
FAO Fisheries Circular, N° 701
ilistribution restricted

MODELS FOR FISH STOCK ASSESSKENT

Partial translation of the annex to the report of the
Second FAO CNEXO Training Centre on methods for fish stock assessment

Brest (France), 26 July 27 Auguet 1976

FOOD AND AGRICULTURE ORGANIZATION'OF THE UNID NATIONS
ROME, January 1978

FAO LIBRARY AN: 139947-958

FIRM/C701



PREPARATION OF THIS DOCUMENT

The French oripinal of this document contains the main lectures prepared for the two FAO/
GNEXO Training Centres in fish stock assessment. These Training Centres were financed by
a Trust Fund of the French Government and were held in Brest (France) in August 1973 and
1976. The English translations of the lectures presented in this version were prepared for
the CIDA/FAO/CECAF Seminar on Fishery Resources Evaluation, Casablanca (Morocco), 6-24 March
1978.. This Seminar was organized under the FAO/CIDA (Canadian International Development
Agency) Cooperative Programme component of Project TF-INT 180 (CAN) - Assistance to the
UNDP/FAO Project for the Development of Fisheries in the Eastern Central Atlantic (CECAF
Project - INT/72/074). This English version does not contain the complete set of lectures
presented in the French original.

W/L1452

FAO Fisheries Circular (FAO Fish.Circ.)

A vehicle for distribution of short or ephemeral notes, lists, etc., including provisional
versions of documents to be issued later in other series.



CONTENTS

Page

1. Fishing and assessment of stocks JP, Troadec 1

2. The characteristics of an exploited stock L.K. Boerema 9

3. Dynamic pool models W.G. Clark 17

4. Equations for calculating quantities of
interest according to the analytic model

of an exploited stock E.L. Cadima 31

5. Ricker's exponential yield model A. Laureo 35

6. The effects on yield of a change in the
age at first cai:4-are E.L. Cadima 41

7. Cohort analysis E.L. Cadima 49

8. Synthetic models E.L. Cadima 61

9. Stock and recruitment R. Jones 79

10. Semiquantative methods of assessment JP, Troadec 99

11. The organization of data colleqion and
assessment of stocks JP, Troadec 111





1-. FAO LIBRARY AN: 139948

FISHING AND ASSESSMENT OF STOCKS

by

J-P. Troadec
FAO, Rome

The assessment of fishery stocks can be seen as the application of the methods of popu-
lation dynamics to stocks that are exploited by fishing. Before examining the available
methods - which will be the subject here - it is important first to grasp the objectives of
this discipline, i.e. to identify the nature and priorities of the information which this
science is expected to supply in support of the fishing industry.

1. The Development of Fishin- in the World

A quick review of the recent history of fishing and its future prospects enables us to
appreciate to what extent fisheries utilize the production of life in the seas. This glance
at history also shows how research problems have evolved both in time and according to the
level of exploitation.

Towards the end of the last century, in the wake of the industrial revolution, condi-
tions became ripe in the Atlantic and Northern Pacific for the fishing industry to inclastri-
alize. At that time certain technic41 innovations were made that greatly increased the Power
and efficiency of the industry at every stage of production:

catches (otter trawls, steel hulls, steam engines),
preservation (ice and canning processes),
distribution (railways),
commercialization (big outlets in the main industrial and urban centres).

Up until the second world war,ithis expansion was limited to the industrialized countries
in the Northern Hemisphere. The demersal species were then the most sought after and pro-
duction of these greatly surpassed that of pelagic species.

Starting at the end of the 1940s, two developments occurred:

the extension of industrial fishing all over the globe as a result of the greater
number of participants (USSR, Indonesia, Peru, Thailand, etc.), and the use of long-
range ships capable of freezing and treating their catches on board, far from the
traditional centres of consumption.

the intensification of fishing for pelagic species (coastal and oceanic) which was
facilitated by several technical innovations. Some of these improved the methods
of capture (improvements to surrounding nets, refinements of pelagic trawls and
acoustic detection). Others opened up new outlets (the use of fishmeal to fatten
pigs and chickens).

The result was that by 1970 catches of pelagic species were twice those of demersal
species, and 90% of the pelagic fish catch and half the total catch went for processing into
fishmeal.

This series of innovations enabled the fishing industry to expand at a rapid rate,
identical to what was achieved during the first half of the century. From 1900 to 1970
world fish production went from 4 to 70 million tons, which means that it doubled approxime,
tely every ten years. This was the highest growth rate of any food production sector and
it is one of the few sectors in which production grew faster than world population. Since
1972, however, the total catch has levelled off, mainly because of the decline in the catch
of a single stock: the Peruvian anchoveta. Presently, for the world as a whole, the fishing
industry supplies about 10% of the animal protein consumed by man as food. The proportion



is several times greater than this in the majority of the developing countries - particularly
in Africa and Asia - where fish is the basic source of protein in the human diet.

Several points emerge from this brief historical survey. First of all, one can see that
there are a number of prerequisites to fishery development (resources, means of capture, the
ability to operate and manage the equipment, labour, systems of processing and preservation,
distribution networks and markets) as well as - what is our concern - the establishment of
adequate working relations among research institutes, industry and the administrative autho-
rities. Without such working relations, in fact, even the most basic programmes and facili-
ties cannot be exploited to their full potential. A comparison of the recent performances
of various countries shows that neither in the most developed nor in the least developed
countries are all the conditions mentioned above as requirements of a healthy fishing indus-
try, fully satisfied. On the whole, conditions appear to be more favourable in the group of
countries that are at an intermediate stage of development (e.g. Spain, Korea, Cuba, Indonesia,
etc.).

The second point to note is that in most areas the fishing industry has developed in
three stages:

inteneified fishing of traditional stocks (the most abundant, the easiest to catch
and sell, those found nearest to existing markets), sometimos till a point is reached
where fishing them is no longer profitable.

fishing of unconventional species on the traditional fishing grounds (i.e. species
that were of no commercial interest when traditional stocks were still abundant).

extension of fishing activity to areas progressively farther away from the original
bases. (And in these areas the first two stages are repeated.)

The steady extension of fisheries to new species and areas has brought about a dramatic
change in the overall pattern of exploitation of the world's fishery resources. Whereas
formerly, despite isolated cases of overexploitation, the resources of the various regions
were not fully exploited, nowadays in most regions the exploitation of most species is very
intense - even excessive - which calls for the urgent implementation of more and more serious
measures of restraint.

2. The Nature and Distribution of Fishery Resources

For resources to be exploitable they must satisfy a certain number of conditions:

the densities must be high enough (at least temporarily) to provide profitable catch
rates.

stocks and potential yields must be sufficiently large to justify investments and
to allow catches to be maintained at a reasonable level.

the product must be marketable. This is a condition which up to now has eliminated
species at the lower trophic levels, although these are the most abundant and pro-
ductive.

Due to the wide dispersal of living matter in the ocean these conditions only occasion-
ally coincide. To appreciate this it is only necessary to compare, on a world scale, pri-
mary production (whichÉis in the order of 150 x 109 tons/year) with the volume of marine
catches (about 60 x 10' tons/year). In fact, fishing is presently viable only at a small
number of productive "traps" where the production of the seas is concentrated. To illustrate
the highly selective nature of fishing it is sufficient to compare the catches of the diffe-
rent elemeuts of the flora and fauna to their respective biomasses. Thus as regards the
flora, exploitation is very unevenly spread geographically and basically applies to just a
few species of macroscopic algae, of which the harvest accounts for only one per cent of the
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total harvest of living matter of aquatic origin. Of the more than 20,000 species making up

the world's fish fauna a mere 100 species account for over 70% of the world catch. In 1971,

a single species, the Peruvian anchoveta, accounted for more than a fifth of the world's fish
catch, while the seven species of anchoveta then being exploited accounted for more than a

quarter of the total. (mis comparison does not take into account the potential of the
Argentine and the Californian anchoveta stocks whose biomasses amount to millions of tons.)

The increase in the proportion of pelagic fish in the total catch since the last world
war is a measure of intensified fishing at the lower levels of the food chain. This pheno-

menon can even be seen in the composition of pelagic catches, where the weight ratio of

phytoplankton feeders to zooplankton feeders has gone from 4/96 to 39/61 over the past 30

years. This development is the result of the greater productivity of the lower levels of the

food chain. Moiseev (1972) estimated the oceanic production of zooplankton alone (i.e. not
including phytoplankton) as being 13 to 15 times greater than that of the benthos consumed
by exploited species, while the total weight of plankton feeders directly fished, or eaten
by predators that are fished, is only 10 to 12 times greater than the total weight of exploi-

ted demersal species which feed on benthos. While the complexity of the predator-prey
relationships prevents any direct comparisons, these figures do suggest that pelagic stocks
are less intensely exploited than the traditional demersal stocks. This view is supported
by the results of stock assessments that show coastal pelagic resources throughout the world
could uupply about another 15 million tons per year, while demersal stocks could not supply
more than an extra 5 to 10 million tons per year.

