gradual immigration
from uncollapsed stocks.

Example 3.—Tyler et al. (1982) proposed two
different experimental fishing regimes for multi-
species fisheries. In the first, the objective was to
find the highest sustainable effort or catch level
that would maintain the viability of all species in
each multispecies assemblage. The managed com-
munities would consist of a group of similar yet
spatially distinct assemblages of ecologically in-
terdependent species. A replicate would consist of
an individual assemblage. The management plan
would explore a range of constant effort levels from
zero to levels thought to exceed MSY. The mix of
the catch would be set by fishermen and processors
and would remain constant within different as-
semblages and over time. Areas with zero effort
would serve as refugia so that migrants from them
could replenish areas subject to high efforts in case
of depletion.

Example 4.—The objective of the second re-
gime of Tyler et al. (1982) was to find out how
much an assemblage can be perturbed and still be
able to recover its original community structure.
The plan called for perturbation of one of three
groups of assemblages at a time for 2 years. Dif-
ferent harvest efforts (some at zero for safety) would
be applied to the assemblages in one group. After
2 years, the next group would be fished for 2 years
and the first group would not be fished for 4 years
to permit an observable recovery. Thus, each group
would be fished for 2 years at a time then not fished
for 4 years, and this pattern would be repeated
(Figure 2). Research cruises would monitor changes
in structure of the assemblage. Effort levels that
threatened the presence of some key species in the
assemblage would be reduced. Light effort levels
would be increased toward intermediate levels that
did not preclude recovery of assemblage species.

One problem common to the four examples
above is that migration between units would vi-
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FIGURE 2.—Schematic for experimental or adaptive
management of multispecies assemblages in transition
states (redrawn from Tyler et al. 1982). APUs = assem-
blage production units.

olate their statistical independence (see below) and
hence reduce the power of the experiments to de-
tect the true response. This deficiency must be
weighed against the benefit of having a fail-safe
source of fish if the target stock is unexpectedly
depleted.

Example 5. —Sainsbury (1988) outlined an ex-
perimental harvest strategy in a multispecies fish-
ery on Australia’s west coast. Considerable un-
certainty existed about the ecological dynamics of
the fishery, which involved four major demersal
species, and about the harvest methods and in-
tensity that could maximize economic yield. Ex-
tensive simulation modeling based on a Bayesian
approach, plus consultation among scientists,
managers, and fishermen, resulted in an experi-
mental design in which two adjacent areas have
been closed to trawl fishing for 5 years each, one
starting in 1985 and the other in 1987. At the end
of the closure, trap fisheries will be initiated for 5
years in each of the two areas (Figure 3). In two
additional areas trawling has been maintained. The
resulting design, which has spatially and tempo-
rally replicated contrasting treatments (two areas
with trawling and two with trap fishing), should
enable estimation of spatial and temporal vari-
ability in the responses to the management actions
(Walters et al. 1988). However, the design does
not control for spatial gradients in the properties
of the spatial units because it does not intersperse
treatments spatially (Figure 3) (see section above
on interspersion).

Example 6. —In contrast to the above proposals
for adaptive probing, the following experiment is
proposed to test a specific hypothesis rigorously.
Mean adult body weight has declined in most Brit-
ish Columbia pink salmon stocks in the past few
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FIGURE 3.—Spatial and temporal arrangement of
trawling, closed, and trap-fishing areas in the experi-
mental demersal fishery of the northwest coast of Aus-
tralia (redrawn from Sainsbury 1988).

