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PREFACE

Fisheries science is the study of the structure, dynamics, and
interactions of habitat, aquatic animal populations, and man, and the
achievement of specific human goals and objectives through the
aquatic resource. Fisheries science is a tremendously broad discipline
that encompasses many, superficially unrelated aspects. Some fisheries
scientists, for example, may be only indirectly concerned with fish;
Others may be addressing fisheries with the aid of an electron
microscope.

The purpose of this text is to provide an introduction to fisheries
science from a broad, principle-oriented approach. The major disciplines
of fisheries science (management, biology, theory, population dynamics,
aquaculture, technology, planning, and economics) are considered as an
overview of aquatic renewable natural resources and to provide the
necessary foundation for further coursework in fisheries science.

Much of this book has been written in collaboration with my students,
both past and present. Specifically, John L. Boaze, William T. Bryson,

Richard D. Clark, Vaughn M. Douglass, Dennis E. Hammond, Ed L. Hampton,

Gary F. Martel, Joseph E. Powers, Thomas L. Schulte, Franklin B. Titlow,

and James R. Zuboy contributed materially.
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PERSPECTIVE

Dramatic technological advances in our society in the last several
decades have often produced equally dramatic changes in natural resource
management. Resource managers have witnessed the advent of modern computers,
the widespread adoption of management sciences techniques, the development
of a dynamic social structure, as well as the myriad psychological problems
associated with rapidly expanding technologies. But technological advancas
have also allowed the resource manager to deal with some of the complexities
of natural resource systems.

Computer technology is one obvious and widely cited example of the
rapid development in technology. Modern computers can perform routine
computational tasks, but this blessing is mixed with the uncompromising
demand for sound models in order for the information generated to be
meaningful. As processed data become readily available to the decision-
maker, more demands are placed upon the individual to make rational use of
this increased information. Far from replacing man, computers have made
certain types of individuals desirable, if not indispensable, to a modern

society.



4 Perspective

Originally these individualswere associated with the management science
and operations research fields. Their concepts have now spread to

ecology and other sciences to the point that systems analysis appears to

be integral to many disciplines, particularly management aspects of those
disciplines. Optimization strategies now appear regularly in the
ecological literature and "planning' in resource management has been
stressed as being of paramount importance.

But, as is true of many of the '"improvements' in life, advances in
technology have produced many drawbacks. Most drawbacks can be directly or
indirectly associated with '"future shock'" as defined by Toffler. Many
people fear the impersonality of computers and conscicusly, or subconsciously,
féar that technological change is too rapid to be socially or professionally
assimilated. According to Toffler, technological change is reflected in
the fact that 90 percent of all scientists who ever lived are now alive
and that worldwide output of technical literature increases 60,000,000
pages per year. Such rapid change has made it increasingly difficult for
the professional resource manager to deal with resource problems in the
most effective manner.

Tangible proof of technological changes are increasingly self-evident.
Computers have become the core of business, government, and universities.
Other proof may be seen in almost any university curriculum. Many diverse
departments have a systems analysis and "planning" course, but still many
resource management students have not been introduced to these changing
technologies. Perhaps management science majors may be best trained for

many fisheries management positions.



5 Perspective

Through the years recreational fisheries management, as all natural
resources management, has remained a relatively qualitative field. Statistical
methods are common, but many problem solving tools such as linear programming,
dynamic programming, and decision analysis under risk and uncertainty are
neglected. Currently, the newly-graduated fisheries manager is likely to
be trained more in data aquisition techniques that in systems management.

Since management of fisheries systems is complex and does not readily lend
itself to dissection, managers tend to rely solely on experience rather
than attempting to formalize strategies. Furthermore, the resource manager
has historically been handicapped by staff committments at such a low level

that exploration of non-crises situations are infeasible.

The Decision Model

The decision-making process in fisheries management is a complex
system, but it can be pared to the bare essentials to facilitate discussion
(Fig. 1). The conceptual model (as illustrated in Fig. 1) is an old idea
which is often followed implicitly, but is rarely clearly defined.
Admittedly the model is simple, but it is of value if it can help solve
the problem for which it is intended. ?bg attitude or philosophy behind
decision-making in resource management is an adaptation of the classical

scientific method applied to problem solving in a dynamic and complex matrix.
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Figure 1. Flow chart of the decision-makingprocess in fisheries management.
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Selecting Objectives - Step 1

The first question any decision-maker must ask is: What are the
objectives? Most objectives in fisheries management revolve around vague
terms such as maximizing recreational ''benefit'" or making 'best" use of
the resource. These objectives have a strong emotional appeal and are
philosophically valid, but they are too ambiguous for developing meaningful
management strategies. Quantifiable objectives which may be subjective in
origin should be defined at all levels of the organization from the local
manager to the head of the organization.

Xx Secondly, the decision-maker must ask if the management objective is
achievable. If the "objective" is merely a general direction, there may be
no way to evaluate the relative success of management activities, other than
by comparative numbers of complaints. The achievability of a management
objective is contingent upon its measurability, among other things.

How do we measure recreational '"benefits?'" Historically we have attempted
to maximize yield, primarily because it is easy to measure. But in
recreational fisheries such an objective neglects other important aspects

in the fishing experience, such as species and size preferences.



Perspective

Then how can we select objectives? The public should supply input by
choosing preferences within existing constraints of the resource bio-socio-
economic system. Ranking procedures have been employed on similar problems
to determine some public preferences concerning a hunting resource.

Such techniques involve ordinal scales of preference that quantify relative
preference while minimizing sampling bias. Other measures of value or
utility to consumers have been developed and/or used and may allow the
decision-maker to maximize individual utility rather than dollar income or
total poundage of fish removed.

In developing usuable measures of management objectives, some basic
tenets must be evaluated. Is maximum yield desirable? To an angler, catching
fiéh may be of secondary importance. The quality of the surrounding environment
and of the aesthetic experience may be more important. Therefore, our

present research needs include development of a management benefit unit which

will integrate some or all of the components of yield, species and size
desirability, and environmental qualities into a common denominator.
Selection and quantification of management objectives is one of the
most difficult problems facing fisheries managers. We need a specific
objective toward which we can work. Without a feasible objective, we are
subject to random wandering, are easily diverted, and our management lacks

continuity.
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Are Objectives Met - Fisheries Assessment - Step 2

Initially there must be recognition that a problem exists in a fishery
(Fig. 1). Sources for problem recognition and identification traditionally
have come from field surveys, receipt of complaints, and prior experience.

From these sources the "key'" statistics must be identified as indicators of
system response and then must be monitored.

If fishery output coincides with the management objective, then management
effort should be allocated in other areas (Step 2-A). 1If the objective is
not being met, the manager must decide how much money to spend in order to
alleviate the problem. In other words, the manager must (within his fixed
deget) move the total program toward the objective. — Ludhady

An excellent means of assessing the fishery is through ﬁbnitgfing. The
importance of monitoring cannot be overemphasized. An example of monitoring
is that of the Virginia Commission of Game and Inland Fisheries in which
creel census are performed on state-owned lakes. The census system is
computerized for quick tabulation. Using such a system, potential problems
may be identified before they become insurmountable. Identification of
the key statistics requires adequate financial support, i.e., the monitoring

system costs money, but it is necessary for proper management of the fishery.
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Survey Alternative Strategies - Step 3

What are the possible ways to meet management objectives? This step
involves identification of the decision possibilities, i.e., the available
alternatives. These can be enumerated by relating past experience, dis-
cussion with other managers, and a review of relevant literature. It must
be reiterated that in order to systematically\}ist the (alternative deqisions,
a clear objective is needed. Without an objective alternative strategies

are meaningless.

Evaluation of Alternative Strategies - Step 4

K Initial evaluation should eliminate those decision alternatives which
are technology infeasible. Many such alternatives can be discarded
immediately. For example, it may be infeasible to establish selective
harvest between two species because the available harvest methods cannot
differentiate between the two. Other alternatives that may be disregarded
are those that will obviously exceed a budgetary constraint,

;a\i The next step in lowering the number of decision alternatives is in

using experience and the literature. What hés been the most common procedure?
Given similar problems, what was done before? But, it may be dangerous to
accept these decision alternatives in all cases because it causes perpetuation
of the "conventional wisdom'" that may have caused the problem. If the manager
analyzes the alternatives obtained from experience and chooses none as the
"best'" alternative, then he has made a decision. In essence, the manager

must make a decision and he must not simply accept the status quo.
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Methods of simple analysis to choose from remaining decision alternatives
include simple conceptual ;;déié:l Such models do little more than force
the decision-maker to organize the decision-making process, but this in itself:
can be valuable. With the advent of programmable calculators, these simple
models can be applied to more complicated decision problems.

