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Abstract: We describe two structured decision-making metbods—one using a bierarchy of goals and a second
using ranking on the sum of weighted criteria—that may be useful for many practical conservation prob-
lems, particularly wben advisory groups evaluate the output of simulation models. We illustrate both meth-
ods by applying them to the problem of choosing a management strategy to address the “mobbing” problem
in endangered Hawaiian monk seals. Botb methods require estimates of the probabilities of various out-
comes, such as a population size of more than 400 seals after 20 years under a specific management regime.
We used a simulation model of a small monk seal population to generate these probabilities. Botb methods
provide an explicit, well-documented, and reproducible decision process tbat belps justify the decision.
Furthermore, they are easy for those untrained in decision analysis to understand and use, they focus
discussion on management objectives, they facilitate an examination of trade-offs in the light of multiple
and sometimes conflicting objectives, they are suitable for use in worksbops, and, at ledst in our example,
they lead to management recommendations that are not bigbly sensitive to minor changes in probability
estimates or otber factors.

Seleccionando una estrategia de manejo: dos métodos estructurados de toma de decisiones para evaluar las
predicciones de modelos de simulaciéon estocisticos

Resumen: En este trabajo describimos dos métodos estructurados para la toma de decisiones—uno que usa
una ferarquia de objetivos y otro que usa una clasificacién de acuerdo a la suma de los criterios a los cuales
se les ba asignado un peso de acuerdo a su importancia relativa—que podrian ser utiles para muchos
problemas prdcticos de conservacion, particularmente cuando grupos asesores evaluan el resultado de
modelos de simulacion. llustramos ambos métodos aplicdndolos al problema de la seleccion de una estrate-
8ia de manejo para atacar el problema de comportamiento sexual agresivo (“mobbing”) en poblaciones de
Jfocas Hawaianas. Ambos métodos requieren estimaciones de las probabilidades de obtener los distintos
resultados, tales como un tamasio poblacional de mds de 400 focas luego de 20 arios bajo un régimen de
manejo especifico. Para generar estas probabilidades usamos un modelo de simulacion de una pequeria
poblacion de focas. Ambas métodos proveen un proceso de decision explicito, bien documentado y repro-
ducible que ayuda a justificar la decision. Mds ain, son fdciles de entender y usar por personas no entrenadas
en el andlisis de decisiones, centran la discusion sobre los objetivos de manejo, facilitan el exdamen de
soluciones intermedias considerando objetivos multiples y a veces opuestos, son adecuados para ser utiliza-
dos en talleres de trabajo y, por lo menos en nuestro ejemplo, conducen a recomendaciones de manejo que
no son muy sensibles a cambios pequenos en_las estimaciones de las probabilidades u otros factores.
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Introduction

Conservation issues are complex, and relevant scientific
data are often fragmentary. Various constituencies often
have conflicting opinions regarding the best course of
action, and decision makers are faced with the difficult
task of not only choosing a management strategy but
also convincing various parties that the choice is sensi-
ble.

“Humans are notoriously poor at making choices
when there are significant uncertainties, conflicting ob-
jectives and complex interactions,” so it is important
that we try to make our conservation decision processes
as explicit and rational as possible (Maguire 1991). The
use of an explicit framework to guide conservation de-
cisions can help us choose strategies that are consistent
with our goals, data, and beliefs, that document the de-
cision-making process, and that make it easier to defend
our decisions.

Operations research and management science, the ac-
ademic disciplines dealing with scientific approaches to
decision making, offer a number of decision-making
frameworks that may prove useful for conservation bi-
ologists. So far, however, only one technique—decision
trees with an expected value criterion—has been
widely applied to problems of endangered species ( Thi-
bodeau 1983; Maguire 1986, 1987; Maguire et al. 1987,
1988; Maguire & Lacy 1990; Maguire & Servheen 1992;
Soulé 1989). This technique may not be the best for all
conservation problems (Starfield & Herr 1991; Ralls et
al. 1992).