The geographic distribution of fishing is also highly selective. Almost the entire
catch is made in waters over the eentinental shelf (in 1971 almost the entire demersal catch

and 94% of the pelagic catch), wich accounts for the importance of the extent of the conti-
nental shelf as a factor in the fishery potential of a region. Por example, the Atlantic
and North Pacific (where the continental shelf is particularly extensive, and half the North
Atlantic is less than 1 000 meters deep) supply half of the total world catch. The propor-

tion is even higher for the demersal fish catch.

Even among neritic waters, fishery resources are unevenly spread. Upwelling regions

account for around half the total potential (of conventional species) in the sea, i.e. 40

to 60 million tons out of a total which is in the order of 100 million tons (Cushing, 1972).

In fact, up to now, man has only been skimming off the cream of the oceans' total pro-

duction. Is he capable of improving his performance in the near future? At present, the

prospects can be considered in three groupings:

As regards the traditional stocks, production probably will not increase more than
50 to 100 percent, i.e. perhaps to some 100 million tons. Considering previous ratea of
expansion in world fishing, such a position could be reached within the next ten years. In

many regions and for the more sought after and easily utilized stocks, the achievement of

this objective already depends more on the implementation of suitable management schemes
than on an intensification of fishing.

The development of new resources is now technically possible in some cases:

krill (potential possibly in the region of 50 - 100 x 106 tons)

common and oceanic squids (potential possibly between 10 and 100 x 106 tons)

bathypelagic fish (potential >100.106 tons).

It is likely that the development of these resources will depend less on perfecting
adequate fishing and treating processes than on the possibilities of finding new outlets

that are suitable both as regards quality (new products) and, above all, as regards quan-

tities (their potential is comparable to present world production). There is ro way that

one can further define these prospects since the utilization of the lower trophic levels

will depend on other factors that cannot yet be quantified:
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the relationship between the cost of the catch and the value of the products
(increased energy costs on the one hand due to greater dispersion in the marine
environment and on the other the generally lower market value of new types of
products).

the effects that exploiting these stocks may have on the productivity of tradi-
tional stocks.

(c) There is some potential in marine fish farms which at present produce a little over
5% of the world catch and could produce 20 million tons by 1985, creating some 9 million jobs.
It should be noted that even if marine fish farming and fishing are in competition in certain
markets for certain similar products, these two types of industry will remain independent for
a long time yet as regards their sources of supply (i.e. its geographic distribution). Since
the ocean and its stocks are very difficult to control fishing will remain, for a number of
decades, the most suitable method of exploiting the open areas. Marine fish-farming will
be concentrated especially in the narrow land/sea interface that can be more easily managed.
But here it will be in conflict with other uses of the environment, notably town planning,
tourism, industry and agriculture, either directly because they are competing for the same
si-tes or indirectly because of environmental changes brought about by these different types
of activity.

3. Particular Characteristics of Fishin and Fishery Resources

It would scarcely be necessary to point out that fishery resources are living, except
to emphasize the importance of knowing their biology and ecology and to stress the fact that
they are renewable and thus exploitable forever, but not at any rate we like (as opposed to
non-renewable resources).

Above all, they are wild and thus free. Stocks, in their distribution and migrations,
are unaware of the frontiers drawn by man (all marine species, even the sessile species,
have at least one period in their life when they move freely). In general, therefore,
they cannot be owned by individual exploiters. The latter can only enjoy the benefits of
exploitation, generally in groups (however the groups may be defined). Within these groups,
the fishermen compete directly for shares of the yield of the stock, which is generally
limited. (Such a stock is often referred to as a freely accessible resource.)

For these reasons, it is not possible to catch fish, for example, at only a certain age
and a certain predetermined size. Thus, it is not possible to catch all the members of a
particular year-class at the age when the weight of the year-class is at its maximum, as can
be done in the case of domestic animals raised for meat. Furthermore, in the open sea, just
as in inland waters above a certain size, the environment cannot be controlled. Physio-
chemical conditions, nutrient salts, the composition of the associated flora and fauna (food,
predators, competitors, etc.) are beyond man's control. Even in cases of extensive cultiva-
tion, there can be only partial control of the nature and degree of environmental conditions.
These difficulties connected with controlling the marine environment, its inhabitants and
their yield mean that the comparisons such as fruit picking versus settled agriculture,
hunting versus stock breeding (i.e. between the land environment and the sea environment)
are not really justified. They also explain why even though fish farming has been in exis-
tence for a long time, (the Etruscans used to culture oysters), it was, in practice, limited
to immobile species (shellfish) and had to be confined to the narrow land/sea interface
where at least partial control could be exercised.

Given the living and wild nature of fish stocks, the optimum rate of exploitation (and
even the method, since that may determine the average age and size of the individual fish
taken) cannot be chosen arbitrarily. In the long term the highest yield will be attained
by maintaining the rate of exploitation at a level corresponding to the maximum rate of
natural replacement of the stock; above this rate and below it there will be some decrease
in the yield. The objective of stock assessments is to determine, for the various stocks,



what is their maximum rate of replacement and utat the pattern of exploitation2/ should be
to realize it. The object of this course is to see how this can be done.

Investigation and Assessment of Resources

In fact, the kind of information required, and its precision, change with the intensity
of exploitation of a stock (see fig. 1).

The first step, when exploitation is still light or nil, consists of identifying those
resources which are most likely to support an expansion of the industry and meet the demand
of the market.

Among research tasks at the various stages of fishery development, distinctions can be
made according to the nature of the information being sought:

(a) Surveys aimed at directing the industry to the more interesting stocks (bearing
in mind the needs and capacities of each country) so as to develop fisheries on the various
stocks in the most appropriate order. This has not always been the case since fishing often
develops on the basis of borrowed attitudes or methods which only rarely conform to actual
requirements. Thus on the west coast of Africa trawling for demersal fish developed before
seine fishing for coastal pelagic fish which better suits the needs of the region. The main
goals of these surveys are to establish:

an inventory of potentially usable stocks;

the commercial possibilities of the corresponding catches;

an approximate order of magnitude of potential catches, or at least a minimum
limit of these potentials which can be used as a temporary ceiling for develop-
ment plans.

Moreover, to arouse the interes of potential investors it is necessary to get figures
on:

estimated catches and revenues for various types of vessels and methods of
fishing;

the seasonal and areal variations in catch rates (particularly by localizing
in time and space the most dense concentrations).

(b) Monitorina the state of stocks at different levels of exploitation. All fishermen
know that when the number of boats exploiting a stock increases, the catch rates and indivi-
dual catches decline progressively until, at a certain level, the total catch levels off
(fig. 1). Any new investment will then lead to a lowering in the long term of stock abun-
dance and catches. Since increasing fishing effort will not produce an increase in the
total catch indefinitely, proper planning requires a prediction of the effects on the size
and composition of the stock on the one hand, and on the yields and total catch on the other,
of different increases in fishing effort.

In particular, answers must be found to the following questions:

what proportion does the current catch represent of the potential maximum catch?

what are the current catch rates and how will they change if fishing is intensified?

Pattern of exploitation here means the combination of the rates and modes of exploitation
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what size of fleet is required to attain the levels of production that can be envi-
saged?

what will be the effects on the stock and catches of given changes in mesh size or,
more generally, in the minimum size of individual fish caught?

(c) Assessment of potential maximum catch. There are, in fact, only too many examples
of cases where over-optimistic estimates of potential have led to excessive investments and
eventually considerable economic loss, and where the failure to take decisions to control
fishing has led to serious over-exploitation of stocks and the collapse of certain fisheries.
Since the control of fisheries can, in the short term, result in real hardships (reduction
of investments, loss of jobs), information on the state of stocks should be sufficiently
clear and precise so as to convince the decision makers. Finally, it should be noted that
the potential catch rarely remains constant from one year to the next. In fact, the maxi-
mum surplus that can be fished is liable to vary from one year to the next depending on
changing environmental conditions. These unpredictable fluctuations, like long-term varia-
tions, can be quite considerable for certain stocks, e.g. coastal pelagic fish. To derive
the greatest benefit from them, it would be wise to take these fluctuations into account in
management plans or, at least, to be in a position to cut back on fishing in the event of
an abnormal drop in stock abundance. Stock evaluation, therefore, should be considered as
an ongoing task where estimates are constantly being readjusted and refined.
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Fig. I Development of a fishery
(G. Kesteven, 1973 - modified)
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THE CHARACTERISTICS UF AN EXPLOITED STOCK

by

L.K. Boerema
FAO, Rome

1. Effects of fishina

In a fish stock, a number of fish is born each year. During the life of a yearclass,
each year a certain Percentage dies until, for some species after a few years, for others
after a longer time span, all fish of that yearclass have disappeared (table 1).

Table 1 - Annual survival of 1 000 young fish at successive ages, for a long-living fish
species (annual mortality 20%) and a short living fish species (annual mortality

70%)

A table can be drawn up giving the number of fish of a yearclass in the successive
calendar years during its life. We can also include several yearclasses, in a scheme as
table 2.

Table 2 - Number of fish surviving at each age from
1 000 young fish, for a series of successive
yearciasses. Annual mortality 20%.

Annual
mortality

Age

% 0 1 2 3 4 5 6 7 8 9 10 etc.

20 1 000 800 640 512 410 328 262 210 168 134 107 -

70 1 000 300 90 27 8 2 1

Year
Age01 2 3 4 etc.