More complex analytical systems can be develoﬁed to evaluate management
alternatives. These methods employ mathematical and computer models to
evaluate relative success of decisions upon the aquatic resource. One
example is the CAtchable Trout Fishery Simulator (CATS). CATS asks the
manager to provide inputs relevant to his particular catchable trout fishery
and to apply the management decisions. The stocking and fishery statistics
are then computed and tabulated for the user. Many computer models are too
expensive in time and money for most managers, but time-sharing systems are
available to the manager and these may be financially feasible for a
management agency. Time-sharing systems could bring the field manager in
contact with more complicated analysis and the expense (in relation to the
costs of experimentation with the real system) is small.

Other evaluation tools involve the large scale problems associated
with diverse resources of a state agency. The agency must allocate its funds
to provide the public with the amount and kind of desired recreational

experience within bio-socio-economic constraints.
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Are Objectives Reachable - Step 5

At this point the program should be re-evaluated. Are the objectives
reasonable? Perhaps none of the alternative decisions are capable of meeting
the management objectives. 1In this case the objectives should be
restructured. Program re-evaluation is a continual process that is allied
with monitoring, as discussed before.

If the alternatives produce unsatisfactory results the process can
revert back to step 1 to recycle through the model again. Perhaps, no
feasible solution exists and it would be better to spend time and money
on some other activity. Perhaps, doing nothing is the best alternative.
Note that this is 4 positive action, a decision, and very much different
from the passive action of not making a decision.

It is important to see where research fits into the conceptual model
(Step 5-A). Research may be used to develop or evaluate a potential
management solution. Basic research is needed, but it should be
within a broader decision-making framework. | Management-oriented research
should be methodical and problem—orienfed!(i.e., seeking answers to specific
questions). Also, research is needed to develop effective prediction models
in the fishery. Prediction (illumination of cause and effect) is the essence
of all science and integral to effective management.

Such a viewpoint does not preclude nondirected research, but it should
be identified as such. Basic research may be found in managemént agencies,

but the agency will have to justify the expense in terms of its objectives.
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Implement the Best Strategy - Step 6

When the "best" strategy has been identified, it must be implemented,
i.e., it must be put into use on the fishery. For example, creel limits
may be set or a certain stocking regime implemented, Decisions have been
made and the fishery will in part be a product of those decisions, but the
decision process does not stop here. The system must be monitored to see if
the management strategy is effective and the entire decision-making process
must be continually re-evaluated. Objectives may change (i.e., people may
change their preferences for species) and the fishery itself may be

influenced by external factors (subdivisions, road buildings, etc.)

The value of this decision-making model is that it puts a complex
process into a describable system, so that areas of weakness may be
identified. The process is then broken down into its solvable components.
The key point in this process is the first step: formulating objectives.
Most management decisions fail because the first step is not included.

This model and the more complicated analyses mentioned previously
are signs of the evolution of fisheries management from development of
techniques to_development of strategies. > By having organized decision
processes, the "information overload'" and subsequent 'decision stress" of

future shock may be avoided.
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AQUATIC ECOSYSTEMS L

Fisheries Science is usually, either directly or indirectly, concerned
with producing the best possible fishing experience, whether for fun or
profit. To achieve such a worthwhile goal, the fisheries manager must
often work directly with fish, but he must also consider other parts of
the aquaticlenvironment, as well as man.

Life within a lake is as diverse as life on land. Plants and animals
grow, reproduce, and die; most are rarely noticed by man. Just as the
forest and wildlife manager must understand and manipulate the terrestrial
environment to achieve optimal harvest, the fisheries manager must, in

a similar manner, work with the aquatic environment.

Plants
Aquatic life can be divided into two classes: the plants and the

animals. Phytoplankters, tiny plants that float in the surface layer of

lakes, are usually the most important plants to the fisheries manager.
Like most plants, they carry on photosynthesis to store part of the energy
of sunlight. This is the first level of life in lakes, the level at

which energy is stored to power the living lake. To fish, phytoplankters
are the first part of a food web. Small animals eat phytoplankton and

are in turn eaten by larger animals which are then eaten by fish.

15



16 Aquatic Ecosystems

Fisheries managers can have problems when phytoplankton abundance is
too high or too low. If for some reason the phytoplankton population becomes
very large, a bloom develops. During a bloom, green scum is usually present
énd the water has a soupy consistency. When these plants die, they decom-
pose and, in the process, use oxygen required by fish. A fish die-off
may be caused under these circumstances, and is called a summerkill.

One solution to this problem is for the fisheries manager to chemically
treat before phytoplankton populations explode.

Low phytoplankton levels can also cause problems for the fisheries
manager. If the phytoplankton level is low, the lake cannot support as
many fish as it might at higher phytoplankton levels. Cne solution is to
fertilize just as a farmer fertilizes his crops. By increasing the initial
link of the food chain, we may ultimately increase the final link - fish.

Rooted aquatic plants are also important in a lake. These plants

flourish in coves and shallow water where their roots can get a good hold.
Rooted plants, like phytoplankters, carry on photosynthesis which adds
energy to the lake.

Rooted plants are often important in providing good fishing. First,
weed beds are good habitat for young game fish and small forage species.
Game fish can cruise these weedy areas in search of prey. Secondly, weed
beds provide some fish with protection from predators during the reproductive
season. Perhaps most important, rooted aquatic plants shelter a rich assort-

ment of invertebrate animals, prime fish food.
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Rooted aquatic plants can also cause the fisheries manager problems.
Overabundance of weeds makes angling a frustrating chore. Rooted aquatic
plants also compete with phytoplankton for sunlight and nutrients. Since
phytoplankton are more important in the aquatic food chain, this competition
is detrimental to fish production. Overabundance of rooted plants is often
asssociated with super-rich (eutrophic) lakes that predominately support
rough fish like suckers and bullheads.

Control of rooted aquatics can be achieved by chemicals or water level
manipulation. Chemical control is usually limited to smaller lakes and
ponds because of the high cost involved. Water level manipulation can
be used to retard plant growth, but is not always possible.

Underabundance of rooted aquatic plants is often a less common fisheries
management problem. Providing additional habitat is usually the solution
here. Brush piles are sometimes added to heavily fished lakes to concen-
trate fish. Artificial reefs of old tires, commonly used in saltwater

fisheries management, also show some promise for improving lake habitat.

Animals

Zooplankters, tiny organisms that drift with the currents, are the

most abundant animals in lakes. They feed on phytoplankters and smaller

zooplankters. The importance of zooplankton is their role of transferring

the solar energy phytoplankton have captured to the animal community. Young
fish are dependent on zooplankton for their food supply, but managing zoo-
plankton to improve fishing is very difficult. The best approach is to

maintain good water quality and adequate food.



18 Aquatic Ecosystems

Bottom animals, termed benthos, live in and on the floor of lakes.
Benthos include worms, crayfish, sowbugs, and a large variety of insect
larvae. Most common of the benthos are the larval stages of midge flies.
Benthic organisms eat a variety of foods, including bacteria, phytoplankton,
zooplankton, and decaying organic material.

Most fish prey heavily on benthic animals. In fact, many adult game
fish are totally dependent on these animals. Benthos perform another important
function in a lake, that of recycling organic materials by eating dead plants
and animals. This activity also prevents excess accumulétion of biological
debris in lakes.

Even though benthic animals are important to fish, there is little
specific management that can be implemented. Occasionally exotic species
such as aquatic sowbugs have been introduced to increase available fish
food, but this is not a common approach.

Of all the animals inhabiting lakes, fish are the largest and most
important. They have been pursued by man for food and sport for at least
7,000 years. Yet only a relatively small number of fishes are actively
sought by man. Fishes are the most common of all vertebrates, in fact,
there are probably more fishes than of all other vertebrate species
combined.