Conservation biologists have devoted considerable ef-
fort to simulation models of small populations, which
form the basis of population viability analysis (Soulé
1987; Nunney & Campbell 1993). These models can be
used to show the probable results of various manage-
ment strategies. Much less effort has been devoted to
the still difficult problem of choosing a management
strategy based, at least in part, on the modeling results.
The choice of a strategy is often made at workshops or
other meetings where the participants are likely to have
different priorities and agendas. We therefore sought
structured decision-making methods that groups could
use to evaluate the results of simulation models based
on a variety of criteria.

Multiple-criteria decision making methods generally
assume that the consequences of a decision can be es-
timated deterministically, however imprecisely. The
consequences of choosing a specific management strat-
egy for an endangered species are inherently stochastic.
How to handle both uncertainty and multiple-decision
criteria is an open question in multiple-criteria decision-
making research (Stewart 1992). Goodwin and Wright
(1991) and Stewart (1992) provide reviews of multiple-
criteria decision-making methods.
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Given an environment of probabilistic outcomes and
group decision making, we prefer techniques that pro-
mote explicit discussions of priorities and trade-offs and
avoid the use of multi-attribute utility (Starfield & Herr
1991). We believe that a decision-making technique for
conservation problems should be easy for the nonex-
pert to use and understand (Stewart 1992). If all con-
cerned parties understand and participate in the deci-
sion-making process, they will be more likely to support
the conclusions of the analysis. Finally, we believe that
techniques should provide robust results—that is, rec-
ommendations should not be highly sensitive to minor
changes in probability estimates or other factors (Stew-
art 1992).

We describe two structured decision-making meth-
ods that meet these criteria: establishing and using a
hierarchy of goals, and ranking on the sum of weighted
criteria. Our purposes are to introduce these methods
into, the conservation biology literature, show how they
can be tailored to fit circumstances, and encourage the
use of structured decision-making methods in conserva-
tion biology.

Methods

We illustrate both methods by applying them to the
selection of a management strategy to address the “mob-
bing” problem in endangered Hawaiian monk seals (Mo-
nacbus schauinsiani) (Starfield et al. 1995). Some
monk seal populations appear to be limited by an ag-
gressive behavior known as mobbing, in which adult
males injure and often kill adult females and immature
scals of both sexes in mating attempts. The frequency of
mobbing deaths appears to increase as the population’s
adult sex ratio becomes increasingly male-biased, al-
though the exact relationship between these two vari-
ables is unknown. We consider eight alternative man-
agement strategies, described in Starfield et al. (1995)
that encompass the range of suggested approaches to
the problem: nonintervention, “wait and see,” adding
females to the population, and removing males from the
population.

Both decision-making methods require estimates of
the probabilities of various outcomes, such as the prob-
ability of 2 population size of more than 400 seals after
20 years under a specific management regime. We gen-
crated these probabilities by running our monk seal
model (Starfield et al. 1995) 1000 times to estimate
cach probability. Because the exact relationship be-
tween the adult sex ratio and the frequency of mobbing-
related deaths (the mobbing response) is unknown, we
modeled five alternative assumptions about the mob-
bing response. While the details of the model and these
five assumptions are not germane to the present paper,
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it is important to note that each assumption produced
different estimates of the probabilities of various out-
comes.

We describe a hypothetical workshop in which the
participants have agreed to use our model and the two
decision-making methods to evaluate the management
strategies on three major criteria: the probable effect on
the demography of the seal population, the number of
mobbing deaths likely to be prevented, and the cost of
management. Participants disagree, however, on the rel-
ative importance of the latter two criteria.

Inspection of the probabilities of various outcomes
generated by the model under the eight management
strategies and one of the five assumptions regarding the
mobbing response does not lead to a clear choice of
management strategy (Table 1). In general, strategies
that are likely to reduce deaths are also likely to require
repeated and expensive intervention, while strategies
that minimize intervention are correlated with a re-
duced probability that the seal population will flourish.
The two methods described below are designed to
structure the evaluation of the alternative strategies.

A Hierarchy of Goals

Linear programming is a standard technique for maxi-
mizing (or minimizing) a single objective subject to a
suite of linear constraints. Goal programming is an ex-
tension of the linear programming algorithm to multiple
objectives (see Porterfield 1974; Spronk 1981). We are
not concerned here with linear problems or constraints,
but we are concerned with multiple objectives. We
therefore borrow from goal programming only the way
in which it defines a hierarchy of objectives or goals: we
list our most important goal first, our next most impor-
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tant goal second, and so on (Table 1). There are two key
points to this approach. It is essential to choose priori-
ties thoughtfully, because management strategies that
do poorly on high-priority goals will be eliminated and
not reconsidered, and goals need not be independent.

