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PREFACE
 

The Stock Assessment Collaborative Research Support Program is intended
 
to support collaborative research between U.S. universities and institutions
 
in the developing countries on stock assessment. The research is intended to

build institutions and to improve capabilities in stock assessment, a set of

techniques which will contribute to improving the economic and social
 
efficiency of fish harvest. 
Three U.S. universities, the University of
 
Maryland, the University cf Rhode Island, and the University of Washington

have primary responsibilities for working together with the University of
 
Costa Rica and the University of the Philippines. The University of Maryland

and the Unirersity of Washington are working with the University of Costa
 
Rica. This documen. is an informal report, one of a series produced by a team
 
of researchers at the University of Maryland in collaboration with the
 
University of Costa Rica, the University of Miami, and the University of
 
Delaware.
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SUMMARY
 

This report describes a baywide fishery independent sampling system for
fish and shellfish. 
The system (FISHMAP) will have generalized applicability
but will be targeted and operational on Chesapeake Bay waters of both Maryland
and Virginia. 
This project will serve as a major component of the CHESFISH
 
program in which we are 
presently engaged.
 

The primary rationale for developing the FISHMAP system is 
to provide a
framework for identifying optimal sampling methodologies. Specifically, the
system will provide a framework for identifying otimal trawl sampling
procedures by 1) providing a strategy to determite the dimensions of the
sampling units and their number, 2) providing strategies to efficiently
allocate trawling effort among sampling units, 3) providing real-timw
methodologies to pilot the shipboard sampling process, and 4) providing a
strategy to determine whaL types or classes of datp should be sampled. 
In
particular, the system will have the capability to define the temporal and
spatial characteristics of the sampling process; where, when, and how often to
sample. 
Also, once engaged in the field component of the sampling process,
the system will be capable of determining where and when to fish the trawl
based on the stream of real-time information being observed aboard the
 
research vessel.
 

The system will be comprised of ieveral components, data input, map
model, decision-making meetings, operations research, and system coordination.
The data input component houses pertinent data that will be used towards the
development of the FISHMAP system. 
Three data sets reside in this component;
historical trawling data (1960-1975), recent trawling data (1988), and real­time current data. The historical and recent trawl data sets comprise area
and species specific estimates of CPUE and physicochemical data. 
The real­time current data will include data observed on board the research vessel
during the rctual sampling process (i.e., hydroacoustic ar.d physicochemical
data). 
 The data housed in the data input component will be used to construct
n-dimensional maps of fish and shellfish distribution. 
This information will
also be used to develop strategical and tactical sampling models. 
The
strategic models will define the spatiotemporal characteristics of sampling;
where and wben to sample. 
Once on board the research vessel the tactical
model will define when and where to deploy the sampling geat. Next, a
roundtable management meeting will ensue to evaluate the program and to set
the specifics of sampling; 
gear types, target-species,.types of data to
collect, the temporal and spatiotemporal characteristics of sampling, and
sampling platforms. The statistical tradeoffs associated with the decisions
will be evaluated. Once the specifics of the sampling process have been
defined, the operations research component will assess the costs and benefits
associated with coilecting the data and outline optimal procedures to 
acquire
the data (i.e., vessel-routing, number of vessels to employ in the sampling
and where to deploy the vessels). The coordination of all of the components
wilI be facilitated through the use of an expert system.
 

The fundamental premise of the FISHMAP system is 
that the utilization of
techniques in the data input, map models, decision making, and operations
research components in the sampling of fish populations, integrated in the
settinE -f an expert system represents a significant advance in the
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application of these techniques 
to stock assessment. Integration of the
 
system is made tractable through the use of expert system technology.

Improvement in the application of these techniques is gained through the
 
expert system facility for interpreting very large databases 
in approximately
 
real-time.
 

2
 



INTRODUCTION -
THE NEED FOR A COMPREHENSIVE SAMPLING SYSTEM
 

This report describes a baywide fishery-independent sampling system for
 

fish and shellfish. 
The system (FISHMAP) is targeted to involve Chesapeake
 

Bay waters of both Maryland and Virginia and to have general applicability in
 

other areas. FISHMAP is a major component of the CHESFISH program' .
 

The FISHMAP system will comprise an optimal, cost-effective, adaptive,
 

real.-time, sampling methodology to report on the dynamics of fish and
 

shellfish in Chesapeake Bay. 
FISHMAP will provide basic data to evaluate the
 

effects of the environment, anthropogenic activity and fishing, and to trigger
 

appropriate management actions regarding these effects.
 