Within a lake each species of fish lives in a manner and location
that suits its particular requirements. These requirements vary from
species to species and over the lifetime of an individual fish. Some species

prefer the quiet of weed beds, while others thrive in deep, clear water.
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Food to a fish may be nearly anything that can be swallowed. Some
fishes, like the shad and alewife, are mainly plankton feeders. At the
other extreme are the northern pike and muskellunge, which prey almost

exclusively on other fish.

Management
Management can be conveniently divided into that dealing with warm-
water and coldwater fisheries. Warmwater lakes are typically inhabited
by species such as bass, bluegill, and other sunfish. Most lakes in
the southeastern United States fall into this category. Coldwater lakes
generally support trout and similar species.

Coldwater fisheries present several management problems. First of

all, trout have a much lower reproductive potential than warmwater fishes
and secondly, cold water is also less productive than warm water.
Together, these two factors make trout fisheries very susceptible to
overfishing. Under heavy fishing pressure some form of stocking and re-

strictive regulation is usually required.
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The management of warmwater fisheries is somewhat different and

centers around the high reproductive potential of the fishes. If surplus

reproduction is unchecked and harvest isn't adequate, game fish tend to

stunt. Small fish have little appeal to anglers and, consequently, less
fishing takes place. Stunting then tends to get progressively worse.

Stocking fish in warmwater environments has limited use because most

warmwater fishes have a high reproductive potential. If for some reason

a species has a poor reproductive season, supplemental stocking of fingerlings
may be appropriate. Stocking adults is very expensive and usually improves
fishing for only short periods.

One of the most promising approaches to management of all fisheries
involves the study of population dynamics. This means controlling fish
yield by knowing and manipulating population levels and the harvest rate of
each population present. The theoretical maximum fish harvest possible
from a lake is achieved by keeping various species at a level which will
produce the most fish on a sustained basis. This approach is difficult in
practice, but in the future it may be one of our most powerful management

tools:



POPULATION
ANALYSIS






[ 4
A

STOCK IDENTIFICATION

The unit stock is one of the most fundamental, yet elusive, concepts
in fisheries management. Generally, by unit stock, we mean a group of
fish or other aquatic animals that can be treated as a single unit for
management purposes. Superficially, it may seem a simple task to identify
a unit stock, but it is actually quite difficult, especially in multispecies
fisheries. The problem of the definition of the unit stock is common to
all studies of natural populations. Some of the apparent inconsistencies
of population dynamics studies of animals seem to have arisen because the
group of animals being studied did not form, to a sufficiently close
approximation, a unit stock.

One other question that we might address at this point is: why do
we need to delineate a unit stock? The answer lies in the fisheries
theory upon which is based modern management strategy. Population dynamics
models have been developed, generally with the aim of deriving the maximum
sustainable yield from a fishery. To realistically apply these models,

a unit stock with definable characteristics must be delineated.

23



2 Stock Identification

Concepts

Most of the work on population dynamics models has been done on single
species marine fisheries, e.g., the tuna fishery. Consequently, reference
to the unit stock usually has a marine orientation. A unit stock has been
defined as "a self-contained and self-perpetuating group, with no mixture from
theoutside, and within which biological characteristics and impact of fishing
are uniform." Careful analysis of this definition reveals that the ideal
unit stock (as defined) would be the exception rather than the rule in
nature. The choice of what is to be considered a unit stock must usually
be made empirically, depending on requirements set forth by the investi-
gator regarding accuracy and detail in analysis.

The unit stock has also been commonly defined as one in which the adult
fish return to the same fixed spawning ground each year, and in which the
vital statistics of recruitment, growth, and mortality are homogeneous.
Comparison with the previous definition reveals that they are essentially

congruent.
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Royce gives a somewhat more liberal interpretation of the unit
stock: the ideal definition of stock is that of a single, interbreeding
population, but this condition is so rarely demonstrable, either because of
scanty data or the rarity of isolated interbreeding populations, that stock
must be more or less arbitrarily defined. It is a unit capable of independent
exploitation or management and containing as much of an interbreeding unit
or as few reproductively isolated units as possible. Royce's concept allows
more flexibility in delineating a unit stock than either of the two previous
definitions. His concept would allow several different groups, under
certain circumstances, to be classified as one unit stock.

The above concepts of a unit stock have been formulated in terms
of marine commercial fisheries. How do we apply them to multispecies,

freshwater, recreational fisheries?

Applications

One basic problem in applying most population dynamics models to
freshwater fisheries is defining the appropriate management unit, i.e.,
the unit stock. In a fishery with several distinct species there are
many possible unit stocks.

For purposes of illustration, we will consider a small (50 hectare)
warmwater lake fishery with four reproducing fish species of importance
to the angler. The species are largemouth bass, bluegill, channel cat-

fish, and pickerel.
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Individual Species Unit Stocks

A possible choice of unit stocks would be to designate each species
as a separate stock. Thus, bass would be one stock, bluegill another, and
so forth. One problem would be that data would either have to be collected
separately for each stock or subdivided over each stock if the data were
collected on the fishery as a whole. It is usually most convenient to treat
as large a group as possible as a unit stock. This is especially true in
freshwater fisheries where data are often scanty. The corollary is that if
data are collected separately on all stocks, statistical analysis will take
considerably more time and effort, and a separate model would have to be
constructed for each stock.

Although individual species unit stocks would conform most closely to
the ideal definition of a unit stock, there might still be some difficulties.
There is a possibility that the impact of fishing might not be uniform on
a particular stock. An example would be where half of the lake is un-
available for shore fishing due to vegetative growth. The stocks would
be subject to different fishing pressures on the fishable and unfishable
shores. In addition, the interaction between species could act to alter
the biological characteristics of the stocks in different parts of the
lake. Predation and competition might both play a role here. Hopefully
though, the vital statistics of recruitment, growth, and natural mortality

would be homogeneous within each stock.
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The Aggregate

Suppose we lump the four species under consideration together for
management purposes and call the aggregate the unit stock. Obviously,
we violate any rigid definition of unit stock, but possibly in this case
we can consider the aggregate as a unit stock under the more liberal
definition of Royce (lumping as few reproductively isolated units as
possible). If we can assume that the values of the statistics of growth,
mortality, and recruitment do not vary substantially between the different
species, we probably would not have serious errors in our analysis.
However, this would be a very gross assumption to make, but perhaps a
necessary one.

Graham applied a population dynamics model to the aggregate of the
demersal fishes of the North Sea. He made the assumption that a unit
biomass of one species was equal to that of any other species in this area,
an assumption which is generally not true. Graham was working with a comm-
ercial marine fishery and species of similar habit. The assumption of
homogeneity is likely to be more realistic in his case than for lakes.
However, in some situations (e.g., lack of data on individual species)
perhaps the only way we can evaluate the total fishery will be to make
this assumption and call the aggregate of all species present the unit

stock.
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Pairs as a Unit Stock

In simple population dynamics models we are primarily interested in
the effects of fishing on a stock. If we can assume growth and recruitment
of two species are similar and we think they are exploited at like rates,
we might be able to designate the pair of species as a unit stock. For
example, consider bluegill and crappie. It is possible in a given situation
that they could have similar vital statistics. If we are exploiting them
at near equal rates, we might possibly consider the two species together

as a unit stock. We might apply the same idea to a bass-channel catfish stock.
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Ecological Unit Stocks

Pursuing the idea of similar exploitation rates and the assumption
of like vital statistics, another possibility for unit stock would be
based on the general ecological behavior of species. For example, we
might coﬁsider our lake to have three unit stocks. The demersal stock
(catfish), the littoral stock (bass, bluegill), and the pelagic stock
(crappie). Or we might even lump crappie into the littoral stock and
say we have only demersal and littoral stocks.

Here we might use as justification for our choice of stocks the assumptions
that fishing pressure is more likely to be uniform over like ecological
groups than unlike, and also that vital statistics are probably more similar
within ecological groups than between them. Again we must make some gross
assumptions.

At this point you must begin to realize that there are many possible
combinations which we might designate as unit stocks - the choice being

limited only by imagination.
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Delineation

The most obvious approach to delineating a stock is by geographical

analysis. The maximum range that members of a species might cover is
determined. Geographical analysis is usually a first-pass approach in
poorly studied fisheries.

Another method of delineating a stock is by spawning area analysis.

Do all members of a group use the same spawning area? If the answer is
yes, then there is cause to treat these fish as a homogeneous group or
stock.

Catch and effort analysis can also delineate a stock. How does

C/f compare in adjacent areas? Do populations in adjacent areas respond
in the same way to fishing?