decades (Figure 4; Ricker et al. 1978). Ricker et
al. (1978) hypothesized that these trends have re-
sulted from size-selective fishing gear. Gill nets
and troll gear catch larger-than-average individ-
uals and allow smaller individuals to escape (Rick-
er et al. 1978). If growth rate is heritable (Falconer
1981), as has been shown for other teleosts (Roff
1984) and for pink salmon reared under artificial
conditions (Beacham and Murray 1988), the trend
in body size may be an evolutionary response to
repeated size-selective removal of larger-than-av-
erage fish by fishing gear. However, Ricker et al.
(1978) did not exclude density-dependent or
oceanographic explanations for the observed
change in mean adult weight (Healey 1986). Man-
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FiGURE 4.—The decrease in mean adult body weight
for even-year pink salmon in statistical area 6 off the
central British Columbia coast (from McAllister 1990).
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FiGURE 5.—An experimental harvest strategy to test
the gear selectivity hypothesis for British Columbia pink
salmon (from McAllister 1990). The fixed 2-year life
cycle of pink salmon permits odd- and even-year pop-
ulations to be treated as separate experimental units.

agers could rigorously test this gear selectivity hy-
pothesis by conducting size-selective fishing with
gill-net gear and nonselective fishing with seine
gear in areas having separate stocks of pink salmon
(Figure 5) (McAllister 1990). The trends in mean
weight would be monitored in these areas. By ap-
plying different treatments simultaneously among
the fishery areas, managers may be able to distin-
guish possible gear effects from environmental ef-
fects. Environmental effects would be present in
both selectively and nonselectively fished areas,
whereas gear effects would be present only in se-
lectively fished areas. Furthermore, replication of
treatments would enable managers to compute the
variance and probability level of the estimate of
heritability of body size (McAllister 1990).

Staircase Design to Deal with Time-Treatment
Interactions

Example.—In some situations managers are
prevented from distinguishing possible effects of
their actions because of possible time-treatment
interactions (Walters et al. 1988, 1989). Treated
units may respond differently than untreated units
to environmental changes. In British Columbia
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and Washington, several hatcheries began pro-
duction of chinook and coho salmon over a decade
ago. Results from coded wire tag surveys have
shown substantial declines in survival rates of
hatchery-produced but not of wild chinook and
coho salmon (Walters and Riddell 1986). Accord-
ing to one hypothesis, hatchery declines represent
a transient response (whose magnitude changes
with time) in which high initial successes are fol-
lowed by moderate sustainable production after
adjustment to diseases, predation, and other lim-
iting factors (Walters et al. 1988). However, de-
clines have coincided with a warming trend in
ocean temperatures (Walters et al. 1988). So, ac-
cording to another hypothesis, hatchery-produced
and wild fish are affected differently by transient
environmental effects (e.g., hatchery-produced fish
may be more sensitive than wild fish to a warming
trend, perhaps because of differences in growth
rates of hatchery and wild fish), and production
levels will increase once the trend reverses (Wal-
ters et al. 1988).

To control for such time—treatment interactions,
Walters et al. (1988) developed the staircase design
in which treatments are initiated sequentially in
separate experimental units. Monitoring would
take place before initiation of treatments to detect
time trends and variability in the properties to be
measured that might be unique to each experi-
mental unit. (However, it is questionable whether
such time trends could be correctly assumed to
continue during the experiment.) Treatment of the
second experimental unit would begin 2 years after
the first, for example. Treatment of the third unit
would begin 3 years after the second, and so on
(Figure 6). Designs can include relatively few con-
trol areas and widely spread starting times for
treatments (Walters et al. 1988).

Designs in which treatments all start at the same
time do not enable researchers to distinguish be-
tween transient responses to treatments and time—
treatment interactions. In contrast, in a staircase
design the transient responses that result from the
management action (e.g., relaxation of selection
for competitive ability in hatcheries) will occur at
the same length of time after initiation in each
experimental unit and, because the times of ini-
tiation of treatments are sequential, transient re-
sponses will not all occur in the same calendar
year. On the other hand, time-treatment interac-
tions that affect treated units independently of the
time of initiation (e.g., oceanographic effects on
survival rate) will show effects in the same year
across all treated units and will not be apparent