Participants in our hypothetical workshop agree on
the first three goals in Table 1, which aim to promote
the viability of the seal population (a small number of
adult females and a male-biased adult sex ratio after 20
years are both good indicators of likely future problems
in the population). Some pamcxpants however, believe
that preventing mobbing injuries and deaths is the next
most important consideration, while others are more
concerned about the cost of management intervention,
and a third group wants to see the seal population flour-
ish irrespective of cost.

The fact that goals need not be independent is the key
to compromise: it allows the desires of one group to be
met partway and then readdressed after addressing the
needs of another group. We make a partial concession to
costs in Goal 4, which minimizes the probability of hav-
ing to intervene (remove or add seals) more than three
times in 20 years. This goal is not ideal for those most
concerned with costs: they want to intervene no more
than once (or at most twice) in 20 years. We then do
our best to promote the growth of the seal population
and to minimize the chance of future imbalances in the
adult sex ratio in Goals 5 and 6. We then address the
concern about seals killed in mobbing events. Those

.expressing this concern would like fewer than 50 such

deaths to occur in 20 years. In Goal 7 we meet them
partway by minimizing the probability of more than 100
deaths. We return to the question of cost in Goal 8 and
this time try to intervene less than twice in 20 years.
Finally, in Goal 9, having satisfied all other goals, we try

Table 1. AMMW“MM“M&NWMMWWMW@
the mobbing problem in Hawaiian monk seals.
Probability

Strategy Number®
Goal® 1 2 3 4 5 6 7 8
1. Total population <100 ( minimize) 0.15 0.00 0.00 0.00 0.00 0.00 0.10 0.01
2. Adult females <60 (minimize) 0.45 0.00 0.00 0.00 0.00 0.00 0.31 0.09
3. Sex ratio =1.4 (minimize) 0.38 0.00 0.00 0.00 0.00 0.00 0.25 0.01
4. Intervened >3 times (minimize) — 0.03 0.08 0.05 0.11 0.69 0.98 0.09
S. Total population 400 (maximize) 0.32 0.98 0.98 0.88 0.90 092 0.42 0.52
6. Sex ratio <1.0 (maximize) 0.41 097 098 0.97 0.98 0.97 0.57 0.92
7. Mobbing deaths =100 (minimize) 0.67 0.00 0.00 0.00 0.00 0.00 0.55 0.20
8. Intervened <2 times (maximize) —_— 0.20 0.06 0.33 0.08 0.02 0.00 0.50
9. Mobbing deaths <40 (maximize) 0.06 0.95 0.99 0.58 0.73 0.76 0.07 0.06

“ All outcomes are either at the end of 20 years (such as total population) or totals for the entire 20-year period (such as mobbing deatbs).
® 1 = no action; 2 = remove 10 males each year in which adult sex ratio is more than 1.2; 3 = remove 10 males each year in which more than
three mobbing deaths occur; 4 = remove 10 males each year in which more than six mobbing deaths occur; 5 = remove 10 males if no action
was taken in previous year and more than three mobbing deaths occurred in present and previous year; 6 = remove five males each year in
which more than three mobbing deaths occur; 7. = add 10 females each year in which sex ratio is more than 1.2; 8 = no action for six years,
then remove 10 males each year in which more than six mobbing deaths occur.

Conservation Biology
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to keep mobbing deaths below the threshold of 50
deaths in 20 years.

The flexibility offered by this approach might enable
workshop participants to agree on a single list of goals.
If not, the workshop could produce more than one list,
each list reflecting a different point of view. The analysis
would proceed with multiple lists and would show how
sensitive the solution is to differences in priorities.

Suppose the participants in our workshop have
agreed on the prioritized list of goals shown in Table 1.
At this point we depart from classical goal programming
and develop a simple filter process for reaching a deci-
sion. We begin with all eight strategies as viable options
and test them using the probabilities generated by the
model against each of the goals in order (Table 1).