The foundation of any comprehensive management regime is 
an accurate
 

assessment of population abundance (Gulland, 1983). 
 The need for improved
 

sampling procedures, and accompanying decision-making approaches in fishery
 

management, has greatly increased in recent years. 
 Part of this need arises
 

from the socioeconomic importance of fisheries required for management
 

planning. 
Part arises from the inadequacy of contemporary fishery models and
 

sampling programs to generate accurate information for effective decision­

making, particularly for the complex of problems in Chesapeake Bay. 
For
 

instance, infere:.ces concerning the status of stocks and the influence of the
 

environment on Chesapeake Bay living resources are difficult to measure using
 

ICHESFISH is intended to be conducted cooperatively with the Virginia

Institute of Marine Science (VIMS) to develop a baywide assessment of fish
stocks. 
During the first year of CHESFISH the Maryland component completed

the field phase of a localized pilot study to 1) identify efficient trawling
gears, 2) identify sources of variability associated with trawling, and 3)
begin construction of spatiotemporal maps of fish distribution. 
 In the

forthcoming and second year the prototype system will be made operational in
sections of the Bay proximal to Solomons. 
 In the third year the prototype
system will be extended to the entire Bay with the idea of making the system

operational in years 4 and 5.
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only commercial fishery statistics. The problem is that the large number of
 

fishermen in Chesapeake Bay who contribute 
to indices of even nominal effort
 

challenges the feasibility of obtaining adequate estimates of stock abundance
 

using the well known procedures. Furthermore, a 12rge portion of the fish
 

harvested in Chesapeake Bay is taken by recreational fishermen and statistics
 

from this component of fishing mort. .Ity are either virtually impossible to
 

obtain in a timely and cost effective fashion or contain such high sampling
 

variance and biases as to make the estimate difficult to use. In addition, by
 

sampling only that portion of the population recruited to the fishery,
 

estimates of juvenile abundance cannot be obtained. 
This information is
 

critical for making timely management decisions, especially when the
 

population consists of dominant year classes.
 

Adding to the complexity of the sampling process is the fact that more
 

than one species is caught simultaneously by a particular fishing gear. 
Very
 

few fisheries are based solely on a single species. 
 In practice, however, the
 

interpretation of catch and effort data concerning a single species rarely
 

accounts for effects resulting from interactions with other species. 
Also,
 

the nature of many fisheries is such that catches of fish and shellfish are
 

landed at a multitude of sites, both discrete and indiscrete. If catch and
 

effort sampling does not account for all landing sites there is the potential
 

for interpretations of these data to be biased. 
One obvious approach to
 

solving these problems would be to increase the scope of sampling. However,
 

with an increase in sampling comes an increase in costs.
 

Efforts to improve existing sampling methods, to estimate precise
 

measures of population abundance, have lagged even in spite of many recent
 

efforts concerned with modifying existing fishery models and developing new
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modeling approaches (Rothschild, 1986; Golden ec al., 1987; Stagg, 1987;
 

Walters, 1986; Mangel, 1986). 
 In many areas where fish abundance has been
 

measured, the estimates contain high sampling variance and biases, making them
 

difficult to use with any confidence. In many cases, there is no
 

consideration of optimal and most-cost effective sample design; sampling
 

strategies are often chosen for either their consistency over the years
 

regardless of immediate optimality, whether the estimates are biased, or
 

imprecise, even though funds are available to generate a much more efficient
 

sampling program. In resource-limited situations (constrained by budget), it
 

is important to allocate sampling effort to maximize the return from programs
 

designed to collect appropriate data. For example, decisions about where,
 

when and how often to sample will determine how precise our estimates of
 

abundance are. If these decisions are suboptimal then the resulting estimates
 

are also suboptimal.
 

This report describes work plans, objectives, tasks, and anticipated
 

products of the FISHMAP system.
 