A fourth method to delineate a stock is age composition analysis.

Since the vital statistics of a stock are (by definition) homogeneous, you
would assume that a given age class would constitute the same percentage of

the population throughout the fishery.

%
Group
B

of
Certain
Age
Class

% Group A of Certain Age Class
If the fitted line significantly deviates from the 45° line, it is likely

that you are dealing with two or more stocks.
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Tagging is a fairly straightforward approach for delineating stocks.
Fish may be tagged in the fishery and then all possible areas sampled for
recaptures. The opposite approach is to tag fish on the spawning grounds
and sample in the fishery for recaptures.

Morphological and physiological analysis is useful in some situations

to delineate stocks. Similarities and differences in vertebrate counts,

fin ray counts, and blood chemistry are factors that have been success-

fully employed.
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ABUMDANCE

Estimating stock abundance or relative abundance in a fishery is of
importance in fisheries management as an intermediate step to estimating
other vital parameters. The manager must determine the status of various
stocks, however rough these estimates are, as the first step in population
analysis. The most important use of estimates of abundance is in estimating
mortality rates, which in turn are reduced to exploitation rates. In all
cases the manager should carefully decide exactly why he wants to estimate

abundance and then use the simplest method to satisfy his needs.

Indices of Abundance

Standard Gear Unit

In most situations, the manager only needs to know the relative abun-
dance of various stocks. Catch from a standard gear unit is one approach
that is often used in this situation. A standardized seine haul, a fixed
length and mesh size gill net, and electrofishing over a standard course
are examples. Coves are sometimes treated with rotenone and this method
can be considered a standard gear unit. Advantages of these methods are
simplicity and ease. Disadvantages are questionable representativeness
of the sample, variability of the index, and weakness of statistical
analyses (replicates are needed to estimate variance, but are difficult

to obtain with this method).

33
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Catch Per Unit Fishing Effort

The basic assumption is that C/f is in some constant way related
to stock size, N. The difference between this approach and the standard
gear unit is that C/f can be calculated on any gear, as long as f is in the
same units. Creel data can be used in many ways to express C/f. This
method is most commonly used for making year to year comparisons as part
of a monitoring program. The same advantages and disadvantages of the

standard gear unit also apply to this method.

Direct Enumeration Methods
Direct enumeration is one of the simplest methods of estimating abun-
dance. This method depends on counting all or a selected portion of the
population. Whenever this method can be used, it is preferred because
it is usually cheaper and relatively accurate. However, these methods
are usually of limited value because they can only be utilized when the
total population may be confined sufficiently to make an actual count

of individuals.
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35 Abundance

FISHERIES SYMBOLS

(Internationally Standard)

Term

* Mortality rate (fraction) (often 1-5)
Biomass (general)
Catch of fish (number)

* Natural death rate (fraction)

Exploitation rate (fraction)

Fishing mortality rate (instantaneous)
Growth rate (general)

Growth rate (von Bertalannfy equation)

¥ ¥ ¥ ¥

*

Natural mortality rate (instantaneous)

Number of individuals in a stock (or population)

Biomass of fish in a stock
* Number of recruits (annual recruitment)

* Survival rate (fraction)
Virtual population estimate
Yield (catch of fish in weight)
* Total mortality rate (instantaneous)

Natural base

Fishing effort

Length of individual fish
Length at first capture

Number of fish marked

Sample size

Catchability coefficient (F/f)
Number of fish recaptured

Time

Time at first capture
Weight of individual fish
Weight at first capture

* Rate estimators
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Total Count

Total count of a fish population can be accomplished in various
ways. Salmon and trout on their spawning runs can be guided into a
weir or trap. Salmon usually follow current patterns along the banks of
spawning streams and fisheries scientists have taken advantage of this
type of behavior by erecting counting towers along stream banks. Observation
is often improved by providing a light colored stream bottom background.
Where fishways have been constructed, salmon can be easily counted at the
exit, or a T.V. camera and video-tape equipment can be installed in the
fishway. Sophisticated equipment such as this can reduce counting error
substantially. Small ponds can sometimes be drained adequately to permit the’
fecovery of the total population with seines. Since total counts require
enumeration of all individuals in the population there is no statistical

analysis involved.
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Partial Count

Partial counts using direct enumeration may also be practical in
some fisheries. A portion of the population is counted then the total
population is projected from these data. Towers on the banks of salmon
streams are usually not manned continuously, rather, counting periods of
10 minutes per hour can be randomized and then expanded for a complete
migration period. A stream or lake bottom can be stratified then the results
of sampling these stratified areas can be projected to the total population.
Cove sampling may be considered a type of partial count. In this method,
coves of a reservoir or lake are sampled and these results projected to
the population of the entire reservoir.

The statistics involved are fairly straight forward. Assuming the
abundance of the fish remains the same and is uniform throughout the fishery,
arbitrarily divide the population space into A equal unit spaces and seleét

a of these to enumerate completely. This yields error free numbers Ny, N,,

N3, ... N, corresponding to subspaces 1, 2, 3 ... a. Then:
R a
N= A I Ny
a i=1
and )
var (N) = A2 - aA = var (N3)
a
where a a 9
a I N2-(INyY
i=1 im]1
var (ﬁi) =
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For example, suppose you mark off a shallow 25 acre lake into 25
one acre grids. Five grids are randomly designated as sampling units and

the fish counted by aerial photographs. The results are:

a; = 30
82=40
a3 = 25
a, = 15
35=35
then
N = (25/5) (30 + 40 + 25 + 25 + 15 + 35)
N = 725

The estimated variance of N is calculated as follows:

5[302 + 402 + 252 + 152 + 352]-[30 + 40 + 25 + 15 + 35]2
5(4)

var (Ni)

var (Ni) 91.2
then

var (N) = (25)2 - 5(25) (91.2)
5

var (§) = 9120
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Correlated Methods

Often the life history of a fish may be such that some closely related
(correlated) sub-adult population méy be estimated more readily than the
adult population. For example, the number of adults may be related to egg
production or the number of nests or redds. In fisheries, estimation of
adult population size from eggs has been attempted for a few marine species
that have pelagic eggs. In addition the nests of certain fishes, such as
the salmonids and basses, may be used as an estimate of the number of spawning
adults.

Fisheries scientists in Alaska often forecast the size of salmon
runs using a correlated method or index. Sometimes this method is only
able to give an index of population size because sampling of all areas
during all time periods is difficult. Forecasts are not only important
in determining population size, but are also used for planning and regula-
tory decision-making. Pink salmon forecasts, for example, are based on
the relationship between pre-emergent fry abundance and subsequent adult
return. The forecast of the éxpected number of returning adult pink
salmon is obtained by relating past fry indices to corresponding returns
of adult pink salmon. Data acquired over past years is analyzed using

simple linear regression.
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The following is an example of the procedure to forecast pink salmon

runs in Alaska. Let,

X = pre-emergent fry density (fry per m2)
Y = subsequent total return of adult pink salmon (millions
2 years later)
Brood
Year X Y (Year)
1968 72.6 2.2 (1970)
1969 111.3 20.6 (1971)
1970 85.2 3.2 (1972)
1971. 124.8 9.7 (1973)
1972 121.3 11.0 (1974)
X = 113.04
Y =9.34
LX) (ZY)
B = IXY - n
[zx2 - x)2 12
n
@ =Y - BX
a = 9.34
a = -14.40
Thus

Y = -14.40 + 0.21X
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Current incomplete data include:
Brood [Forecast]
Year X Y (year)
1973 133.9 [13.7] (1975)
1974 101.5 [ 6.9] (1976)
in 1973 was found to be 133.9. The estimate

Pre-emergent fry density (X)

of adult

<o o<
]

<>
[}

pink salmon (Y) returning in 1975 (two year life cycle)

a + BX
-14.40 + 0.21 (133.9)

13.7

The standard deviation of this estimate is calculated from that point on

the regression line:

g2

Z(Y—Yi)z - BE(X-X,)

(¥-¥,)

n-2

1515

Pre-emergent fry density in 1974 was to be 101.5/m2. The run

forecast for 1976 can be made in the same manner (6.9).
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Mark-Recapture Methods

Marked fish may provide information on abundance. These methods
are well adapted for use on small, discrete freshwater stocks that support
recreational fishing and for which catch statistics are difficult to obtain.