Strategies 1 and 7 have the highest probabilities that
the final total population will be less than 100. We sup-
pose that the discussion concludes that a 0.15 probabil-
ity is acceptable, so all eight strategies survive the first
goal.

Next we look at the second goal and see that Strate-
gies 1, 7, and 8 have higher probabilities that the final
number of aduit females will be less than 60. At this
stage we might decide to filter out Strategies 1 and 7 but
leave Strategy 8 in play. Continuing in this way, discuss-
ing the questionabie strategies at each stage, dropping
some and retaining others, leads to the results in Ta-
ble 2.

In this case, the filtering process produces one strat-
cgy, Strategy 2. But there is little to be lost by opting for
Strategy 4 rather than Strategy 2 if Strategy 4 is prefer-
able in some way—less expensive or ecasier to imple-
ment. Thus, we can use Table 2 as a basis for discussing
the trade-offs between strategies in terms of issues that
are not addressed by the simulation model

Looking back up the hierarchy of goals in this way
helps meet a criticism of this goal-filtering approach,
that it is too drastic—once a strategy is dropped from
consideration it is irretrievably lost (T.). Stewart, per-
sonal communication). Another way of meeting this
criticism is what we might call “provisional filtering.”
When we are unsure about whether or not to retain a
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strategy, we retain it but mark it with a question mark.
A questionable strategy might be dropped further down
the hierarchy as it emerges that it does not meet later
goals, or it might be reinstated if it outperforms all the
other retzined strategies with respect to several goals
further down the hierarchy that collectively seem more
important.

So far we have based the entire analysis on the prob-
abilities in Table 1, which were calculated using only
one of the five assumptions regarding the mobbing re-
sponse. Thus, we have ignored one of the dimensions of
our decision space: the uncertainty about the exact re-
lationship between the adult sex ratio and the frequency
of mobbing-related deaths. We can repeat the probabil-
ity of calculations and the provisional filtering process,
however, using the other four assumptions about this
relationship. The resuits of this process are shown in
Table 3. We conclude that Strategy 3 has a good chance
of achieving our goals regardiess of the exact mobbing
response.

Ranking on the Sum of Weighted Criteria (SMART)

Our second method is a2 well-known member of a class
of techniques known as Simple Multi-Attribute Rating
Techniques, or SMART, and is described by Goodwin
and Wright (1991) and Von Winterfeldt and Edwards
(1986). We call this technique “ranking on the sum of
weighted criteria,” or SMART ranking. SMART ranks op-
tions on the basis of some measure of performance, in
this case the probabilities of various outcomes under
the alternative management strategies.

" The first step, as in the goal-hicrarchy method, is to
identify our criteria for evaluating alternative manage-
ment strategies. (To conform with the operations re-
search literature, we use the term criteria rather than
goals because we will not prioritize them). The differ-
ence between SMART and the goal-hierarchy method is
that our criteria here must be independent (Keeney &
Raiffa 1976; Keeney 1992). As before, we have three
primary criteria to consider: the viability of the seal pop-
ulation, the cost of management, and the number of

Table 2. Rsuluofﬂheﬂngonnwepnblemegleuiug&el\leranhyofgodsmdpmhbﬂiﬂaln‘hblel.

Acceptable Strategies (X)*

Goals 1

LN
n

. Total population not <100 X
. Adult females not <60

Sex ratio not =1.4

Do not intervene >3 times

Total population 2400

Sex ratio <1.0

Mobbing deaths not =100

. Intervene <2 times

. Mobbing deaths <40

VDAV N
MM HMHHK|N

E R R R R R A
t R R R R R R
R R Rk

E R R

L AR

HHHxlo

* See Table 1 for strategy definitions
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Table 3. Retained strategies using the provisional filtering
process and five assumptions regarding the way in which
mobbing deaths increase as the adult sex ratio becomes
increasingly male-biased.

Strategies®
Assumption 1 2 3 4 5 6 7 8
1 X x?
2 X? X?
3 X X
4 X X X
5 X X X x

* Strategies without question marks are definitely retained; strate-
gies with question marks are possibly retained See Table | for strat-
egy definitions

seals killed by mobbing, and they are indeed indepen-
dent. Under each of these major criteria we can specify
secondary criteria such as “the total population size af-
ter 20 years should be more than 100 seals.” The sec-
ondary criteria need not be independent and will look
very much like the goals in the previous method. In fact,
we can use our experience with that method to reduce
their number, because the goals relating to the adult sex
ratio had no impact on the previous results.