1959 800 640 512 4101 000

1960 (-8q) (640) (-7Q) (410) (7)(1 000)

1961 1 000 800 640 512 410

1962 1 000 800 640 410

1963 1 000 800 640 512 410

etc. - - - -
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If we assume that 20% of the fish die during each year of life, and that 1 000 fish
were born in 19599 the figures in the rectangles in the table show the numbers from that
yearclass surviving at each age. If each year the same number of fish are born, it can
be seen that the numbere of each age present in one year (encircled figures) are the same
as the numbers of one yearclass at successive ages during its life span (figures in rec-
tangles). Hence the decline of numbers by age in the stock in a certain year also reflects
the mortality of the fish.

Normally, the yearclass strength fluctuates from year to year. We can again construct
a table in the same way as Table 2. The age composition of the stock in any one year now
depends on the yearclass fluctuations, but if these are not too large will still also
reflect the average decline by the mortality (table 3).

Table 3 - Number of fish at each age, with varying yearclass
strength. Annual mortality 20%.

900

1 300 720

600 1 040

1 000 480

Age
0 1 2 3 4 etc.

880 960 307 410

704 768 246

563 614

451

If a stock is exploited, each year a certain part of the fish is caught. Hence, the
numbers decrease faster with age. If the numbers of survivors are set in the same scheme
as the above tables, it can be seen that in any one year the stock is smaller than without
fishing, and it will be smaller, the more intensive the fishery. The difference is most
marked in the older fish. The heavier the fishery, the smaller the stock in the sea, and
therefore also, the smaller the catch per boat. As the decrease is most marked in the
older fieh, the average size and age of the fish in the sea, and thus also in the catch,
decreases with increased fishing. These are, in very schematic form, some of the princi-
pies of the effects of fishing on the fish stocks and the catches (table 4).

The fish stock shown in Table 4 has the same characteristic as that in Table 2
(annual natural mortality rate in the unfished state 20%). The fish of this stock is now,
however, subjected to fishing, from 3 years old onwards. The fishing effort is such that
the number of fish caught at each age is equal to the number dying by natural causes. At

first glance it would seem that, thus, the number of fish caught during a year would also
be 20% of the number present at the beginning, and that the total mortality rate would be
20 20 e 40% per year. This is, however, not the case, because the effects of the natural
mortality and of the fishing mortality are not independent. This can be easily visualized
if it isrealized that some fish which would have died by natural causes later in the year
if no fishing took place, now will have been caught before that time. The heavier the
fishery, the lower will therefore be the percentage of fish which will die each year by
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natural causes. It will be shown later during this course that if two causes of mortality
and simultaneously on the same stock of fish and the number of fish caught is equal to 1,
2, 3, 4. n times the number of natural deaths, the annual survival rate is equal to
the survival rate in the unfished stock raised to the power 21 3, 41 5, n + 1.

For the conditions in Table 4a) where the number of fish caught is equal to the num-
ber dying by natural causes in the same time period, the annual survival rate is equal to
the power 2 of the survival rate in the unfished stock (natural mortality rate 20%) if this
survival rate is expressed as a fraction rather than a percentage. Thus the total survival
rate under these fishing conditions is 0.802 = 0.64, and the total mortality rate
1.00 - 0.64 = 0.36 or 36%. As the numbers of fish aying by fishing and by natural causes
are equal, the number of fish dying by natural causes is therefore ir.. In the same way
it can be calculated that in Table 4b), where fishing is more intensive and causes twice
as many deaths as the natural mortality, the number of survivors at the end of a year as
the result of the combined mortalities will be 0.803 = 0.51 of the initial number. Hence
the total mortality is 0.49 or 49%, of which two-thirds (33%) due to fishing and one-third
(16%) due to natural causes,

Table 4 - Numbers of fish at each age in the stock, and numbers caught, at different
levels of fishing. The fishery catches the fish from 3-years old onwards.

Total mortality rate 36%, fishing mortality equal to natural mortality

4 5 6 7 8 9 10 - Total

1 000 800 640 512 328 210 134 86 55 35 22 -

92 59 38 24 15 10 6

Average age

Total mortality rate 49%, fishing mortality double the natural mortality

8 9 10 - Total

167 85 44 22 11 6 3 338

Average age 4.65 years

The table also shows that the total catch in numbers increases with increasing fishing,
but not proportionally. If fishing effort doubles, the numbers caught are less than doubled.

0 1 2 3 4 5 6 7

1 000 800 640 512 261 133 68 35

Age

Stock

Catch

18 9 5

Stock

Catch 244

4.95 years
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All these results are rather obvious. The more intensive the fishery, the more fish
caught at a relatively young age, and less and less remain to become older fish, with the
result that the stock declines. All this is reflected in the catches per boat. Further-
more, the more fish caught young, the less there are to die by natural causes before they
are caught, and hence the total numbers caught increase with increasing fishery. Even
though these principles are simple, it is most important that they are fully understood,
because these are the effects of fishing, on mhich stock assessment is essentially based.

So far, we have dealt with fish in numbers only. What is usually more important is
the catch by weight. If we know how fast the fish grows, and thus know the weight at
every age, we can convert the figures of catch in numbers into catch by weight. In order
to study the relation between different levels of fishing and the catches by weight, a
number of exercises are given at the end of this chapter.

From the curves obtained in these exercises, it appears that often the optimum catch
by weight of a stock is obtained at an average level of fishing effort, and that at higher
levels of effort the total catch does not increase, or declines again. The higher the
mortality rate, the higher is the fishing effort at which the maximum catch is obtained.
Again, this can be understood at closer consideration. With little fishing, the average
size, and hence weight, of the fish is rather large, but few fish are caught and the total
weight is low. With very heavy fishing, very many fish are caught, but all are very young
when the weight per fish is low. Somewhere in between many fish are still caught, and
many of fair size, resulting in a higher total weight. With high natural mortality,
heavier fishing is needed to prevent too many fish dying by natural causes, and hence the
optimum catch is at a higher level of effort. Similar considerations can be applied to
understand the effects of changes in the age of lirst capture of fish.

The examples have been calculated for 1 000 fish. It is easy to understand that what
happens to these 1 000 fish will happen to any other 1 000 fish of the same age, mixed
with the first 1 000 in the same area. Thus, if every year 10 x 1 000, or 1 000 x 1 000,
or n x 1 000 fish are born, the principles of the effects of fishing remain the same.

The above calculations were greatly simplified. For example, natural or fishing
mortality may vary with age of the fish. This can easily be incorporated in the calcula-
tions which will show that the principles still remain valid. Another simplification is
that it has been assumed that natural mortality, growth and recruitment remain constant,
irrespective of the level of fishing. It has been shown in various species that the decline
in stock size as a result of heavy fishing may lead to changes in e.g. growth or recruit-
ment. It is clear that with a decrease in the number of larger fish in the stocks, there
is less competition for food, and the egg production will also decrease. The latter does
not necessarily lead, however, to a decline in recruitment as the percentage survival of
the eggs and larvae may increase at lower levels of egg production. All these so-called
"density dependent factors" can again be included in the calculations. The studies
carried out so far in this field have indicated that whereas these factors may alter the
details of the graphs and, for instance, the position of the maximum, they do not alter
the overall picture of the effects of fishing.

The major purpose of this section has been to clarify, with simple examples, the
general principles of the effects of fishing. The next section will explain how this
knowledge can be used to evaluate the potential yield and the state of exploitation of
the fish stocks.

2. Estimation of potential catches with different fleet sizes, and of state of exploita-
tion of stocks

The calculations in the previous section have been made with simple arithmetic. Usu-
ally, it is found more convenient to use algebraic calculations, which simplify the work
in more complicated situations. These matters will be dealt mith in more detail in the
coming weeks. Whatever the methods ofcalculation, it is clear that they require good
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information on growth, mortality and, eventually, recruitment of the fish. If such infor-

mation is available, the methods can determine at what fishing mortality rate the best
total catches are obtained, etc., but they do not determine the corresponding fleet size,
e.g. whether 100 vessels cause a fishing mortality of, say 10 or 50% per year. However,
if data on age composition and catches per boat are available for different periods with
different fleet sizes fishing the stocks, it is possible to estimate what fleet size causes
a moderate or intensive level of fishing. This requires, therefore, data over as many years

as possible. It is in particular desirable to include in the analysis data from periods
with very low levels of fishing, to get a picture of the situation when the only signifi-
cant mortality is natural mortality. This requires that some sampling and statistical data
collection is started in the very early stages of the fishery. Even though, at these stages,
the work will not lead to immediate estimates of the available resources, they may prove to
be of very great importance later when fishing has become more intensive and scientific
advice is required on the needs forandmethods of management of the fishery. The informa-
tion on the virgin stock composition and density can never be obtained later when the fishery
has developed and absence of this information makes the analysis later rather more diffi-

cult.