WORK PLAN - THE FISHMAP SYSTEM
 

FISHKAP will provide a framework for identifying optimal trawl sampling
 

procedures by 1) providing a strategy to determine the dimensions of the
 

sampling unit and their number, 2) providing strategies to efficiently
 

allocate trawling effort among sampling units, 3) providing real-time
 

methodologies to pilot the shipboard sampling process, and 4) providing a
 

strategy to determine what types or classes of data should be sampled. 
In
 

particular, the system will have the capability to define the temporal and
 

spatial characteristics of the sampling process; where, when, and how often to
 

sample. Also, once engaged in the field component of the sampling process,
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the system will be capable of determining where and when to 
fish the trawl
 

based on the stream of real-time information being observed aboard the vessel
 

(i.e., hydroacoustic information, physicochemical data, catch in previous
 

trawl, and distance from last trawl). 
 In addition, the system will be capable
 

of identifying which data needs to be collected to arrive at a more precise
 

estimate of standing stock.
 

The design of the FISHMAP system is presented in Figure 1. The system is
 

comprised of several components, data input, map model, decision-making
 

meetings, operations research, and system coordination. These work as
 

follows. 
The system coordination component, the "brain" of FISHMAP, is 
an
 

expert system which integrates the other components. The expert system will
 

be capable of making decisions concerning where, when, how, and what to sample
 

based on information residing in each of the other components. 
Procedures to
 

formulate the decisions will be in the form of rules, IF-THEN statements.
 

Data residing in the data input component are used as input into the map
 

model component. This component houses both strategic and tactical models to
 

identify where and when to sample, prior to actual field sampling, and where
 

and when to fish the trawl when in the field. If, for example, a fishery
 

manager wants to conduct field sampling next month, the strategic model is
 

used to define the spatiotemporal characteristics of the sampling process
 

based on prior knowledge of the distribution of the targeted species. 
 Put
 

another way, the strategic model will indicate where (location) sampling
 

should be conducted. Procedures in the operation research component will then
 

be used to map the 
route of the vessel in the most-cost effective manner. In
 

addition, the optimal number of vessels to use 
in the sampling process will be
 

identified based on vessel operation costs. 
 Once in the field at a particular
 

sampling site, the tactical model will be employed to 
pilot the shipboard
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Figure 1. Components of the FISHMAP system.
 



sampling process. 
 This model will be used on board the vessel to decide when
 

to 
fish and trawl based on the stream of real-time data being collected. Put
 

another way, this model will predict the catch of species 
i at a subsequent
 

multidimensional time, T+l, based on hydroacoustic, physicochemical, and catch
 

information observed at the multidimensional time T. 
 If the prediction is
 

"good" the trawl is not fished and biomass is measured via hydroacoustics. 
 If
 

the prediction is "poor" the trawl is fished. 
For example, if the vessel is
 

steaming along a transect, data being collected is fed directly into the
 

shipboard portable computer and real-time catch predictions generated. 
If the
 

catch prediction for the targeted species is good then biomass estimates via
 

hydroacoustics are generated. 
If the prediction is poor the trawl is fished.
 

It may be found that some of the data being collected on board the vessel 

is too "expensive" to collect or that some locations just cannot be sampled.
 

In these cases, the decision-making component will define the statistical
 

tradeoffs associated with changes in our sampling and allow for discussions
 

regarding these changes.
 

The fundamental premise of the FISHMAP system is that the utilization of
 

techniques in the data input, map models, decision-making, and operations
 

research components in the sampling of fish populations, integrated in the
 

setting of an expert system represents a significant advance in the
 

application of these techniques to stock assessment. 
 Integration of the
 

system is made tractable through the use of expert system technology.
 

Improvement in the application of these techniques is gained through the
 

expert system facility for interpreting very large databases in approximately
 

real-time.
 

An operational prototype of the FISHMAP system will have been developed
 

by November 30, 1989. 
 A detailed description of each component of the system
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and anticipated products follows. 
 In addition, preliminary results of year I
 

will be discussed as they pertain to components of the work plan.
 

Data Inputs to FISHMAP
 

The data input component houses pertinent data that will be used towards 

the development of the FISHMAP system. Three data sets reside in this 

component; historical trawling data (1960-1975), 
recent trawl data (1988), and
 

real-time current data. 
In order to facilitate analysis of this data, a
 

database will be compiled. 
The following is a description of the data and the
 

proposed database.
 

Data Analysis
 

Three data sets comprise the data input component; the historical trawl
 

data (1960-1975), the recent trawl data (1988), and the real-time current
 

data. 
Data include trawl generated area and species specific estimates of
 

CPUE and physicochemical data from the historical and recent trawl data sets.
 

The real-time current data will include data observed on board the research
 

vessel during actual sampling (i.e., hydroacoustic signals and physicochemical
 

information).
 