The basic estimators are the single census, multiple census, and multiple

recapture method.

Single Census

One of the simplest mark-recapture methods is the single census
estimator using marked individuals and their recovery. The general method
was developed by LePlace (1783) to estimate the human population of France
(registered births were the ''marks"). Peterson (1896) used mark-recapture
to estimate exploitation rate. Dahl (1919) applied the method to a lake to
estimate N. Lincoln (1930) applied it to wildlife and Jackson (1933) to
entomology. In fisheries the actual estimate of N in mark-recapture is often

incidental to estimating exploitation.
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For a single census estimator, marked fish are released and then,
at a subsequent time, a total catch is made including marked and unmarked
individuals. This method is based on the principle that the proportion of
marked fish recovered is to the total catch as the total number of marked
fish released is to the total population.

Basic assumptions to be satisfied are: (1) marked fish have no more
mortality than unmarked; (2) marked fish are caught at same rate as unmarked;
(3) marks are not lost; (4) marked fish are randomly distributed or the
sampling effort is random; and (5) recruitment is negligible or can be
estimated.

The simplest estimator is

N = mC
T
where m = number of fish marked
C = the catch taken for census (total marked and unmarked)
r = the number of recaptured individuals (marked fish) in the census

For example, say 550 fish are captured by fyke net and marked. Over the
next two weeks, 8720 fish are taken by sportsmen of these creeled fish, 157

were marked.

m = 550

c = 8,720

r = 157

N = (550) (8,720) = 30,547

157
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One method of calculating the confidence interval depends on adjusting
the recapture of marked fish from a Poisson to a normal distribution with
the following formula:

r+1.92+1.9 Vr+1
Thus,

157 + 1.92 + 1.96 / 158 = 134 and 183
then substituting into the estimation formula,

(8,720) (550)
134

= 35,791
and

8,720 x 550
e e e —— T
S 26,214,

Finally the approximate confidence interval at o = 0.05 is

26,200 <N< 35,800

Exploitation rate (E) can be estimated by

E=1r
in}

with a small r (binomial distribution),

V(E) = C__ (1-m),
E

-
mN

r
With a large r (c approximates

V(E) = r(C-r) .
m<C

=z »|8
St
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Multiple Census

The multiple census estimator is simply a modification of the single
census estimator. The ideas behind the method were developed by Thompson
(Illinois) and Juday (Wisconsin). Schnabel (1938) and Schumacher-Eshmeyer
(1943) provided the mathematical basis. In this case marked fish are
repeatedly added to the population while those removed are recorded by time
period to yied an estimate of the population size. As the number of marked
fish increases, the variance of the estimate decreases. The assumptions
for this estimator are similar to the single census estimator.

As an example, assume we sample fish by fyke net daily. Each
sampling time we mark any unmarked fish. Let

mt = total number of marked fish at large at the start of the
tth day,

Imy = total number marked to day t,

(%)
1

total sample taken on day t,

2]
Il

¢ number of recaptures in the sample Ct’ and

™
al
]

total recaptures during the experiment to day t.

t

Ct th Ctht r, Zrt N

80 0 0 0 0 -

100 80 8,000 5 5 1600
60 175 10,500 9 14 1321

90 226 20,340 15 29 1340
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N for each time period is estimated by

2 IC. m . Z(Ctmt)
N = or N =
Zrt Zrt + 1

With "low" r treat r as a poisson variable to calculate variance.
With "high" r, use a normal approximation. DeLury (1958) reviews the

mathematical basis for variance estimation in multiple census estimation.

In the previous example, N has been estimated by

- LC m,

Zrt

In practice the worker would continue sampling until the confidence interval

is narrow enough for the purposes at hand.
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Multiple Recapture

The multiple recapture method (Jolly-Seber Method) can be used in
situations similar to these used in a single or multiple census, but in which
a closed population cannot be assumed. However, it is best suited to
small lakes where each marked fish can be recognized every time it is
recaptured. Remarking and giving double weight to an alreadf captured
individual may introduce some bias if the individual is capture-prone.
Fortunately, in most cases fish are not capture-prone and tend to avoid
any type of sampling gear.

The multiple recapture procedure is as follows: On the first occasion
(t = 1) the fish are marked, at t = 2, recaptures are noted and returned,
and unmarked fish are given a different mark; at t = 3, the previous marks
of both categories are recorded as well as unmarked individuals.

The data obtained maybe set up in tabular form:

Recaptures Recaptures
Time Fish Newly Fish Examined from 1st from 2nd
Period Marked for Marks Marking Marking
t . Ce T1t T2t
1 ml - - -

3 - C3 T4 I3
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A direct estimate of the population at Np can be found by

&l m2(C2 + 1) r13
2
(r12 + 1) (r23 + 1)

The variance of ﬁz is found by approximation techniques described by Seber

(1973).

As an example, a small lake containing brook trout was sampled.

The data are as follows:

Recaptures Recaptures
Time Fish Newly Fish Examined from 1st from 2nd
Period Marked for Marks Marking Marking
1 500 (mp) - = =
3 = 1000 (C3) 163 (r13) 174 (r23)v

(121) (175)
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Catch Composition Methods

Change in Ratio

Population estimates can sometimes be made by taking the composition
of the catch into consideration. The change in ratio (survey-removal)
estimate is of this type. 1In using this estimator, (1) the relative
abundance of two or more kinds of individuals in a population at t=1
is determined, (2) changes in the relative abundances are made by removing
or adding known numbers of known kinds at some time later than t=1, and
(3) estimates of the new relative abundances are made at t=2.

The assumptions for this estimator are as follows: (1) the
kinds of individuals into which the population is divided must remain
constant, i.e. male or female, marked or unmarked; (2) mortality and
recruitment between t=1, and t=2 must be negligible or at least non selective
with respect to the kinds of individuals into which the population is
divided; and (3) mortality and recruitment must not occur while additions or
removals are in progress.

The basic estimating equation is found by solving a series of

simultaneous equations. The symbols used can be defined as follows:

N; = total number of fish (brook and brown trout, for example)
in the population at t=1.
X = number (brook trout) added or removed between t=1 and t=2
Y = number of the other kind of fish added or removed (brown trout)

Py = decimal fraction of population Nj which consists of one kind
(brook trout) at t=1.
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py = new decimal fraction (or brook trout) among the Ny
individuals in the population at t=2

N, = total number of fish (brook and brown trout) in the
population at t=2

The two necessary simultaneous equations can be formed as follows:
PoN, = p;N; + X

solving

>

N, =X-p, X+7Y)

Py - P

There are many possible applications of this method. One possibility
likely to occur arises whenever a creel census is conducted on a fishery with
more than one species present. For example a trout population is shown by
sampling to consist of 707 brook trout and 307 brown trout. If anglers remove
200 brook trout and 30 brown trout and a second sampling shows that the
removal of fish changed the brook to brown trout ratios to 55% brooks and
45% browns N; is found as follows:

ﬁl = =200 - 0.55 (-230) = =-73.5 = 490
0.55 - 0.70 -0.15

ﬁl (brook trout) = 343

ﬁl (brown trout) = 147
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Virtual Population

An estimate of the actual population can be made from knowing the
virtual population, but this method can be applied only when there are
extensive creel census data on the fishery. A yearly age census of the
catch and the allocation of the catch among year-classes must be carried
out. The virtual population can be defined as the minimum estimate of
catachable fish present in one year which is the total of the minimum number
of fish in existence of each year class. To estimate the actual population
from the virtual population a number of fish must be marked and the number
of recaptures of these fish in following years must be recorded.

The assumptions include (1) complete recruitment of the recruting
age class and older; (2) the same rate of exploitation for all age classes;
(3) negligible natural mortality at all ages greater than the recruited

age; and (4) constant recruitment of the recruiting class from year to year.
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To find the virtual nopulation estimate with a variable survival rate,

a table of the minimum number of survivors of each brood year is constructed.