In many instances, however, the required detailed information on length and age-compo-
sition of the catches is not available, because of lack of funds or manpower to collect the
information, impossibility of determining the age of a fish, or other reasons. If suffi-

cient catch statistics of the fishery are available, another way of studying the problem
can be applied. In the previous section the way in which fishing affects the stocks has

been discussed. If data on the fleet size, the total catches and the catches per boat are
available for a series of years with different levels of fishing, the catch per boat and
the total catch can be plotted against the number of boats (with certain precautions and
restrictions to be discussed later). The form of these curves will then more or less show
what is the state of the fishery, whether it can be expected that the catch will increase
at higher levels of fishing, or that fishing has already reached or passed the optimum

level. For this approach statistical data are needed on the number of boats (fishing
effort), broken down by size and fishing method, on the total catch for all fleets fishing
the same stocks and/or on the catch per boat. Again, it is important to have these data
from an early stage of the fishery onward, even though it has to be taken into account that
in the first years of a fishery the catch data of a vessel are often not comparable with
those of later when the gears have been developed, the fishermen have learned how to fish
the species in the area, etc.

The picture given so far is a simplified one. There are many problems in ,&,stimating
the various characteristics of the stocks and of fishing, and more refined models have been
developed than the simple ones describes so far to allow for greater complexity. A parti-
cular aspect which should still be mentioned is that whereas the changes in the catches
discusses above are those caused by fishing, there are many other causes of variation:
natural ones such as those due to variations in yearclass strength, variations in catchabi-
lity of the fish, or other effects of variations in the environment, changes in fishing due
to market preferences, or to efficiency of the fleets, etc., sampling variation in the data.
Often, these variations are more or less random, and in that case their major effect is that
they cause irregular variations in the data which, if they are not too large, usually do not
obscure the trends due to fishing. The changes may also, however, show a trend, e.g. a long-

term fluctuation in the environment. If such a trend occurs at the same time that the
intensity of fishing changes, this makes it more difficult to actually assess the effects

of fishing. But whereas these difficulties complicate the work, the principles remain valid.
For estimation of fish stock potentials, and of the effects of fishing on the stocks and
the catches it is, therefore, essential to understand these principles.
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3. Exercises characteristic of an exploited stock

I. In an unexploited stock, 2 of the fish of each age present at the beginning of each
year die during the year. Growth studies have shown that the weight of the fish at each
age is:

Age 0 1 2 3 4 5 6 7 8 9 10 years

Weight 0 13 37 81 147 233 325 420 512 595 650 grams

Draw the curve of the number of survivors (at the beginning of each year) of a
yearclass starting with 1 000 fish, as a function of age.

Draw the curve of the total weight of the survivors as a function of age.

At what age does the yearclass reach its maximum weight?

Calculate the average age reached by the fish of one yearclass (assuming that
all remaining fish die at reaching 10 years).

II. If the above stock is exploited by a fishery which starts catching the fish from
3 years old onwards with an intensity so that the numbers dying each year by fishing is
equal to the numbers dying by natural mortality (total annual mortality for exploited ages
is 3610):

Calculate the numbers caught at each age, and draw the curve of the numbers
surviving at each age.

Calculate the weight of the fish caught at each age, and draw the curve,

What are the number and weight of the fish caught during the whole life of the
yearclass?

Calculate the average age of the fish in the total catch of the yearclass.

III. Repeat exercise II for the following values:

2.

3,

4.

5,
6.

Total mortality
per year

22%

28%

49%

59%

67%

74%

Numbers caught per year
Numbers dying by natural causes per year

0.25
0.5
2

3

4

5
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The relation between the numbers caught and the numbers dying, given in the last column,
is proportional to the fishing effort.

Plot, as a function of this measure of fishing effort, the following curves:

Total number of fish caught.

Total weight of fish caught.

Total number of fish caught, divided by fishing effort index (as a measure of
catch per unit effort).

Total weight of fish caught, divided by fishing effort index.

Average age of fish in total catch.

IV. Repeat exercises I, II and III for a stock in which, when unexploited 63% of the fish
die each year by natural mortality, and where fishing only catches fish of one year and
older, for the following values (start with 1 000 fish of 0 year):

This species has a weight at age as follows:

V. Repeat exercises II and III for fisheries with different selectivity catching fish
from 2nd or 5th year onwards at the indicated mortality rates.

Total mortality
for unexploited ages

Numbers cauight per year
Numbers dying by natural causes per year

1. 78% 0.5

2. 86.5% 1

3. 95% 2

4, 98% 3

5. 99% 4

Age 1 2 3 4 5 years

Weight 11.5 24.3 36.8 44.5 49.0 grams
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DYNAMIC POOL MODELS
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1. Introduction

An exploited fish population can be thought of as a pool with continual inflows and out-
flows. During a year, the population in number loses some members to fishing and natural
mortality and gains members as young fish recruit to it. Meanwhile, the population in weight
increases or decreases according to the number and weight of the members lost and the recruits
gained but also increases as individuals grow in weight. Figure 1 shows how these gains and
losses might take place during a year within a stock of fish that has four age groups and
therefore four size groups.

The figure shows a balance of gains and losses; recruitment compensates for losses in
number due to mortality and the combf;.nation of recruitment and growth compensates for losses
in weight due to mortality. The youn st group is replaced by recruits and the older age
groups are replaced by the surviving (and growing) members of younger age groups, with the
result that the population at the and of the year has the same size and composition that it
had at the start of the year. (Note that all members of the oldest a group die during the
year, which is not entirely realistic but for practical purposes is usually an adequate way
to represent the fact that all animals have a maximum lifespan.)

So long as mortality rates and recruitment remain constant, the population will repeat
the processes portrayed in the figure year after year, maintaining the same size and compo-
sition and providing a catch of the same size and composition. But the steady state shown in
Figure 1 is not the only one possible. If recruitment and the rate of natural mortality
remained constant but the rate of fishing mortality increased, the population would eventually
reach a new steady state, in which both the population and the catch would-have a different
size and composition, as shown in Figure 2.

In this case, even with the same annual recruitment, the standing stock is smaller in
number and much smaller in weight, since the higher mortality results in low survival to the
greater es and sizes and therefore a stock consisting mostly of young, all fish. The
catch in number is greater in this case because fishing removes a larger Share of each group
of recruits. On the other hand, since the catch consists mostly of small fish, the catch in
weight is not necessarily greater and may be substantially smaller than in the previous case.

One way to realize the benefits of both cases (i.e., a fairly high catch in number of
fish of a fairly large size) might be to impose the higher level of fishing mortality but
only on fish above a certain size, i.e., to regulate the fishery so that all fish are not
captured. This would entail some reduction of the catch in number since some small fish would
be lost to natural mortality that otherwise would have been caught, but the larger aver e

size of the fish that are caught might result in a greater catch in weight nonetheless.

Evidently the catch in weight that will be provided year after year by a stock depends
in a complicated way on the level of recruitment, the rate of natural mortality, the growth
schedule of the fish, the at first capture and the rato of fishing mortality. Of these,
only the last two (sometimes only the last one) can be controlled, so for management purposes
the problem is to find which of all possible combinations produces the largest yield. The
computations that lead to this result are the subject of this section.
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Yield computations are, inevitably/ laborious but two featuree of the dynamic pool model
eimplify the procese considerably:

When a stock is in steady state (i.e., recruitment, growth and mortality are constant)
the annual yield from the entire stock is equal to the yield from a single group of recruits
during its entire lifeepan, as can be seen in Figures 1 and 2. Another way of showing this
equivalence is presented in Figure 3. Since the size and composition of the populations are
the same year after year, the columns that show the size groups present at any one time can
aleo be viewed as the progression of a single group of recruits through its life, during
which individuals grow in size and decline in number, finally to extinction. In the same
way/ the boxera that show the catch from all the BiZE3 groups present in any one year can be
viewed as the successive contributions that any one group of recruits will make to the catches
over the years of its life. Because of this feature of the model, it is not necessary to
construct the entire stock in order to compute the annual yield; instead, it suffices to com-
pute the total yield from a single recruit group over its entire lifespan.

The aanual yield is directly proportional to the level of annual recruitment for any
fixed combination of the other factors (growth schedule, natural mortality rate, fishing
mortality rate and age at firet capture). These other factors do not generally have a pro-
portional effect but in Figures 1 and 2 it can be seen that the nuMber of fish in each size
group in each box can be doubled (or tripled, or halved) without upsetting either the balance
of gains and losses or the relative composition of the stock and the catch. Only the size of
the stock and the catch change, and they change in direct proportion with the change in the
number of recruits. This feature makes it unnecessary to know the absolute mavitude of
recruitment in order to find the best wUuez of age at first capture and fishing mortality;
instead, it sufficee to find the values that maximize the yield from any arbitrary number of
recruits, or more generally, the yield per recruit.

In other words, maximizing the yield per recruit maximizes the yield from the stock, a
reeult that holde even when recruitment varies from year to year, as it usually does. In
thie case, the optimum values of age at first capture aad fishing mortality rate do not
imply a constant annual yield from the stock, but they provide the maximum yield that can be
taken from the actual recruitment.

Given a knowledge of the growth schedule and natural mortality rate/ then it is a
etraightforward computational problem to find the best values of ; at first capture and
fishing mortality rate aocordiag to the dynamic pool model. These values, which maximize the
yield per recruit, will maximize the yield from the stock so long as one critical condition
of the model is satisfied, namely, that the level of recruitment, the natural mortality rate
and the growth schedule are not affected by the size and composition of the stock, which will
depend on the pattern of fishing as Figures 1 and 2 show. This condition is not likely to
hold at all levels of fiehing mortality in any stock aad some fisheries provide clear counter-
examplow. In particular, recruitment has decreased greatly in some stocks reduced to a small
size by heavy fishing and in at least one case the rate of growth increased when the size of
the stock was reduced.