Because there was no consistent set of trawl stations sampled, historical
 

trawl stations have been grouped into eleven areas based on physical proximity
 

(Figure 2). 
 Each area was further subdivided into 3 depth zones, 0-30 ft., 

31-50 ft., and > 51 ft. For each area and depth zone combination the monthly
 

number of trawls fished has been tallied. For example, the monthly tallies
 

for Area 6 are shown in Figure 3. In addition, for each area, month, depth
 

zone, and species combination relative abundance indices and mean length of
 

catch has been estimated. 
Figure 4 shows relative abundance for striped bass
 

in Area 6 and depth zone 0-30 ft.
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Figure 4 .	 Monthly average CPUE (number caught/min. of trawling) for striped bass
 
in Zone 6 from trawls fished at a water depth of 0-30 ft. between 1965
 
and 1975 (month 1 = January 1965, month 132 = December 1975). Bars
 
below zero line on y-axis indicate months when no trawls were fished.
 
Bars equal to zero indicate that trawling was conducted but no striped
 
bass were caught.
 



Recent trawl data (1988) includes information on species density in
 

relation to location, time of year and environmental parameters. Monthly
 

trawling was conducted in the Patuxent River and adjacent Chesapeake Bay
 

transects 
in the vicinity of Solomons, Maryland. 
This data provides
 

preliminary distributional information needed to define the temporal and
 

spatial characteristics of the sampling process.
 

Since the data describe distribution in space and time, the data also
 

describe population dynamics in space and time. 
 Thi will enable us to study
 

how environmental variables, Chesapeakf Bay "clean-up" measures, or stock
 

enhancement measures have affected the population of a specific species in the
 

Chesapeake Bay.
 

Database Management
 

The literally vast amount of raw data anticipated in this program
 

necessitates the use of software which will allow us the fastest, most
 

efficient access possible. 
D-Base IV (Ashton-Tate, 1988) was the chosen
 

software for this database for two reasons. 
First, it is highly compatible
 

with various software packages currently being used to load the raw data, such
 

as Quattro (Lorland, 1987) and Lotus 1-2-3 (Lotus, 1988). 
 This factor will
 

make conversion of the current database structure to a new, more efficient
 

-structure 
relatively uncomplicated. Second, D-Base IV is 
a true relational
 

commercial database. 
This is crucial because we intend to build the new
 

database in a fully relational format. 
A relational format is 
important
 

because it allows for data to be accessed, condensed, aggregated, and
 

otherwise manipulated across multiple files through the use of various data
 

attributes which are common to these files. 
 This allows large data sets to be
 

broken into smaller, more manageable files which can then be handled
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efficiently. 
These attributes are known as keys, and are classified as
 

primary, secondary, etc. 
The nature of the ten years of compiled historical
 

data and the data we are presently compiling lends itself to this specific
 

type of database structure; for example, each trawl has a unique haul number
 

which appears in every record and geographic regions are identified by unique
 

stetion numbers which are also in every record. 
Documentation pertaining to
 

the databases architecture and characteristics of the data files will be
 

generated. 
This will make the data accessible to 
a wide range of users.
 

Map Models
 

Historical and recent trawl information will be used to generate n­

dimensional "maps". 
These maps will show the relationship between species
 

density and location, time of year, and environmental variables for a
 

particular species. 
An example of 3 -dimensional maps for spot, generated from
 

the recent data is shown in Figure 5. 
The maps indicate the occurrence and
 

density of spot in June and July at specific locations in Chesapeake Bay.
 

This information is crucial in defining future temporal and spatial
 

characteristics of the sampling precess. 
For example, if we were interested
 

in sampling for spot in August, we could use 
these maps to identify where we
 

should sample. Thus we can use 
these maps 
to forecast future spatiotemporal
 

sampling characteristics. 
It should'be .,oted, however, that the n-dimensional
 

maps generated from historical trawl data (1960-1975) will probably be highly
 

inefficient for forecasting in terms of statistics. 
 This is because there was
 

no consistent trawling protocol followed nor was 
there any consistent set of
 

trawl stations sampl,d. Thus, to study the dynamics of fish stocks trawling
 

stations were pooled.
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Two sampling models will be developed, a strategic and a tactical model.
 

These models will aid in the identification of optimal sampling strategies.
 