Our workshop has produced the following list of pri-
mary and secondary criteria (secondary criteria are
numbered sequentially, irrespective of the primary cri-
teria ):

Population Viability (primary)

(1) The total population after 20 years should be more
than 100 seals.

(2) The number of adult females should not be less
than 60.

(3) The total population after 20 years should be more
than 400.

Management and Costs (primary)

(4) Do not intervene more than three times in 20

years.
(5) Intervene less than twice in 20 years.

Number of Mobbing Deaths (primary)

(6) Prevent more than 100 mobbing deaths during 20
years.

(7) Prevent more than 40 mobbing deaths during 20
years.

The next step is to measure the performance of the
strategies with respect to each criterion. For this we
require a score on a scale from the least desirable to the
most desirable. The probabilities in Table 1 provide a
basis for scoring. We can use the probabilities as they
are for the criteria corresponding to goals whose prob-
ability of occurrence we wished to maximize in the
previous analysis; for the others, we can compute the
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required score by subtracting the probability in the ta-

_ ble from 1.00. To adjust the scores so that they are all on

a scale of 0 to 100, we multiply them by 100 (Table 4).
The next step in the computations is to assign weights
to the criteria. Some useful ways of helping workshop
participants arrive at suitable weights are discussed in
Chapter 12 of Goodwin and Wright (1991). To keep our
total score for each strategy on a scale of 0 to 100, we
must ensure that the weights add up to exactly 1.00.
Also, because our secondary criteria are not indepen-
dent and we have different numbers of secondary crite-
ria within primary criteria, we must first assign weights
to the primary criteria and the subdivide each of the
primary criterion weights among the secondary criteria
in that category.

Suppose our workshop participants agree that popu-
lation viability is twice as important as either manage-
ment costs or mobbing deaths and that management
costs and mobbing deaths are equally important. We
therefore assign a weight of 0.5 to population viability,

- 0.25 to costs, and 0.25 to mobbing deaths. We then

divide the 0.5 among the three secondary population-
viability criteria. If we let W, denote the weight ac-
corded to criterion j, we might set W, = 0.2, W, =
0.15,and W, = 0.15. In a similar fashion, suppose work-
shop participants set W, = 0.15, W = 0.10, Wg = 0.15,
and W, = 0.10.

We let S, denote the score of management strategy /
with respect to criterion j on the 0-to-100 scale and
calculate the weighted total score T, for each strategy §
using the formula

T, = sum over all j of W,S,,

and we rank the strategies from highest to lowest total
score. The resuits (Table 4) agree well with those of the
goal hierarchy analysis: management Strategies 2, 3, and
4 are in the top three positions.

The final step is sensitivity analyses, which are easy to
perform if a2 computer program has been written or a

Table 4. Scores for the SMART ranking analysis based

on the probabilities in Table 1.
Criterion® Final
Strategy 1 2 3 4 5 6 7 Score Rank

1 8 55 32 100 100 33 6 61 7
2 100 100 98 97 20 100 95 91 1
3 100 100 98 92 6 100 99 89 2
4 100 100 88 95 33 100 58 87 3
S 100 100 9 89 8 100 73 85 4
6 100 100 92 31 2 100 76 77 5
7 90 69 42 2 0 45 7 42 -8
8 6

99 91 52 91 S0 80 6 73

* 1 = total population after 20 years > 100 seals; 2 = number of
adult females 360; 3 = total population after 20 years >400; 4 =
no more than three interventions in 20 years; 5 = intervene less
than two times in 20 years; 6 = prevent > 100 mobbing deaths in 20
years; 7 = prevent >40 mobbing deaths in 20 years

Conservation Biology
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spreadsheet set up to do the calculations. Two types of
sensitivity analysis are relevant. First, we can vary the
weights assigned to the various criteria: we could, for
example, compare two competing weighting systems.
(SMART methods tend to be insensitive to all but very
large changes in the weights used [Von Winterfeld &
Edwards 1986}; this can be regarded as an advantage or
a disadvantage). Second, we can vary the parameters or
the weakest assumptions in our model—in other words,
the relationship between mobbing-related deaths and
the adult sex ratio.