Despite these counterexamples in many stocks recruitment, growth and natural mortality
have shown little systematic variation with fishing effort over a considerable range of
variation in effort. For these stocks the dynamic pool model has been a reliable guide for
management. The model is also useful for predicting the increase or deorease in yield that
can be expected from any stock as a result of some change in age at first capture or fishing
mortality rate so long as the proposed change is not very large, since a moderate change in
either of these will probably not greatly affect the other factors.

It should be mentioned here that the dynamic pool model can easily incorporate
relationships between recruitment, growth and natural mortality on one hand and fishiag
effort or stock size aad oompoeition on the other. These relationships require more involved
computatioae but do not change the basic concept/ which is the dynamic balance between gains
aad looses in a stock that has reached a steady state.
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2. The biomass history of an unfished cohort

As the group of fish recruited to a stock in any one year (called a year-olass or cohort)
passes through life, its members grow in size but become progressively less numerous owing to

mortality. The total weight, or biomass, of the cohort at each age is therefore the product
of a decreasing function (number surviving) and an increasing function (average individual
weight). In the absence of fishing, the result is usually a function with a maximum at some

age: early in life, when individuals are growing rapidly, the biomass of the cohort increases
despite losses to natural mortality, but as the flah age their rate of growth declines and
after some age the losses to natural mortality exceed the increments due to growth, so the
biomass of the cohort declines steadily.

These processes are shown numerically and graphically
typical of the freshwater bream Abramis brama (Backiel and
young fish recruit to the adult stock at two years of age,
mortality is M = 0.15 and the growth schedule is as shown.
reaches its greatest weight at an age of about eight years

The age at which biomass is a maximum is called the critical age. It is obvious that

the maximum yield per recruit can be taken only be delaying fishing until the critical age
and then harvesting the entire cohort at once. It is also obvious that this is impossible,
since it would require an infinite fishing mortality rate. On the other hand, the biomasa
of an unfished cohort is often near the maximum for a few years around the critical age (in

the bream example from ages seven throuyi ten) when gains due to growth and losses due to
mortality are nearly equal. Hence a yield per recruit close to the maximum can often be
obtained by delaying first capture until an age somewhat less than the critical age and then
harvesting most if not all of the cohort in a few years of sustained fishing thereafter.
(In the case of fish with high rates of growth and natural mortalitylof course, this period
may be a matter of months rather than years.)

3. Methods of computing yield per racruit

For management purposes it is often necessary to compute quite precisely the yield per
recruit that would be obtained with a particular age at first capture and fishing mortality
rate. This precision is required because the regulatory measures called for by the compu-
tations may be a substantial burden on the government or the fishermen, so the benefits to
be realized by introducing or changing regulations must be demonstrated convincingly.

The basic equation used in all computations of yield per recruit is the derivative
expressing the instantaneous rate of yield from a cohort:

dYt
dt

Ft.Nt.wt

Where Yt is the total yield from the cohort from the time of its recruitment to time t,
is the instantaneous rate of fishing mortality at time t, and 11+ and 1,1+ are the number and
average weight of survivors at time t. If the mortality rates ind the'growth function do
not change over the unit time interval following time t (in particular if F is a constant),
then the yield from the cohort during that interval will be:

st+1
11+1 -1+1

Y - Y =Ft.NT.14T.dT = F. NT.wT.dT
t+1 / t

(The symbolT replaces t in the integrands because t and t+1 are the limits of integration.
Hence T iS just a different symbol for time, t T t+1.)

in Table 1 and Figure 4 with values

Zawisza, 1968). In this example,
the instantaneous rate of natural
It can be seen that the cohort

and declines thereafter.
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In all methods for computing yield, survivorship is represented as:

NT e Nte-(Ft 41)(eat)a N et(a-t)

There are various forms of the growth function
wT,

which among other things distinguish
the different computational methods.

Once a particular growth function has been chosen it remains only to divide the life
history of the flail into unit time intervals such that mortality rates and growth function
parameters are constant on each interval, evaluate the auocessive yields from a cohort of
arbitrary initial size over the sequence of intervals given particular values of the age at
first capture and fishing mortality and take the sum. This sum, the total yield from the
cohort over ite entire lifespan, will of course be directly proportional to the arbitrary
initial number R of recruits chosen for the computations. Hance the yield per recruit can be
obtained either by dividing the sum by R or more simply by setting R . 1 for the computations.

A question that can arise in cemputing yield over the lifespan of the cohort is just Low
long the lifespan is. In many fieh populations the rate of natural mortality is nearly con-
stant over most of the adult period, but the oldest fish are much rarer than would be pre-
dicted from the mortality rate. Evidently natural mortality is often higher in old age among
fish, as it is among humans. When one is computing yield per recruit with a single estimate
of the natural mortality rate, one can suppose either that this rate persists indefinitely
and the old fish die off gradually or that all survivors die at some maximum age. Since the
actual course of mortality is likely to be intermediate between these extremes, the former
treatment will overestimate yield area the latter will underestimate it.

In most applications, however, the difference between the two treatments in computed
yield will be very small, since even in moderately fished populations the proportiou of a
cohort that survives to old age will be miniscule. Moreover, both treatments of mortality
in old age will produce nearly the same computed difference in yield that would result from
a change in the age at first capture or the rate of fishing mortality and it is this compa-
rieon that is important for practical purposes.

The remainder of this section will summarize the more common yield computations, whioh
differ fundamentally only in the form of the growth function wl.

3.1 Method of Beverton and Holt

Although earlier authors presented the idea of yield per recruit and some methode for
computing it, the method of Beverton and Holt (1957, 1964) is the one best known and most
often used, to such an extent that the dynamic pool model ia usually called the Beverton-
Holt modele

In their scheme, the growth in length of fish is represented by the von Bertalanffy
equation

Lt
(1-e-K(t-to))

and the weight of an individual fish is assumed proportional to the cube of length:

W aL 3 . B1.1 (1
-e-K( t-t )3

t t

In the aimplest case, a cohort of an arbitrary number R of members is assumed to recruit to
the adult stock at age t aad to become vulnerable to capture at age t (and length L
which for camputatianal Purpooes can be taken as the mean eelection lerigth of the geaP).
From age t onward, the fish are subject to an instantaneous natural mortality rate Mt and
from age tr onward to an additional instantaneous mortality rate F due to fishing. (Some-

times a mjimum age ta is azalea' ed, after which no fish are aasumed to survive. For the
reasons stated above, this approach will not be considered here; only the case tx . a
will be discueeed.)
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With these designations and the usual Z F + M, the number Rc surviving to the age at
first capture is:

Rc
Re-M(tc-tr)

and the number Nt surviving to any age t> to is

N=Re-Z(t-to) Re-M(to-tr)-Z(t-to)
t

The instantaneous rate of yield at a t is:

dIt
dt FMtwt

so the total yield from the cohort over its lifespan is:

om
Y . F j

Ntwtdt
o

=FI Re-M(tc-tr)-z(t-to) aLl-e-K(t-to))3dt
tc

Tables of yield function

Beverton and Holt (1964) have prepared tables of their yield function in terms of the
three derived parameters F/Z, L /Lc., and M/K. This reparameterization of the equation simp-
lifies the tables and also shorens them, since it has been found empirically that M and K
are correlated and therefore the variation of the ratio M/K is much less than the variation
of either M or K among fish stocks. The authors have also explained in a preface how the
tables can be used to calculate the yield for only part of the lifespan, so these tables
are useful even when mortality rates or growth parameters change during the lifespan of a
cohort. In fact, the tables show values of a derived quantity Y which is proportional to the
yield Y. It is, however, a simple matter to calculate Y from the tabled values, as well as
other quantities of interest such as mean population and biomass, mean weight in the catch,
etc. ForMulas for making the necessary conversions are given in Table 2.

3.2 Method of Jones

The major flow in the Beverton-Holt method is that it requires isometric growth, i.e.,
a strict proportionality between weight and the cube of length. In many stocks the weight
of an individual is proportional to some power of length different from three and in these
cases computing yield by the Beverton-Holt method will result not only in erroneous absolute
yields buf also in erroneous differences in yield between different ages at first capture
and fishing mortality rates (Paulik and Gales, 1964).

Suppose that growth in length can be described by a von Bertalanffy curve, but that
the length-weight relationship is:

wt = aLk

where b is a power different from three. The instantaneous rate of yield is then:

dY
btFNtaL.,k1-e-1((t-to)b

dt

With (aLl ) = W, the integrated form is:

_m(t
Y FRWm e c r'

-K(t -t3eor)
4

-t3e-2K(tor) -3K(t -t )leor
4 - --Z K Z + 2K Z + 3K
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which is easy to write but impossible to integrate. However, Jones (1957) has shown that by
transformation of variables the yield can be expressed as:

FN b -M(t -t ) (F+M)(t -t )
re-K(tc-t,..)