Specifically, the strategic model will be used prior to actual field sampling
 

(i.e., 
in the office) to define the spatial and temporal characteristics of
 

the sampling process; where and when to sample. 
The tactical model will be
 

usel on board the research vessel to oecide when to fish the trawl based on
 

characteristics of the stream of real-time data being observed. Data input for
 

the strategic model will include the historical and recent n-dimensional map
 

data. 
Data for tactical model will comprise the real-time current data.
 

Strategic Model
 

The strategic model will be used prior to actual field sampling to
 

identify where to sample for a particular species. For example, based on
 

prior spatiotemporal trawl data and physicochemical data, the strategic model
 

will predict where we are likely to catch species i, and the biomass of the
 

catch, at some future multidimensional time T+1. 
If the expected catch at the
 

multidimensional time T+l is zero, we do not sample; 
if it is greater than
 

zero it is a potential sampling area. 
Put another way, based on past data for
 

a particular species this model will indicate where to sample and at what
 

month to sample.
 

In situations where sampling is constrained by monetary factors, knowing
 

which areas are void of certain species, perhaps due to unfavorable
 

environmental conditions, is important if we are concerned with optimality.
 

In other words, it is inefficient to sample in areas where fish and shellfish
 

are not found. 
For example, preliminary results from the 1988 trawl survey
 

indicate that during the summer months fish and shellfish were absent from
 

those portions of the water column deeper than 40 feet. 
 Concurrent with this
 

observation were dissolved oxygen values of 1.0 ppm or less in this same
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portion of the water column. 
Since one of our primary gears is a bottom
 

trawl, sampling should be conducted in areas where the water depth is less
 

than 40 feet.
 

As a first step towards the development of the strategic model a multiple
 

regression model has been formulated to predict future spatiotemporal sampling
 

characteristics. 
 Let the multidimensional time T-(t, Sl, s2. 
i), where t-time
 

(i.e. day, month, etc.), sl-latitude, s2-longitude and i-species. 
 Then, we
 

can write the predictive catch model as,
 

WT't-I+BLXT+B
 
2 XT +...+BpXT +ET

1 2 
 p
 

Where WT ­ total biomass at multidimensional time T;
 

WT.1 ­ biomass at previous multidimensional time T-l;
 

B1, B2, ..., Bp are regression parameters to be estimated from past
 

data;
 

XT9 , ... XT 	 are depth, temperature, salinity, dissolved oxygen, 

etc. at multidimensional time T; ET is random error
 

at T.
 

By using regression techniques, it is easy to estimate the parameters.
 

Tactical Model
 

To pilot the shipboard sampling process, a tactical model has been
 

formulated. 
This model will be used on board the research vessel to decide
 

when to fish the trawl based on characteristics of the stream of real-time
 

data being observed. 
Put another way, the model will predict the catch of
 

species i at a subsequent multidimensional time, T+l, based on hydroacoustic,
 

physicochemical and catch information observed at multidimensional time T. If
 

the prediction is 
"good" the trawl is 	not fished and biomass is measured via
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hydroacoustics. 
 If, however, the prediction is "poor", the trawl 
is fished.
 

It is intended that this type of shipboard sampling approach will
 

decrease sampling time. For example, if predictions are good for striped
 

bass, it is conceivable that a baywide assessment of standing stock could be
 

completed in less than one week.
 

The statistical formulation of the problem is as 
follows.
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Let T f ­ (t, Sl, s2)j denote the multidimensional time indexed for
 

species i, where t ­ time, sI -.latitude, s2 - longitude, j-l,2,... ,n. Then
 

biomass caught for species i at the spatiotemporal time j, WT(i) 
can be
 

expressed as a function of physicochemical parameters (i.e., 
water
 

temperature, salinity, and dissolved oxygen), hydrography, and previous
 

catch. 
We can think of this data vector, XTi) - I X2T(i) as a set 

XpT(i)

of observable signals where a subset of the signals are correlated in time.
 

For example, catch of species i at the spatiotemporal time Ti) 
will most
 

likely be correlated with the catch of species i observed at the
 

spatiotemporal time T j. 
 We can express this model as:
 

WT) M '. R T(i)+ Ei) 

where - i are regression parameters 

,02 

flp
 
and ETji) ­ random error for the model which is assumed to be
 

autocorrelated. 
We can express the random error as 
the first order
 

autoregressive error model
 

ETMi ET(' + NT M)
 

where 
10 I< I and the NT(i) are independent (N(O,a2).
 