12 3 45 6 7 8 910
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FIGURE 6.—An example of temporal and spatial ar-
rangement of treatments in a staircase experimental de-
sign (redrawn from Walters et al. 1988). Shaded boxes
show treated time—-area combinations. Clear boxes show
nontreated time-area combinations.

in control units (Figure 6). Time-treatment inter-
actions that affect treated units only at certain pe-
riods after initiation can also be distinguished: these
responses will appear only in units in which treat-
ments are initiated at the same time; they will not
appear in other units in which treatments are start-
ed at other times. Replication at each time of ini-
tiation will be required to distinguish these inter-
action effects from possible trends unique to each
experimental unit.

Evidence from Decision Analyses That
Include Uncertainty

The most convincing arguments in favor of tak-
ing an experimental approach to fisheries man-
agement come from case studies where researchers
evaluated economic benefits of a variety of man-
agement options, including status quo and exper-
imental strategies. The most sophisticated of the
analyses include (1) various biological uncertain-
ties in the form of alternative hypotheses about
the true production dynamics, weighted by their
probabilities of occurrence; (2) several manage-
ment options, some of which help discriminate
between alternative biological hypotheses; and (3)
analyses of the decision options across these hy-
potheses (e.g., Walters and Hilborn 1976; Walters
1977; Sainsbury 1988; McAllister 1990; Parma
and Deriso 1990; Welch and Noakes 1990). For
example, Sainsbury (1988) calculated that, given
the uncertainty about the extent of interaction
among species in the northwestern Australian
groundfish community, an experimental fishing
strategy (Figure 3) is likely to generate as much as
1.99 times the current value of the fishery. This
result depends on the duration of the experimental
trial and the assumed-true biological situation.
Also, this experimental fishing strategy has a high-
er probability of enabling discrimination between
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alternative ecological models and their parameters
than do other possible management policies. Sim-
ilarly, McAllister (1990) estimated through exten-
sive modeling and sensitivity analyses that a block-
designed fishing experiment on pink salmon in
British Columbia (Figure 5) has a high probability
of detecting significant heritability in salmon body
weight, which in combination with size-selective
fishing might be the cause of the large decrease in
body weight of fish. This experiment can also gen-
erate as much as a 45% increase in present eco-
nomic value of the catch. Finally, Welch and
Noakes (1990) showed that, regardless of the un-
certainty concerning the degree of interaction
among year-classes of Adams River sockeye salm-
on in British Columbia, an experiment with equal
escapement targets each year (as opposed to the
current wide range of escapement targets in each
group of 4 years) could increase the net present
value of the fishery by between Can$675 million
and $3 billion, depending on the true degree of
interaction among year-classes. These examples
suggest the enormous potential economic benefits
of experimental management.

Applicability of Experimental Design

Most fisheries situations are amenable to some
form of experimental design. Even when there is
a large unit stock (e.g., Pacific halibut), temporal
replication and interspersion of large and small
quotas, for example, could help managers discrim-
inate more effectively among alternative hypoth-
eses about productivity, compared with constant
harvest rate policies (Parma and Deriso 1990).
However, more features of good experimental de-
sign can be employed as the number of statistically
independent units available for experimentation
increases. This is especially true where noninter-
acting fish populations occur in separate ponds,
lakes, or rivers. Replication of treatments and hence
better designs can also be achieved in studies on
unit stocks or assemblages of species when the
response variables of interest relate to the opera-
tion of the fishing fleet (e.g., fishermen behavior,
gear design, and gear effectiveness), instead of to
the basic population biology of a stock or assem-
blage (Pikitch 1988; Bergh et al. 1990).