Y = (-)RaLwe cre coJ x(Ein - 1) (1x)bax
o

The integral is now in the form of the incomplete beta function
Az

P (z; p; q) .J x13-1(1-x)q-1dx
o

which has been tabulated (Pearson, 1934; Wilimovsky and Wicklund, 1963).
inte al can be found by entering the tables at

P = (F + M)/K = Z/h, q b + 1 and z e-K(tc-to)

While this method treats allometric growth exactly, it is not often used because the
exact yield cannot be computed by hand and t/ie published tables of the incomplete beta func-
tion are in fact scarce items. When growth is markedly allometric and Jones' computation
cannot be performed, Paulik and Gales (1964) have recommended that a von Bertalanffy curve
be fitted to the cube root of weight at each age and this fictitious length schedule used
in computations by the method of Beverton and Holt. This solution is not exact but it
eliminates most of the error.

3.3 Method of Ricker

The most general and flexible computational method is due to Ricker. (He first presented
it in 1945; see Ricker, 1975 for his own account.) Since this method makes no assumption
about the form of the growth function, it is the simPlest mathematically; for the same reason
it is the most laborious computationally.

The yield froma cohort during a unit time interval is:

pt+1

Yt+1 Yt F NtWtdt

Whatever the form of W
'
the integral above is the average biomasa of the cohort during the-t

interval, denoted by B In its simplest (arithmetic) form, Ricker's method avoids the form
of Wt and consequentlyta direct evaluation of the integral by employing the approximation:

ft = (Ntt + Nt+1wt+1)/2

That is, th2taverage of the biomasa at the beginning and end of the interval, where of course
N +1

Nte . The total yield is found by computing the yield on successive intervals as
4.03./Tt=FITanti taking the sum over the entire lifespan, which in this case must be speci-
fled.

The value of the

1/ In mathematical terms, this procedure is called piecewise numerical integration by quad-
rature. The integral is the area under the yield curve, which is the curve representing

t/dt as a function of a t, which has the form dY/dt
FBt.

QuParature means that the
function B approximat,d. by drawing straight lines between the points at Which la4 and
therefore id = Nt W are known, rather than by assuming

wt
and therefore Bt to be deierminedt t

by some owth function between points. The approximation is quite accurate, regardless
of the form of wtv so long as a sufficient number of points on the curve are known. In
Figure 4, for examplo9 it c be seen that straight lines connecting the points that rep-
resent Bt at each ie would lie very close to the smooth curve everywhere except in the
vicinity of maximum biomasa around a eight. But in this vicinity, where the absolute

error of the approximation is largest, so is the area approximated, so the relative error
is small over the entire curve.
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Althouei it is an approximation, the Ricker yield computation is often more accurate
than the exact forms. This occurs when the growth rate varies seasonally within the year,
and for each age group the average weight is known at a few times during the year. In this
case numerical inte ation according to the empirical growth schedule is more accurate than
exact integration according to a parametric growth function, which may represent the annual
growth increments quite closely but not the seasonal increments.

The major difficulty with the Ricker method, as opposed to the exact methods, is that
it requires computing the partial yield during each age interval, one after the other over
the entire lifespan, and taking the sum to find the yield per recruit that would be obtained
with a particular combination of age at first capture and fishing mortality rate. With the
exact methods this result can be obtained by evaluating a single expression. On the other
hand, since the Ricker method requires a piecewise computation in any case, the labour is
not increased when mortality rates vary among intervals, as is the case when the fishery is
seasonal, or older fish suffer a higher natural mortality rate than younger fish, or young
fish become fully vulnerable to the gear only over the course of several seasons or years.

Special applications

The fish of some stocks, particularly migratory ones, are caught by various gears in
various places. Often the different ars are most successful in catching fish of different
ages, so that in effect the fish pass through several fisheries, perhaps repeatedly, as they
pass through life. In this case the effect of regulatory chan s on each fishery must be
considered as well as their effect on the total yield.

The exploited life history of a fish that passes through several fisheries is bound
to be complicated by agespeoific coefficients of catchability by each gear. Availability
to each gear may vary with a as well as vulnerability. The calculation of yield per recruit
to each fishery in this situation is a large job, since the lifespan must be divided into a
large number of intervals and the yield to each fishery computed for each interval.

Because of the computational requirements, a computer is all but essential in applyin
the dynamic pool model to multigear fisheries. But since a computer programme that performs
all the required calculations must in fact be a simulation model of all the fisheries that
exploit the stock, it can rather easily be written to provide a great deal of information in
addition to the total yield to each fishery under a particular set of regulations (e,g.1 it
can provide catch per effort and mean weight in the catch in each fishery). Francis (1974),
Lenarz et al. (1974) and Fonteneau (1975) described applications of the model to the fishery
for yellowfin tuna (Thunnus albacares) in the Atlantic.

Comparison of the results given by the three methods

Tables 3a, 3b and 3c show the yield per recruit of bream for various ages at first cap-
ture and fishing mortality rates, calculated by the three methods discussed above. Growth
in length was represented by the curve:

Lt 42(1 e.233(t.62))
.

The lengthweight relationship was:

wt008142Lt3.296

from which wo.= 1 823.81. The instantaneous rate of natural mortality was M .15. In the
Beverton and Holt computations, the lengthweight exponent was perforce taken to be 3.0 rather
than 3.296, but the correct value of wos,was used. In the Ricker computations all survivors
were presumed to die after 20 years of life.

It can be seen from the tables that, as could be expected, the values calculated by the
methods of jones and of Ricker are usually quite close, while the values calculated by the
method of Beverton and Holt are in most cases substantially smaller. (In fact, the values
calculated by the methods of Jones and of Ricker should be nearly identical for all valuee of
F greater than .05. That they are not is the result of having to refer to the closest values



rather than the exact values in tables of the iacomplete beta integral. Even in a large table,
such as that of Wilimovsky and Wicklund (1963) used here, the differences between successive
entries are lar and linear interpolation is not accurate, so the tabular entries frequently
depart from the desired,i.e., exact, values by 10 percent or more. Nor will these deviations
be consistent throughout the table. This difficulty is sufficient in itself to recommend not
using Jones'method unless a computer is available to provide precise values numerically.

More important than the absolute values, however, is the fact that all three methods are
in rough agreement on the best yields within any row or column of the yield table. For prac-
tical purposes, this means that any one of them would produce the same regulatory recommenda-
tion in the same conditions. As an example, if the fishing mortality rate were .4 and the
age at first capture 2, all three methods predict a large increase in yield by raising the
age at first capture to 6. The size of the increase is different, however: the Beverton
and Holt method predicts a tripling of yield, the others only a doubling of it.

Yield isopleths

Often values of yield per recruit such as those in the tables are shown graphically.
For any fixed value of either age at first capture or fidhing mortality, the yield per recruit
can be shown as a function of the other parameter, on a two-dimensional graph. To show it as
a function of both parameters on a two-dim siaaal graph, it is customary to trace out the
locus of points corresponding to the same yield for each of several levels of yield per
recruit. These lines of equal yield, or isopleths, are in practice difficult to locate
exactly, but they can be drawn approximately by entering the calculated yield values on a
grid and interpolating between them, as shown in Figure 5.
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Fig. 5 - Isopleths corresponding approximately to the yield per recruit calculated by
the method of Beverton and Holt (table 3a)
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Ro (1_0*) M/x

R . R0(1-c)M/K

Note; E and F are
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Table 1

Table 2

Formulas for converting from entries in the yield tables
(Beverton and Holt, 1966) to quantities of direct interest

Quantity of interest = Value entered in tables x Conversion factor

Y'

P/m

E1-c)

(1 -B)(1 -c)M/K

Y' m/
B(1-0) -/K

ir-K(t -t )1_0 r o
L

RoW,,

RoW,,

Ro
(of Table 3)

Ro

average aanual values for the entire population

Mean individual weight, number surviving
at each age of a cohort of 1

Abramis brama. (Data from Backiel

and total biomass
000 freshwater bream,

and Zawisza, 1968)

Number Biomass (kg)Age (y) Mean weight (g)

2 25.88 1 000 25.88
3 109.49 861 94.27
4 246.69 741 182.80
5 418.94 638 267.28
6 603.63 549 331.39
7 784.08 472 370.08
8 951.86 407 387.41
9 1 101.32 350 385.46

10 1 232.31 301 370.92
11 1 341.16 259 347.36
12 1 430.98 223 319.11
13 1 508.55 192 289.64
14 1 572.17 165 259.41
15 621.75 142 230.29
16 1 660.31 122 202.56
17 1 695.42 105 178.02
18 1 724.16 91 156.90
19 1 140.73 78 135.78
20 1 758.80 67 117.84

(21) (1 770.00) (58) 102.66
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Table 3a

Yield in grammes per 2-year old recruit to the bream stock, calculated
by the method of Beverton and Holt (t . age in years at first capture,