We can estimate the regression parameters f and 0, by maximum
 

likelihood procedures introduced by Cochran and Orcutt (1949). 
 The solution
 

procedure is as follows:
 

Solution Procedure
 

The log-likelihood conditional on ET1 S is 
of the form (ET1 is the initial
 

value)
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10g . 2 1 2(n-1) log a2 n
L n 2a2 j-2 Tj M 

n 

(n-1) log a2 --L n (ETj(i) - Ei)) 22a 22 n j-2 j (3) 
n 

(n-1) log log a2 n 2 ['XTQ) 
2- n 22 Z [(WTQ-) XT)(4S2a j 2 
 (4)
 

The Cochran-Orcutt method proposes that, start with the ordinary least
 

square estimator of j6

• o_ n n i . 

:j-
i.e. E T~'i) :KTi)' Ej-XT'i 
) 

() (5)
 

Maximizing (3) w.r.t. q, we get the estimator of 0
 

n 
E EO(i) EO(ij
 

as j-2 " 
 (6)
Z (E*(i)) 2 
j-2
 

Twhere E*M' = WJT(i) -~~~ gTf' (7)7
 

The second improved esitmate of P is
 

- ( n()xM x -'(i) n - o 
j-2 " " j-2 
 (
 

where W*i) - WT(i) WT(')
-0 (9)3 3 j-1
 

and x -~i X (i) -O :9T(')3 -j (10)

(j­

and the second estimate of 0 is
 

n (1) (1)
 

E E
 
Ei i­

n ((4 i))2
 

j-2 30
 

20
 



where 	 E i) .WT() 
 (12)
 

The procedure is continued until the log-likelihood in (3) or (4) attains
 

its maximum.
 

In practice, we can go on for 10 to 15 iterations. After final
 

iteration, let 0 
A 

and P 
A 

be the final estimate of 
 and , respectively.
 

We can now estimate the predicted catch as
 
A 

wT(i 	 - a,T~i + ET(i)+ 	 j+' E'j)
 

-a'
A 

+TI4+ 
A
 

+ 0 ET(i) 

AA 

- , (i+ + 
A 

(WT(i) - a' XT(')) 

4
A 

WTe') 
A 

+ #'(X-T(+') - XT()) (13)
 

where WT. is the previous catch and XTJ and XTj+
 I are 	known observations and
 
A 	 A 

the estimates 0 and j6 are estimates we have obtained.
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It should be noted that these models are preliminary and should be
 

considered points of departure in the map modeling phase of FISHMAP.
 

Therefore, efforts will center around the testing of these models using the
 

historical trawl data, the 1988 trawl data and the 1989 trawl data.
 

Decision-Making Meetings
 

As with all sampling programs, budget constraints dictate the types and
 

amount of data that can be collected. Thus, decisions must be made concerning
 

the characteristics of the data. 
Periodic meetings will be held to evaluate
 

the program and to decide on specifics of the sampling process; gear types,
 

types of data to collect, the spatiotemporal characteristics of sampling,
 

sampling platforms, and target species. 
 In addition, the statistical
 

tradeoffs associated with these decisions will also be discussed (see Appendix
 

1 for a discussion on statistical tradeoffs). Workshop participants will
 

include Maryland Department of Natural Resources, Virginia Institute of Marine
 

Science, and Chesapeake Biological Laboratory personnel.
 

To assist in this process, the Analytic Hierarchy Process (AHP), 
a
 

decision analysis tool, will be used. 
First developed by Saaty in the early
 

1970's, this technique has gained wide acceptance in a number of diverse
 

disciplines, especially when the decision problem involves the ranking of
 

decision alternatives for evaluation, selection, or prediction (see Saaty
 

(1982) and Zahedi (1986) for examples). A special feature of the AHP is its
 

ability to combine judgements with quantitative measurements.
 

The AHP is a procedure that seeks to structure a complex decision problem
 

hierarchically. 
Briefly, elements at each level of the hierarchy are compared
 

to each other with respect to an element at the next higher level 
(ranked as
 

to their importance). Using the "eigenvalue" method to estimate the relative
 

22
 



weights of the comparisons and then aggregating these relative weights, a set
 

of scores for the decision alternatives is determined. 
The alternative with
 

the highest score is 
the one chosen. DiNardo et al. 
(1988) demonstrated the
 

applicability of the AHP to decisions facing fishery managers. 
 The specific
 

example considered involves Maryland's river herring fishery.
 