Total
Year Virtual
Class I1I v v VI Population Year
1961 = = - 1665 5553 1967
1962 - - 1371 1243 4764 1968
1963 = 1294 1199 1165 4650 1969
1964 1223 1193 1180 1062 4774 1970
1965 1129 1122 1059 939 4711 1971
1966 1277 1265 1229 1147 - -
1967 1388 1349 1265 1121 - -
1968 1194 1174 1095 1049 = =

The total virtual population is found by summing the entries diagonally
from lower left to upper right. Thus at the start of the 1967 fishing
season there were at least 5553 fish of age III or older in the lake, 4764
in 1968, 4650 in 1969, etc. Exploitation rate can be calculated by

Et(max) = C¢
Ve
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The actual population can be found by combining the results of
a marking experiment with the virtual population. The total recoveries
from m fish marked at the start of year 1 (1967 in this case) in successive
years of their appearance in the fishery is r; + r, + ry D

then

Vi

z>
I

+rot+tr, +...
rl rH r3 rt+n

For example, the virtual population in 1967 is 5553. During that

year 500 fish were marked and r, = 53, ry ™ 45, ry = 75, then

Niggy = (5553)(500) = 16,049.
53 + 45 + 75

If we assume a constant age composition in the stock and let X =

fraction of age i, then

<
]

TC (1-X%X3 =Xy evve X, 1)
{=1 E 1 2 1-17*

when

Virtual estimate of N.

<
1
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Depletion Methods

The depletion method (regression, Delury, Leslie methods) is
based on the principle that a decrease in catch per unit of effort
(C/f) as the population is depleted bears a direct relationship to
the extent of the depletion. This estimator can only be used where at
least 507% of the population can be removed as it depends on the ability to
estimate the slope of the regression of C/f on either cumulative catch
or effort. Catches frém most sport fisheries are unsatisfactory for using
this method because of variation in catch. However, this can be overcome
by simulating fishing effort and catch by electro-fishing. In a valuable
sport or commercial fishery, captured fish can be marked and subsequently
ignored instead of removing them.

The assumptions are (1) catchability of the fish remains constant;
(2) the population is totally available to the fishery, (3) there is no
natural mortality or recruitment; and (4) the fishing effort applied is
constant.

The number of fish in the population is found by sampling the
population a number of times (using a constant fishing pressure), and
plotting a regression line of C/f on cumulative catch (XC¢) for each
time period. The regression line is then projected to the intercept of
the X axis, the initial population size. The initial population size can
be directly found without plotting by mathematically deriving the intercept

using the least squares method.
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By definition the Ct/f during time t is equal to the catcha-
bility (q) multipled by the population present at the beginning of that
time.

Ce/f, = qN, (1)

The population at the start of time t is equal to the original

population less the cumulative catch ZC.
N, =N_ - IC (2)

substituting into (1)

Cy/f = q(N, - EC) (3)

Equation 3 indicates that C/f plotted agains IC has a slope of q.

Also, the X axis intercept is an estimate of the original population Ng,
since it represents IC if C/f and the population were hypothetically
reduced to zero by fishing. N, can now be found using the least squares

methods to obtain the X axis intercept.

C/f

zC
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A hypothetical example follows showing table set up and calculations:

Time

Period zC(X) Ct/ft (Y)
1 0 131
2 131 69
3 200 99
4 299 78
5 377 56
6 433 76
7 509 49
8 558 42
9 600 63
10 663 47
Total 3,700 710

sx2 = 1,846,194 - 37702/10 = 424,904
Zy2 = 57,062 - 710/10 - 6652

Ixy = 223,519 - 3770 X 710/10 = -44,151

B = slope = -44151/424904 = -0.103908

o = Intercept = 710 -(-0.0-3908 X 3770) = 110.73
10

q = catchability = +0.103908

N, = 1060



MORTALITY

Mortality in populations can be expressed in a number of ways. For
example, the general decline in abundance of a particular year class often

follows a rate proportional to the abundance level at any point in time.

The above graphical model can be described by

dN _
o = N

By integrating, it can be shown that
= -Zt
N, = N_e .

(o)

By rearranging terms,

57
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The term Nt is simply a ratio of the number of fish alive at the end of

No

time t to the number alive at the beginning of time 0, or survival (S).

Therefore,

By taking the natural logarithm of both sides,

Z = -1n S.

Z is defined as the instantaneous total mortality rate (or force of

total mortality).
Total mortality is made up of two components: fishing mortality

and natural mortality. Mathematically,

Z=F+M

where
F = instantaneous fishing mortality rate, and
M = instantaneous natural mortality rate.

Then, using a previously developed equation,

Ny = Ne™2t

Noe-(F + M)t

=
[l
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Estimating Total Mortality

Successive Ages

If fishes can be easily aged (or placed in size classes), then

and

A

Z=-1nS§
can be used to estimate Z. This procedure is simple to use in practice,
utilizing either population estimates or indices of abundances. There are also
many variations to the basic method that can be useful in providing improved
estimates in certain situations.

Disadvantages with the method of successive ages are: (1) highly

variable year class strength; (2) variable mortality due to random environ-

mental changes; and (3) bias in sampling.
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Catch Curves

A second approach to estimating total mortality is by the use of
catch curves. The basic principle is similar to that of successive ages,

except that catch data are used. Catch data may be plotted as:

Natural N
LOg ,’ = -~
of ’ \"
Catch .’ = ‘o
-
-
~
‘e
[l 1 1 1 )
I II I1I IV \Y

Age (or size class)

The left side of the curve represents incompletely captured ages, and

speculation on mortality rates for these age classes is risky. The constant

slope on the right side indicates mortality is probably constant.

To calculate total instantaneous mortality, the differences between

abundance of two age classes is determined. Since catches are expressed as

natural logs, a difference is actually a division. In other words, the

slope of the right side is equal to Z.
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Estimating Fishing Mortality

Exploitation rate (E) is the probability that a given fish will
die during the year when all other causes of death are operating on the
population. The simplest way to estimate E is by using catch and

abundance data

e}
[}
=5 fOs

Since C and N are estimates themselves, the resulting estimate may not be
very‘brecise and/or accurate.

Another approach is ‘to use tag data. The principle is very closely
related to single census estimation (see chapter on Abundance). Tagged
fish are released and the total recovery over a specified time period
(usually a fishing season) relative to the number released provide an

estimate of E.
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A third approach to estimating fishing mortality, is to use changes

in total mortality. Fisheries with long histories of data are amenable to

this approach.

M §

If the regression line is extended to f = 0, the only mortality operating on
the population would be due to natural causes. Fishing mortality would then

be estimated by the mortality rate above the natural mortality rate.

Estimating Natural Mortality

Natural mortality is nearly always estimated by the difference

between total and fishing mortality,
M=2Z-=PF.

In a few situations(virgin fisheries or closed fisheries) it may be

possible to estimate natural mortality directly, but this is the rare

case.
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Exploitation Rate

Manipulating exploitation rate (fishing pressure) is one of the most

useful tools in fisheries management. Since

the manager could conceivably adjust E and then predict the effect on F.
If E is increased by 257, the above equation could be solved to determine

the effect on F. And since,

F = qf
where,
q = catchability coefficient
f = fishing intensity

then, f could be adjusted to provide the desired level of F.
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GROWTH

Growth can be defined as change in length or weight of an animal
over time, Changes in numbers over time are considered under "mortality"
and are covered in Chapter 5. Analysis of growth in fisheries
management is usually designed for (1) predicting average fish size at some
point in time, and (2) comparing '"well-being'" of fish in different systems
or under different management strategies.

An equation describing growth of fishes should possess a number of
characteristics to be useful in fisheries work. The equation should be
relatively easily fitted to data. Second, growth characteristics should be
reasonably well described over the desired range of time. Third, the
number of assumptions should be as few as possible and reasonable. A final
characteristic for a useful growth equation is the ease with which it can be

integrated with other population dynamics models.
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Exponential Growth

There are two growth models used extensively in fisheries. The first,

exponential growth, can be graphically illustrated by

t
Mathematically, the model is
W = woth
where
w, = Weight of individual fish at time t

[}
I

= Growth rate

The exponential model is usually used over relatively short time periods
because growth rate changes over the life of a fish. The exponential model

is easy to use analytically in calculating short-term yield, but cannot be

easily used for long-term prediction.
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In practice, G can be estimated by

- Gt
W woe
w
t
eGt = —
Wo
at t =1

Von Bertalanffy Model

The second growth model is the von Bertalanffy equation. If the rate

of growth in fish length is linearly related to length, then;

-~ - ® e o e e -

>
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Mathematically,
a _ i
T KL, - 2)
al _ _
v KL, - £)
Le = Ly - ce Kt
where

c = constant of integration

At
£ =0 and t = 0,
0 = Lo - ce Kt
Lo = ce Kt
c = ZmeKt

then

'Et _ Kw [l _ eK(t—to)] .