F = annual instantaneous rate of fishing mortality

Table 3b

Yield per recruit of bream, calculated by the method of Jones

Yield per recruit of bream, calculated by the method of Ricker

o
0.05 0.10 0.20 0.40 0.80

2 133.78 169.07 158.31 100.67 43.77

4 145.35 201.64 227.04 203.79 157.85
6 145.34 214.38 269.14 287.97 277.15

8 131.33 200.37 265.98 308.04 324.03

10 110.61 172.05 235.40 283.93 311.38

0.05 0.10 0.20 0.40 0.80

2 159.96 229.66 234.47 183.46 119.92

4 166.81 259.34 316.63 301.42 277.49
6 157.31 258.29 321.34 359.44 384.76
8 135.06 229.98 298.92 342.83 401.21

10 107.86 188.42 245.72 282.22 357.30

Table 3o

o
0.05 0.10 0.20 0.40 0.80

2 154.58 213.30 228.18 181.36 113.90

4 160.60 239.39 295.24 299.31 271.96

6 150.13 234.14 314.80 359.14 376.85

8 127.63 206.71 291.06 353.45 396.04
10 100.82 167.68 245.19 310.11 360.13
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EQUATIONS FOR CALCULATING QUANTITIES
OF INTEREST ACCORDING TO THE ANALYTIC

MODEL OP AN EXPLOITED STOCK

by

E.L. Oadima
Netional Fisheries Department

Lisbcn, Portugal

Definition of symbols

Nt - abundance (size in number) of a cohort at time t

- mean abundance of a cohort during a given time interval

T - duration of a time interval

D - total number of deaths (from all causes) during a given time interval

C catch in number during a given time interval

Y - catch in weight during a given time interval

- mean abundance (size in number) óf the entire population (all cohorts present)
during a given time interval

- mean biomass (size in weight) of the entire population during a given time interval

F (specific) instantaneous rate of fiehing mortality

M (specific) instantaneous rate of natural mortality

Z = F+M (specific) instantaneous rate of total mortality

E . P/Z . C/D - exploitation ratio (sometimes called the te of exploitation, although
this term should be reserved for the quantity F(1-e- /Z. The two quantities are
of course, equal for T 00).

to
K, ;0 - parameters of the von Bertalanffy growth equation

tr
mean age of recruitment to the stock

to . mean age of recruitment to the fishery (i.e., age at first capture)

Ro
abundance (size in number) of a cohort at the age of recruitment to the stock

Rc = R, - abundance of a cohort at the age of recruitment to the fishery



1. Equations for calculating quantities in number

- Mean abundance (R), catch in number (C) and total deaths during a time interval T,
given an initial abundance

N1
at the beginning of the interval:

N1

N (1-e-ZT)
1 ZT

/ -ZTN
D =

N1
-e )

ZTC = EN1(1-e ) FTff = ED
(F, M and Z assumed constan-t)

- Mean abundance (R), catch in number (C) and total deaths (D) of a single cohort during
its en-tire fishable lifespan (from tc to t=);

D
Rc

C = ERc

Ntdt = Rc/Z = total years lid
tc (Life expectancy = 1/Z)

Ntdil/co=

-32-

.e-ZT

- Mean abundance (T), catch in number (C) and total deaths (D) of an entire population
during ane year, given an initial abundance P at the beginning of the year:

P1(1-e-Z)/Z

D = ZP p(1-Z)

C = FIT = P1(2)(1-e-Z)
Z

= ED

Intial abundance (Pi), mean abundance (P), catch in number (C) and total deaths (D)
of an entire o ulation in equilibrium conditions during ane year:

131 = Rc/(1-e-Z)

Rc/Z
R F, M and Z constant

D =R \/

Equilibrium conditions
C = ERc = ED



Equivalence under equilibrium conditions of the entire ...Illation durinL one ea
and a sin le cohort during its entire fishable lifespan te to t

Population (1 year) Cohort (tc to t op)

R

ERc

Rc
N dt

2. Equations for.221pulating quantities in weight.

Biomasa at time t:

Bt = Ntwt

Mean biomasa durin&--. a time interval (0, T):

T3T
1/T

The value of the integral dependa an the form of the growth function wt that is chosen.
When growth during the interval can be descri82d by an exponential function with a specific
instantaneous growth rate G, that is wt

woe
4, as in Ricker's exponential model, the

integral is:

fT 1
Ntwtdt = No w()

B 1 eT

In the case of a population in equilibrium, the mean biomasa of the population during
one year is equal to the sum of the mean annual biomasses of a single cohort during its
entire lifespan:

Ntwtdt

In the Beverton-Holt modal, with

-k(t-te))3

- 33 -

J

so,



and R . Re-M(t-tr)

= R W
c OD

34

e(F+M)(ttc)(1_eK(tto))3dt

Catch in weight from the entire population during one year:

Y = FT3*

Total produ.ction of the population during one year = z.Ta (In the case of an unexploited
stock, ZM and total production = MT3)

Mean individual weight of fish in the population (and catch) during cne year:

T3/f) yjc

T3 = R W
c

1 3e-K(tc-to) 3e-2K(t0-t0) e-3K(to-to)
F+M F+M+K Fi-Mi-2K Fi-Mi-3K



Nn+1*late N2' N3'

Within each time interval, the function Nt is described by an exponential curve.

wt
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RICKER'S EXPONENTIAL YIELD MODEL

by

A. Laureo
COB - CNEXO

Brest, France

1. The model

Suppose a cohort is recruited to the fishable stock at time ti t . Let N, denote its
abundance at this time and w the average weight of individuals. The tEta1 biomAss of the
cohort is therefore B., . N1 w11. After time t1, consider the lifespan of the cohort to be
divided into n intervAls:

(t1' t2' ) (t2' t3
)1 Ogoo$940.4.4,44D4rof (t11

t1+1.
)11 ototrooe.boostes, (t, t+1)

Let N., w. and B. denote the abundance, mean individual weight and total biomass of the
cohort resbectively, it time ti.

1.1 Mortality

Between time t. and time t.,i. the instantaneous rate of fishing mortality is assumed
to be constant at allevel Fit did'the instantaneous rate of natural mortality is also assumed
constant at M. Let Z. . Fi +M. denote the instantaneous rate of total mortality, which willi
of course alsó be consiant on Interval i. The set of fishing mortality ratos Fit Fo, .....,
F imposed during the n intervals forms a fishing mortality vector, which will te anoted,n
UP.). Similarly, (M.) and (Z.1) will denote the corresponding vectors of natural and totali i
mortality vates, respectively.

Daringtheinterval(tioi+oluenumberNaftwathatsuroxepromtimat.to timei
t > t. is given by:i

N . N e-Z(t ti)
t

Thus, in particular:

-Z (t - t )
N. = N.e i+1
1+1 i

Given the vector Z.) and the initial abundance N1' it is therefore a simple matter to calcu,.

- true growth

exponential
approximation



1.2 Growth

During the interval
(t.,-

it is assumed that the specific rate of growth in
weight is constant at a levil (1).": Let w(t) represent the weight of an individual at time t
during the interval (t., ti+1 ),I Then:

= G.
3.

andsincew(t.)= w., it follows that:

G.(t-t.)
w(t) = w,e

G.(t. -t.) so
'

In particular, w. = w(ti+1) = w.e 1+1 i
1+1

(t1,1 - t7In (w. /w.)

The growth in weight of an individual will therefore also be described by a series of
exponential curves:

- 36 -

The major flaw in this description of the growth schedule is its upward concavity. As
the graph shows, the true growth curve is always concave downward, while each of the exponen-
tial segments is concave upward. For this reason, one should always deal with short time
intervals to minimize the error inherent in the exponential approximation.

2. apresentation of the total biomass of a cohort

Let B(t) represent the total weight or biomasa of the entire cohort at time t and, as
above, let Bi denote B(ti). By definition, B(t) = N(t) w(t). Daring the interval (t., t. ):

i 1+1

ti) w.eGi(t - ti)
B(t) N(t)

(t

or, an rearranging terms,

i
B(t ) = N.w.e(Gi -

Z)(t
- ti) . B e(Gi -

Zi)(t - ti)
1 1 i

Th
(G - Z.)(t..erefore,

B.1
B.e i i 1+1

- t )
i , which is a convenient form for computation.+ i

- - true growth

1Ni MO.M in.
exponential
approximation

dw t

713 dt



)
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It can be seen from the expression above that the biomass history of a oohort will also
be described by a series of exponential curves, but the direction of the ooncavity of each
segment will depend an whether (G. - Z.) is positive or negative. In the absence of exploi-
tation(thatis,F.=Oandthereio on all intervals), the change in biomasa during
interval i will beidescribed by:

(G. M )(t. - t.)
= B.e 1 i 1+1 i

1+1 /

Now if G. > Mil as is ueually true for the younger age-groups, the biomass will increase.
On the aeherhand, the biomass will decrease if G. < Mil which is usually true after a cer-
tain age cinco the growth rate decreases with ag4 anemortality does not. The age at which
G. first dreps below M. is called the critical 262. In the absence of exploitation, the
biomass of the cohort will increase until this age is reached aad then decrease until the
cohort disappeare entirely*

3. The catch from a cáhort duriag its lifeepan

When the fishery is in equilibrium (that is, the recruitment N, and the growth and
mortality vectors (G.), (F.), (M.) are all constant from year to ye'), the total catch from
all the cohorts presint inithe siodk during aay one year will be equal to the total catch
taken from a single cohort during al/ the years it is present in the stock.