Operations Research
 

The actual construction of abundance maps based on longitude and latitude
 

coordinates possess a host of interesting statistical issues. 
Once a mip is
 

assembled, decisions need to be made regarding where to sample in order to
 

update and revise the most recent abundance map. These decisions are of the
 

sort commonly studied by operations researchers. Budgetary and time
 

constraints preclude us completing a sampling exercise as 
one would ideally
 

like.
 

In deciding where to sample, several key variables need to be considered.
 

The cost of sampling is 
one major factor. What resources are required to
 

sample area ai in time period t? 
 Does abundance vary widely at area ai 
over
 

time? 
 If yes, then sampling should be encouraged. If not, then the
 

information gained from sampling at ai may be negligible. 
If abundance at ai
 

and a 
are highly correlated, then it may not pay to sample both areas 
in time
 

period t. We anticipate that the Analytic Hierarchy Process will be used to
 

help select sampling areas.
 

Once the sampling areas are chosen, boats need to be scheduled. Each
 

schedule specifies a set of areas to be visited by a particular vessel and the
 

associated resources required for sampling. 
 In general, the construction of
 

schedules is a complicated task due 
to the size and mix of the fleet, the
 

number of areas 
to be sampled, the periodic nature of sampling requirements,
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etc. This scheduling activity can be aided via the 
use of computerized
 

routing and scheduling techniques in order to reduce costs.
 

Important attributes of the operations research component will be the
 

formulation of data collection stopping rules, i.e. when do we 
stop sampling.
 

In contrast to 
the classical methods of statistics/sampling, according to
 

which the number of observations is fixed in advance (according to a
 

predetermined detection rate and significance level), 
an essential feature of
 

the data collection stopping rules will be that the number of observations
 

depends on the outcome of the observations and is therefore not predetermined,
 

but a random variable. 
Samples are drawn sequentially until a predetermined
 

degree of precision is attained, at which point sampling terminates.
 

These and related problems have been studied by Cochran (1977), Seber
 

(1982), and Cassel et al. (1977). Francis (1984) looked at the problem of
 

effort allocation in stratified random trawl surveys and suggested an adaptive
 

strategy based on prior information. Schweigert et al. 
(1985) have suggested
 

an optimal two-stage sampling design for herring spawn surveys, as has Chester
 

and Walters (1986) for sampling for age distribution in Atlantic menhaden.
 

Wald (1947) discussed the advantages of sequential decision methods in
 

the problem of testing two hypotheses. 
He proved that such methods yield on
 

the average a smaller number of observations than any other method using fixed
 

sample size. Furthermore, Wald described an optimal sequential test
 

procedure, the sequential probability rates test, for testing H0 
against HI .
 

Similarly, Kuno (1969) described a sequential sampling procedure which is
 

designed so that "sampling is terminated when a defined level of precision is
 

reached" with precision measured by the ratio of the standard error to the
 

mean (equivalent to estimating the mean within plus 
or minus some specified
 

percentage of the mean). 
 Green (1979) discussed the application of sequential
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analysis procedures to environmental impact assessment and described how this
 

procedure could be used to estimate sample size and number in various sampling
 

designs. 
Jackson and Resh (1988) tested the efficacy of using sequential
 

decision plans to monitor benthic macroinvertebrates and found that sequential
 

decision plans could provide correct descriptions of environmental conditions
 

based on fewer sample units than fixed sample-size procedures.
 

System Coordination
 

The development of a system to 
identify and update an optimal cost­

effective sampling methodology to report on the dynamics of fish and shellfish
 

in Chesapeake Bay is the primary goal of this project. 
The components
 

outlined above are all essential to the development of such a system.
 

The user of such a system, however, would have to be proficient in a number of
 

diverse disciplines. 
 In addition, someone proficient in these disciplines
 

would need to be on board the vessel during each cruise to evaluate incoming
 

data and make decisions as to whether or not to fish the trawl. 
In many
 

cases, however, the user is 
a "nonexpert." Thus, 
a system that allows the
 

user to imitate the decisions of an "expert" is needed.
 

The problems detailed above can be largely overcome by integrating the
 

disciplines through the use of an expert system. 
The fundamental premise of
 

the FISHMAP system is that the utilization of techniques in the data input,
 

map models, decision-making workshops, and operations research components in
 

the sampling of fish populations, integrated in the setting of an expert
 

system represents a significant advance in the application of these techniques
 

to stock assessment. Integration of the system is made tractable through the
 

use of expert system technology. Improvement in the application of these
 

techniques is gained through the expert system facility for interpreting very
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large databases in approximately real-time.
 