In practice, we must estimate £, (maximum fish length), K (growth
coefficient), and t, (time when length would theoretically be zero).
Maximum fish length can be easily estimated by observation, as well as
by analytical techniques. The other two coefficients must be solved

analytically.
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If length at one age class is plotted against length at the next older

age class, it is possible to estimate K and L.

Ford-Walford Plot

Le +1

e gEm G AD O an Gn s ey e

(o)
8

Ly

K

The slope (B) of the line fitted to the data is e . The following manipu-

lation provides an estimate of K,

In B = =K

K=1n B

The Ford-Walford plot may also be used to estimate £o. The 45° line

represents a ''mo growth'" relationship and its intercept with the plotted line

estimates £ .
[ee]

An estimate of t, can be made by substituting in the growth equation

estimates of K and £, at a particular £ and t.
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Length-Weight Conversion

The weight of a fish is generally proportional to the cube of its

length. Von Bertalanffy's equation can thus be changed to

Wp = Ve [1_e-K(t—to)]8

Usually, B will be about 3 since

w = aiﬁ



RECRUTTMENT

Predicting recruitment, the addition of new individuals to a population
or stock, is one of the truly challenging problems in fisheries ﬁanagement.
The amount of effort expended to improve recruitment prediction is sub-
stantial, but success has been limited.

A number of factors can affect recruitment, including spawning stock
size, environmental factors, predation, and competition. These factors

can be categorized as either density-independent or density-dependent.

Density-independent factors act in a manner unrelated to population
level. Pollution, floods, and water temperature act independent of pop-
ulation level. A fisheries manager must often handle these probalistic
or stochastic events.

Density-dependent factors are related to population level or ecological
interrelationships. Competition, predation, and disease may be in part
or in total, related to population level and can be consider density

dependent factors.
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Ricker Stock-Recruitment Model

If we assume that density dependent factors play the dominant role

in determining recruitment, then such a model may be graphed as

Number of

Recruits
to
Stock

\ Equilibrium (Replacement

Linq

\‘L"‘~Recruitment Line

45°

Mathematically,
R

where

=
]

If

Then

Ne (Np - N)/N

= N./N

Stock Size (Spawners)

Recruitment from N
Replacement stock (exactly replaces itself)

Stock size which produced maximum recruitment

max

Ne @(1-N/Npay)



[ Recruitment

The Ricker stock-recruitment model is well studied, especially as
related to Pacific salmon fisheries. The largest predictive problem is

accounting for variations due to density-independent factors.

Recruitment Regression Models

A number of workers have combined density-dependent and density-

independent factors into multiple regression models. The general case is

R = f(N, Environmental Factors)

Recruitment is predicted as a function of population level and any number

of environmental factors, such as water temperature and weather conditions.
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MULTI-STOCK FISHERIES

Effectively managing multi-stock fisheries is a perpetual engima
in fisheries management. Successfully managing a single species is
difficult at best, but managing a fishery with two, three, or more
competing species is a formidable, if not impossible task. To enhance
understanding of fisheries and thereby increase management capabilities,
mathematical models have been formulated which attempt to describe how
fisheries function. Some of these models have become classical tools in
fisheries management. Unfortunately, none of the models is particularly
applicable in multispecies situations which are characteristic of fresh-
water fisheries. The classical models best apply to single species
fisheries as found in the marine commercial situation. For example, the
Ricker (1954) stock-recruitment model applies to a fishery where fish
spawn once and die, as in the Pacific salmon fisheries.

The two best known single stock models are the dynamic pool model
(Beverton and Holt) and the logistic model (Schaefer). The dynamic
pool model describes a fishery in terms of the vital statistics
of recruitment, growth, and mortality. Implementing this model requires
a large amount of data and can generally be successful only after sub-
stantial information has been collected on a fishery. The logistic model,
also called the surplus-yield model, combines the effects of recruitment,
growth, and natural mortality into a single-valued function of population
biomass. The logistic model is usually employed when information on a
fishery is relatively scanty, requiring only catch and effort data for

a series of years.
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Both the dynamic pool and the logistic model have been applied, with
some success, in marine>commercia1 fisheries management. The dynamic pool
model has been used in the North Sea plaice fishery and provides an adequate
description of the fishery. The logistic model has been useful in managing
the Eastern Tropical Pacific yellowfin tuna fishery. Neither, however, has
been applied with much success in freshwater sport fisheries. Watt (1959)
did an extensive study of the smallmouth bass population of South Bay,

Lake Huron. He applied four different population models to the fishery,
including the logistic and dynamic pool models, and found that all models
were deficient in one or more respects. He attributed the weakness

of the models to lack of adequate input data. He had '"relatively small
amounts of information collected over only a ten year period" (emphasis
added). In comparison to data available on most freshwater sport fisheries,
Watt had an abundance of information. Watt's conclusion illustrates one

of the main problems with classical fisheries models: they simply require
more data than are available on most sport fisheries to be accurate

predictive tools.
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An additional problem with all commonly used fisheries models is the
deterministic description of stochastic population phenomena. Models that
incorporate stochastic processes may provide better descriptions qf fisheries
dynamics. An example of deterministic versus stochastic processes should
illustrate why the latter is to be preferred for sport fisheries. A
deterministic model predicts that for a given value of the independent
variable, X, we can expect the dependent variable to have a corresponding
value, Y. A stochastic model predicts that for a given value of X we can
expect any one of a number of Yi values, with a probability of P; attached
to the occurrence of each Yi' The stochastic approach is appropriate where
a steady state situation cannot be safely assumed, which is the case in most
fisheries.

There are many computer-implemented stochastic fisheries models des-
cribed in the literature. A simulation model has been developed to investigate
economic and biological consequences of various strategies for restricting
entry of gear into the salmon net fisheries. A computer simulator has been
used to synthesize the main features of the population biology of sockeye
salmon of the Skeena River. A large-scale simulation model has been used to
study three management strategies for limiting halibut catch in the north-
eastern Pacific. Others developed a simulator to determine potential
ecénomic benefits to the canning industry of varying degrees of forecast

reliability of the size of sockeye salmon runs to Bristol Bay, Alaska.
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Analysis and modeling of complex fisheries is difficult and there
are few examples in the literature. A stochastic model has been constructed
of interpopulation dynamics based on energy flow through an ecological
system composed of the Pacific sardine, the northern anchovy, and their
competitors, predators, and prey. Large-scale models of marine commercial
fisheries are not easily applicable to a freshwater sport fishery. Walters
(1969) developed a general computer simulation model which may have application
in sport fisheries, but the basic model structure is deterministic. Also,
this model is designed to describe a single species fishery and therefore,
its predictive value in most freshwater fisheries is limited. Zuboy and
Lackey (1974) developed a computer simulator, STOCKS, to test alternative

management strategies in a three species warmwater lake fishery.
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SYSTEMS ANALYSIS

Systems analysis is not a new concept. In at least some respects,
fisheries science is more fortunate than many other areas of natural
resource management because aquatic ecosystems, such as lakes, are often
fairly distinct entities, readily lending themselves to the procedures of
systems analysis.

Systems analysis is a process of translating concepts about a system
%pto a set of mathematical relationships and manipulating the model thus
qErived. This definition is quite comprehensive and its full impact may
not be easily recognized.

Use of systems analysis is becoming increasingly widespread. The
roots of the process are in military and industrial operations research.
War games, developed for use with complex military tactical problems,
first showed the great potential of systems analysis in problem solving.

With the advent of high speed digital computers, systems analysis and

its inherent modeling aspect, has been greatly facilitated.
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A system is classically defined as "regularly interacting and

interdependent components forming a unified whole."

An ecosystem
involves the simultaneous functioning of a group of populations of
organisms and the non-living environment which surrounds them. ‘égzuuqip
that includes all of the organisms in a given area interacting with the physical
environment so that a flow of energy leads to a clearly defined trophic
structure, biotic diversity, and material cycles is an ecosystem. ?he
functioning of an ecosystem can be analyzed in terms of the following
categories: (1) energy circuits; (2) food chains; (3) diversity patterns
in time and space; (4) nutrient cycles; (5) development and evolution; and
(6) cybernetics. All of these are vital considerations to determining
interactions taking place within an ecosystem.