We performed both types of sensitivity analysis, and
in almost every case we found Strategies 2, 3, and 4 (not
necessarily in that order) in the top three positions and
Strategy 7 in the last position. All three recommended
strategies call for immediate action and the removal of
10 males from the population (Starfield et al. 1995).
They differ only in the event chosen as a trigger for
management action—a particular sex ratio or number of
deaths due to mobbing in the previous year. As with the
goal-hierarchy method, the results were robust, that is,
the recommended management strategies were similar
regardless of the weights we assigned to the various
objectives or our assumptions about the relationship
between mobbing deaths and the adult sex ratio in the
population. It is worth noting that, at least in this exam-
ple, using structured decision-making methods to eval-
uate the modeling results led to more robust conclu-
sions than did simple inspection of the model's output
(Starfield et al. 1995).

Concluding Discussion

The use of structured decision-making methods does
not necessarily lead to the right decision, but it does
help us reach a decision consistent with stated goals (for
example, maximizing final population size and minimiz-
ing the number of management interventions), data
(such as demographic data for monk seals), and beliefs
(for example, mobbing-related deaths tend to increase
as the population sex ratio becomes increasingly male-
biased).

The two decision-making methods we describe share
several important properties: (1) they provide an ex-
plicit, well documented, and reproducible decision pro-
cess that helps to justify the decision; (2) they are easy
for those unfamiliar with multicriteria decision-making
methods to understand and use; (3) they promote and
focus discussion on objectives and priorities; (4) they
facilitate a structured examination of multiple objec-
tives and the resulting trade-offs; (5) they are flexible
and nonprescriptive and are suitable for use in work-
shops and meetings; and (6) they tend to produce ro-
bust recommendations.

Both methods are capable of dealing explicitly with
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uncertainty and perceptions of risk, but in different
ways. In the goal-hierarchy method, we make compara-
tive decisions about uncertainty when we decide which
strategics to accept and which to reject at each stage of
the filtering process. In SMART, we have control over
how to derive the score for a criterion from the proba-
bility of a particular outcome. We chose in Table 4 to
makes scores directly proportional to the probability. If
we were more adverse to risk, we might choose to make
the score proportional to the square of the probability.

The two methods also differ in the way they deal with
multiple objectives (goals or criteria). The goal-
hierarchy method considers goals sequentially, one at a
time in order of importance, while the SMART ranking
method considers all the criteria simultaneously. The'
advantage of considering goals sequentially is that we
are required to make conscious decisions about priori-.
ties. For example, we chose in Table 1 to minimize the:
risk of bad outcomes first and then to attempt to max--
imize good outcomes. This procedure reflects a more
cautious approach to conservation decisions than that
implied by the use of expected values (Starfield & Herr
1991; Ralls et al. 1992). A potential disadvantage of con-
sidering goals sequentially is that we risk the ill-advised -
rejection of 2 management strategy that scores poorly
on one high-priority goal but well on all other goals.
This risk can be minimized by using “provisional filters.”
The risk of considering all criteria simultaneously is just
the opposite: a strategy that scores poorly on a single,
heavily weighted, vital criterion might nevertheless at-
tain the highest final score. This risk can be minimized
or climinated by sensitivity analyses.

No decision-making technique will be best for all sit-
uations. The choice of method will depend upon the
nature and structure of the decision problem and the
psychology and group dynamics of the people involved
in making the decision. Some groups might want to use
more than one method, as in our example, and compare
the results.

We believe both methods described here will be use-
ful additions to the conservation biologist’s tool kit of
analytical techniques. We hope the introduction of
these methods to conservation biologists will promote a
search for additional useful decision-support tools, and
an ongoing discussion about which tools are most ap-
propriate for which situations and how to use them to
build consensus.
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Note Added in Proof

In July and August 1994, NMFS biologists removed 22
male seals from Laysan Island and released them in var-
ious locations along the main Hawaiian Islands. Five of
these seals were tagged with satellite transmitters so
that their movements could be followed. As of Decem-
ber 1994, all five had remained near their release sites.
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