Specific objectives of FISHMAP are twofold.
 

Objective 1: The identification of the most efficient sampling design to
 

estimate standing stock.
 

If distributional information pertaining to a particular species is good,
 

the system will identify the most efficient sampling design using the
 

strategic model; where to sample and when to sample. 
 If, however, no
 

information exists, or the extant data is poor, the system will still identify
 

a sampling design (not necessarily optimal) but will also identify what
 

information needs to be collected in order to identify an optimal sampling
 

design. For example, suppose we are 
interested in estimating the standing
 

stock of spot in the northern Chesapeake Bay. The system will query the user
 

about the types of information that are currently available for spot (this
 

information is housed in the data input component). 
 Based on the user's
 

response to 
the queries, the system will determine which information state
 

exists (data-rich or data-poor). If it is determined that a data-rich state
 

exists, an optimal sampling design will be identified for estimating spot
 

standing stock via the strategic model. 
If, however, a data-poor information
 

state exists, the system will identify a sampling design (not necessarily
 

optimal) and which information needs to be collected in order to define an
 

optimal design. Say, for instance, that spatiotemporal distributional data for
 

spot is nonexistent. 
In order to allocate sampling effort in an efficient
 

manner, distributional information is 
required. 
Thus the system will identify
 

a sampling design and will also indicate that this information should be
 

collected to produce an optimal sampling design.
 

Based on 
the results of the strategic model that tell us 
where and when
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to sample, the operations research component will be used to optimize the
 

sampling process. In particular the number of research vessels to 
use in
 

sampling will be identified as well as vessel-routes.
 

Objective 2: 
 The development of an information interpretation subsystem that
 
will aid in the identification of an efficient sampling

protocol: where and when to 
fish the trawl and how often to
 
trawl.
 

In many instances, prior to the commencement of trawling in a particular
 

area and at a specific time (say multidimensional time T), 
information
 

describing the physicochemical characteristics, commercial and recreational
 

catches, and distributional characteristics of the species is available. 
In
 

addition, there may also be hydroacoustic information available, both in terms
 

of species specific densities and relative abundance of different size
 

classes. 
If each piece of data was assessed individually, our expectation as
 

to whether or not we could expect to catch species i at the next
 

multidimensional time T+l would be less than if we were 
to incorporate all of
 

the information into our assessment. 
The information interpretation subsystem
 

will be a modular system that allows for an assessment based on all available
 

information. 
Each module will be information specific. The tactical model
 

will be the tool used to interpret the stream of real-time data originating
 

from each module. 
The model will be used on board the research vessel to
 

decide when to 
fish the trawl based on characteristics of the stream of real­

time data being observed. Put another way, the model will predict the catch
 

of species i of a subsequent multidimensional time, T+l, based on
 

hydroacoustic, physicochemical, and catch information observed at
 

multidimensional time T. 
 If the prediction is "good" the trawl is not fished
 

and biomass is measured via hydroacoustics. 
 If, however, the prediction is
 

poor, the trawl is fished. 
One feature of each module will be a decision
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criteria model that can be used to measure our uncertainty associated with the
 

stream of information.
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APPENDIX I
 

One way to think about statistical tradeoffs is 
to consider the "value"
 

of information. 
For example, let the expected value of sample information
 

(EVSI) be equal to the ratio of the estimated parameter over the 
true
 

parameter, the expected value of perfect information (EVPI) (we are assuming
 

that we know the true value). If we were interested in getting as precise an
 

estimate as possible, the optimal sample size would be that which results in a
 

ratio value of unity. Figure A.1 shows the relationship between the values of
 

information and sample size. 
 In this graph the EVSI approaches the EVPI
 

quickly and then levels off. 
The leveling off rcflects the fact that as 
the
 

sample size increases, the additional value of each trial decreases (i.e.,
 

diminishing returns), and EVSI approaches EVPI. 
 Choosing a large sample size,
 

say n", will result in a better estimate then a sample size of n', 
but the
 

increase in precision may not be significant enough to warrant the extra
 

effort. 
Thus, what are the statistical tradeoffs associated with choosing n'
 

over n"? 
These are the types of problems that the FISHMAP system will
 

address.
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EVPI 

EVSI 

Figure Al. 

n ' n" . . 

sample size 

Relationship between the exTected value of perfect infornation 
(EVPI), the expected value of sample infornat ion (EVS I), and
sample size (n). 
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