The interactions taking place within an ecosystem present a complicated
puzzle to fisheries scientists. No organism can exist by itself. It is
dependent on other organisms as well as its environment (i.e. the energy of
the sun) for life. Such interdependence produces a mult;tgde of relationships
within an ecosystem. For example, game fish depend on forage fish for
their energy requirements. These forage fish in turn rely on insect larvae
which feed on algae. Algae utilize the sun's energy to initiate the food
chain. And so it goes, the number of interactions taking place within any
ecosystem, even the simplest, is overwhelming. Also every ecosystem is a

subsystem of some larger system and is itself made up of smaller subsystems.

This is the concept of/system recursiveness  and it complexes the issue even

further.
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Several characteristics of an ecosystem are especially important to

ecosystem analysis. The two most important of these are spatial iand temporal

relationships. No ecosystem analysis can be fully understood without a
knowledge of the relationships of the activities of the organisms in

an ecosystem in terms of both time and location. Thresholds, limits, and
discontinuities are other important features. Thresholds refer to behavior
differences among the organisms in an ecosystem. A game fish will strike at
a forage fish only after a certain hunger threshold has been reached.
Pursuing the forage fish requires an additional hunger threshold to be
surpassed. Limits involve non-linear aspects of an ecosystem. The gut of a
game fish can hold only so many forage fish at one time. The fact that

each forage fish eaten changes the hunger level of the game fish illustrates

a discontinuity. ,Discontinuities also deal with non-linearity in ecosystems.

All of these critical factors, which, before the advent of computers, made
systems analysis exceedingly difficult, can now be handled with special
computer programming languages. For example, limit thresholds involve
switching operations. If one event happens (the hunger threshold of the
game fish is surpassed), then another event must follow (a desired fish is
found and eaten). Operations of this type are conveniently handled by

FPRTRAN IF statements.
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( bee£;;£iCS‘iS defined as the science of controls. All ecosystems
have natural controls which tend to resist change in the system. {Homeostésis
is the property of an ecosystem to resist change and maintain itself in
a state of equilibrium. Natural controls involve negative feedback mechanisms.
For example, if a population begins to grow too large for its food supply, adult
fish may consume increasingly larger volumes of their own young, thus
tending to decrease the size of the population. All of the interactions taking
place within an ecosystem tend to maintain system stability which results in
a state of continuous but dynamic equilibrium.

The ecosystem analysis approach is oriented toward the whole system

by study of the workings of system components. Ecosystem analysis
procedure is best explained by a series of steps. The.f}réﬁ}and often
most difficult step is to definevthe gbjectiygs of the analysis. There is

little use in proceeding past this step without having clearly defined

objectives. The objectives are the dependent variables which set the format
for the entire analysis. For example, an objective of an analysis of a
warmwater fishery might be to maximize equlibrium yield of largemouth bass.
The key to the analysis of any ecosystem is simplicity. Only those ecosystem
components which are needed to achieve the specified objectives should be
included. Each unnecessary component unduely complicates the analysis.
(kemember that the beauty of ecosystem analysis lies in explaining a diverse,
complicated system in as simple a manner as possible while meeting the

objectives.)
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The second step is to determine which components of the ecosystem
are relevant to meeting the objectives of the analysis. These components

will serve as independent variables. The best procedures here is to begin

with a small number of components which are clearly relevant. The system
description can then be expanded when additional components are found to
be important. Regression analysis, as will be discussed shortly, may be
useful in eliminating unimportant components which have been included in
the system.

The th}ydrstep>entails determining and quantifying interrelation-
ships between system components. This step requires a thorough know-
ledge of the population dynamics of the organisms contained in the system.
When dealing with a fishery, this means estimating population size, growth
rates, recruitment rates, and mortality rates for each fish population included
in the analysis. Initial conceptualization of the interrelationships may

be facilitated by use of box and arrow diagrams. The boxes represent system

components and arrows show various interactions taking place between them.
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As soon as the degree to which interactions take place has been
initially estimated, quantification must be accomplished. Statistical tools
used in quantification procedures include multiple regression analysis.
Multiple regression analysis relates simultaneous changes in several
independent variables to changes in a dependent variable. Correlation analysis
differs from regression analysis in that the functional relationship on one
variable'to another is not considered. There is no distinction between
dependent and independent variables in correlation analysis. Multiple
correlation analysis measures the amount to which variables co-vary.
Covariance is negative when one variable increases and the other decreases
and positive when both increase or decrease at the same time. If the
variables are not linearly related to each other, then covariance is zero.

After the interrelationships of the system components have been
quantified, the next step is construction of a mathgmq;igilwmgggl. There
are many kinds of models. Verbal (word) and graphic (illustrative) models
are informal. Systems analysis involves formal models which are developed
using statistical and mathematical tools. In formal ecosystem model
development, the system components and their quantified interrelationships
are defined in terms of mathematical equations to create an abstraction

of the real ecosystem.
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There are four basic elements of a mathematical model. The first

of these, systems variables, are used to define the state of the system

at a given time. One or more system variables are used to characterize
one particular component of the system. The second element, transfer
functions, represent the interactions between components. System inputs

are handled by equations called forcing functions. Constants used in the

mathematical equations are known as parameters and compose the fourth model
element. Differences in formal models are often due to the mathematical
description of parameters and forcing functions. Models which include the
effects of Shance variation in the description of these elements are known as

stochastic models. A model which allows (by some probability) for massive

dieoffs due to winterkill in a fishery would be a stochastic model.

Deterministic models do not include chance variation intheir mathematical

equations, and consquently, the possibility of a random catastrophic event
is not considered. Ecosystems described by determinisitc models are perceived
as remaining fairly constant. Stochastic models are mathematically more

difficult to develop and, consequently, deterministic models are more popular.
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The basic mathematical tools used in model development are set
theory and transformations, matrix algebra, and differential equations.
Set theory is used with change of state models. A set consists of a group
of equations which represent a particular state of the ecosystem as defined
by the system variables. Given a particular state, there are a number of
alternative states which the ecosystem might next assume. Certain transforma-
tion rules incorporated into the mathematics of the model determine which state

will result from the given situation. Matrix algebra involves the

description and manipulation of lists of numbers. Matrices are a convenient
way of presenting relationships between the components of a ecosystem.
Data amenable to handling by matrices can often be obtained from life

tables based on creel census. Differential equations involve rates which

describe changes in ecosystem components over time. A differential equation
could be used to describe yearly change in fishing mortality on a large-

mouth bass population.
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After an initial working model has been developed, it must be refined
un;i; 1t satisfactorily mimics the real situation and fulfills the objectives
of the aﬁalysis. This phase of model development is popularly known as
ggﬁ;ciging and optimizing the model and often involves extensive analysis.
Model analysis provides an insight into the workings of the real ecosystem.
The previously discussed homeostatic properties of feedback and stability
are important in model sensitivity analysis. Models help to determine the
relative effectiveness of different feedback mechanisms in maintaining system
stability. The equations which represent these mechanisms can be changed
and the resulting responses of the model studied. Also by varying forcing
functions or input values input-output sensitivity can be examined. Using
a fishery model, the effects of increased primary production due to
fertilization could be determined by changing the value of a forcing function
so as to represent this fertilization. Weaknesses of a model, which are due
to a lack of information about a certain aspect of the ecosystem, can be
traced to areas of data acquisition and handling where improvements are

needed.



7 Systems Analysis

There are three basic goals of model building: (1) realism;
(2) precision; and (3) generality. /Realism describes the amount of correlation
between the mathematical equations of’tﬁe model and the expression. ??ecision
is a measure of the model's ability to mimic new data from the ecosystem
on which it is based. Generality refers to the number of different
situations to which the model is applicable. If the model successfully
accomplishes the objectives for which it was developed, then the model is a
success. If a model has been developed from an analysis based on insufficent
or inaccurate information, or has not been properly validated, then it is of
more limited use. A major constraint on ecosystem analysis lies in the area
of data acquisition. Many of the field methods of obtaining and handling
data are of limited use in meeting data requirements for some models.

There are a variety of uses for ecosystem modng: Models may be used to
guide research efforts, by simplifying and facilitating understanding of
the ecosystem on which work is to be done. Also research modeling often
provides an insight into other possible projects. Many models are
constructed for predictive purposes. Computer operation of models makes
it possible to predict probable outcomes of various <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>