Constraints on Experimental Management

Applying an experimental approach to manage-
ment, however, is not without severe constraints.
For example, an experimental harvest strategy be-
comes less acceptable as it decreases fishing effort,
increases inconvenience to fishermen, or leads to

significant displacement of fishermen from their
traditional fishing grounds or from the fishery al-
together. In contrast, a strategy that permits tem-
porarily increased fishing effort to test for a higher
sustainable yield than previously estimated may
be readily accepted because of the potential short-
term gains for industry. If an experiment is to be
made acceptable to fishermen, the expected pay-
offs from experimentation must be apparent to
them. Under some circumstances, managers may
make experimental harvest plans acceptable to
fishermen by providing some form of compensa-
tion (Tyler et al. 1982) or by showing them that
the experiment is in their best interest (e.g., the
British Columbia groundfish fleet was willing to
increase costs of monitoring because they believed
that the experiment would lead to increased quo-
tas) (Walters and Collie 1989). Experimental re-
gimes with high fishing effort on some replicate
stocks and low effort on others (Holt 1977) could
generate useful contrasts in data while at the same
time satisfying widely different positions taken by
those favoring a moratorium on harvest and those
favoring unrestrained effort.

The acceptability and chance of success of an
experimental harvest strategy clearly depend on
the cooperation of fishermen. A strategy may have
the largest expected payoff over other alternatives
yet may be opposed by skeptical fishermen. Fish-
ermen may find experimentation more agreeable
(1) if they have experienced significant declines in
stock abundance, (2) if they engage in debate with
managers over stock abundance and the appro-
priate level of fishing effort, or (3) if managers
actively seek cooperation with them, admit to un-
certainty, and inform them of management ra-
tionale (Pringle 1985; Peyton 1987; Walters and
Collie 1989). The experimental idea is novel to
most fisheries and may gain acceptance only if
introduced on a small scale or with a set of small
stocks (Tyler et al. 1982; Bergh et al. 1990).

Conclusions

This review of various management situations
demonstrates that proper experimental design and
good statistical practice are important means to
generate information essential for improved man-
agement of fisheries. With a rigorous experimental
approach, managers can learn whether stocks are
being overharvested or underharvested, whether
regulations are having desired effects, and how to
modify harvest regimes as a result of improved
information (Smith and Walters 1981; Walters
1986; Sainsbury 1988; Peterman 1990). Reduc-
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tion of uncertainty about biological processes will
also reduce controversy oveg conditions of ex-
ploited stocks and effectiveness of methods of stock
enhancement or management.

It is unlikely that a perfect experimental design
will ever be feasible in fisheries management, giv-
en all of the real-world constraints, so analysts
must explicitly identify trade-offs among alter-
native designs. They should examine two or more
experimental designs (with different numbers of
replicate stocks or different periods of treatment,
for instance) and quantify several measures for
each design, including (1) the probability of cor-
rectly discriminating between the alternative bi-
ological models that are behind key areas of un-
certainty, (2) the expected economic value of that
design, and (3) risks. Such quantitative simulation
analyses of alternative experimental designs (e.g.,
Sainsbury 1988; McAllister 1990) will permit
managers to make informed choices of experi-
mental management options.

Despite the constraints noted in the previous
section, there is growing interest in the application
of experimental design in fisheries management.
The experimental designs of Sainsbury (1988),
Walters and Collie (1989), and Bergh et al. (1990)
for demersal fisheries demonstrate that fishermen,
as well as managers, are willing to cooperate. Also,
the gap between theory and practice could soon
narrow; for example, managers of Fraser River
sockeye salmon in British Columbia (Collie et al.
1990) and members of the Northwest Power Plan-
ning Council in Portland, Oregon, who are at-
tempting to rehabilitate Columbia River basin
salmonids (Lee and Lawrence 1986; Orians 1986)
recently have expressed interest in experimental
management. Programs that combine good ex-
perimental design with comprehensive, quantita-
tive assessments of biological uncertainties, policy
options, and potentials for learning will undoubt-
edly uncover many other situations in which man-
agers and the fishing industry are likely to benefit
from experimental management. We hope this re-
view will stimulate more genuine interest in ex-
perimental management and help erode existing
barriers to its implementation.
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