3.1 Catch in number

In accordance with the model developed above, the catches from a single cohort oan be
computed interval by interval. Let Ci denote then:umber caught during the ith interval.

ti 1,Nowbetweentime. and time a total of N. - N1+1 individuals die. The proportionti +
i

of these deaths due to fishing ki.e., the proportion caught) is given by the exploitation
ratio E1 . = Fi/Zi . Thus;

F.

-Ni+1 ).Ei (Ni- N. )
Z. i+1

-z. (t. - t ) -Z.(t - t. )
is the fraction ofSince N = N.e i 1+/ i = N S. where S. . e .1 i+1 1-

i+1 i i 19 i
the number alive at time t. that survives to time ti+1, the catch can also be represented

1
as:

. E.N.(1
1 12.

However,themoreusefulexpressionfarca (N. - Ni+1)1i
since one always has to compute N±+1 aayway for continuing the calculations &succeeding
intervals.

1RT simple sunuation, the total number caught from a cohort during its entire fishable
lifespan will be:

C E C.
1.1 i

3.2 Catch in weight

Let Y(t) represent the catch in weight taken from a cohort between time t. aad time t

during a particular interval. And following the sptation adopted for °etches in number, let
Y. denote the catch in weight during the entire J.' interval and Y the total catch in weight
fiom the cohort over its entire lifespan.



'Thus

During the ith interval, the instantaneous rate of catch in weight will be

dY(y1
dt

N(t) w(t ) t )

F. B. e11
- zi)ti

i+1

B(t )dt

(G Z. )(t t )B.e. i dt

i+1

38

(G Z )t
e i i dt

e(G.
Z. )t

G Z.

e
Z )t. (: (G. Z. )ti+1 e

(G. Z.)9= 11 ilea
3. 3.

F.B.
e(Gi ti)3.

Z.)(t. .
Since De . (ai t)I 1+1 i . B1+1, this expression

F.

----2-Z. - (B1+1
. - B.)Yi

G. 1
3. 3.

reduces to the simple form:

The total catch in weight from the cohort is found by summation:

Y = E Y.
i.1

Instead of following this procedure in detail, one sometimes calculates the catch in
weight during an interval by multiplying the calculated catch in number by an estimated or
observed mean weight at that age. This method is nct rigorous, but it usually produces
acceptable results and may even be preferable in cases where the error associated with the
upward concavity of the exponential growth curve would be large.
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3.3 Treatment of non-equilibrium conditians

When the fishery is not in equilibrium, ane cannot estimate the total catch from all
cohorts present in a particular year by calculating the yield from a particular cohort over
its entire lifespan. Instead, for each year ane must consider the cohorts present at the
beginning of the year separately and apply to each the appropriate growth and mortality
rates prevailing during the year to obtain the catch from each (according to the equations
above), and then sum the catches from all cohorts to find the total catch for the year.

3.4 Breakdown of the catch by country or gear type

A stock can be exploited by the fleets of several countries, or by fleets using different
kinds of fishing gear, and in these cases it is often necessary to calculate what share of
the catch will be taken by each fleet. If there are two gears in use (e.g., pole-and-line
and purse seines in the surface tuna fishery), the fishing mortality vector (Fi) will be the
mnofthevectors(F.u)and.(Fojgeneratedbyvietwogears:(F.). (F11) = (F ). To
calculate the catch in weight ten by each during a particular interval, ane simply calcu-
lates the total catch Y. determined by the total fishing mortality rate F. according to the
equations above, and thén allocates the catch by gear in proportion with ihe components of
F.. That is,

F
2i

Y11 =
Y1and Y =

2i 77
1

4,, Alternative

The effect an catches of an increase in the age at first capture can be readily predicted
by setting all fishing mortality rates to zero until that age. One can also calculate the
effect of an increase in fishing effort, since this would simply increase some or all of the
fishing mortality rates (F1).

In fact, the calculations can be as detailed as is necessary to represent all aspects
of the stock and the fishery, so long as there is sufficient information available to esti-
mate the various rates. In the most general scheme, one calculates the fishing mortality
rate generated by each gear type during each interval as the product of the fishing effort
f. exerted by the gear and the age-specific catchability coefficient

q..i
of that gear:

F.. = q..f. where i denotes interval i and j denotes gear j. If shortj time iatervals are
ji ji j

used, this scheme will take account of seasonal as well as age-specific variations in catcha,
bility.

Given estimates specific to each age, season and gear, ane can readily calculate the
catches under any proposed pattern of exploitation. For example:

(0 Given seasonal estimates of catchability or fishing mortality, one calculates the
effect of closing the fishery during part of the year.

Given gear-specific catchability coefficients, ane can calculate the effect on the
catches taken by each gear of change in the fishing effort of ane ar more gear types.

On the baais of some desirable level of fishing mortality (usually a level that
gives a good yield per recruit), ane can calculate various allocations of effort among gear
types, seasons or countries and the corresponding division of catches.

While the Ricker model involves anly simple calculations, they are numerous, and parti-
cularly in the case of non-equilibrium conditions where the short- and long-term effects
of several alternative patterns of exploitation have to be worked oat, the computations can
be very long and arduous. But because the computations are simple, it is an easy matter to
have them done automatically an even a small calculator, which not anly saves time but also
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reduces computational errors. In fact, for practical work a programable calculator is
essential, since one almost always has to consider the effect of several alternative regu,-
latory schemes in nonequilibrium conditions.

5. Ekercise

Let the following parameters describe a given population:

2.5 an(tr) 3.0 3.5 4.0 4.5 5.0 5.5 6.0

w(g) 100 122 182 211 258 272 324 344

= cte 0.2

2.0 0.0 2.0 0.0 2.0 0.0 2.0

Compute the values of the parameters given in the headings of the following table:

Time
intervals

F. . 10 000
for t=0

B. CN. CF.

Note that N. denotes the number of the cohort at the beginning of the ith interval;
the same convention applies to B.

Compute the effects an the cohort when F is halved throughout its lifespan.

6. Reference

Ricker, W.E., Computation and interpretation of biological statistics of fish populations.
1975 Bull.Fish.Res.Board Can., (191):382 p.
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THE EFFECT ON YIELD OF A CHANGE
IN THE AGE AT FIRST CAPTURE

by

E.L. Cadima
National Fisheries Department

Lisbon, Portugal

In order to estimate the change in catch to be expected from a change in fishing mor-
tality or age at first capture according to one of the analytic population models (Ricker
or Beverton and Holt), one must know all the parameters of growth, mortality and selectivity
(recruitment). Other procedures have been proposed that do not require such detailed infor-
mation. Allen (1953), Holt (1957) and Gulland (1961) derived expressions for the new equi-
librium yield and for the yield that would be obtained immediately after a change in the
fishing mortality on one or more age groups within the stock, All these methods require a
knowledge of the size composition of the catch immediately before and after the change in
age at first capture.

This paper presents a modification of Holt's method, Which provides the same results
While requiring less in the way of basic data. Before developing the method, it will be
useful to review some of the equations describing the history of an exploited cohort and
the effects of fishing on an entire exploited stock during one year.

2. Notation and equations

The exploited phase of a oohort is the period during Which it is fished. Let:

t1
the age at which the cohort enters the exploited phase, i.e., the age at Which
it is recruited to the fishery. This will be called the age at first capture;

R1
. the recruitment to the fishery, i.e., the number of members of the cohort survi-

ving to age t1;

C1
= the catch in number from the cohort during the entire exploited phase;

E = the ratio of exploitation during the exploited phase, i.e., the fraction caught
of the total number of fish that die of all causes during the exploited phase.
If there are no survivors at the end of the exploited phase, the total number
that died will be equal to the initial number Ri, so in this case:

(1)

M, F, Z = the instantaneous rates of natural, fishing and total mortality, respec-
tively. Here it will be assumed that these are constant throughout the exploited
phase, so we have:

E (2)

Also, the rate of survival during a time period of duration T will be:

-MT
C

before the exploited phase, and

e-ZT during the exploited phase

1. Introduction
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= the average weight of the Cl fish caught during the exploited phase;TT1

Y1 = the catch in weight from the cohort during the exploited phase. Since

Y1
= c171

it followe from equation (1) that

Y1
=

3. Derivation of relationships

First consider a cohort subject to a regime of exploitation in Which the ratio of
exploitation E is constant and the age at first capture is t/. These conditions define the
regime, which will be designated Regime 1. If the recruitment to the fisheries is RI, the
number caught during the exploited Rhase will be, according to equaticin (1), Ci = ER1 and
the catch in weight will be Yi = CiLri . ER1171. (It is assumed that the exploited phase
includes all ages after ti, so all of the R/ recruits die in some way during it.)

Next consider a different regime of exploitation, Regime 2, in which the ratio of
exploitation E is the same as under Regime 1 but the age at first capture is t2 / ti. In
particular, suppose t2 >ti. In this case the recruitment to the fishery will be R2 / Ri,
the catch in number C2 . ER2 and the catch in weight Y2 = C2V2 = ER21-42.

It is convenient to denote by Rk the number that survive to age t2 under Regime 1, and
similarly to denote by Ck and Yk the catch in number and weight, respectively, of fish older
than age t2 under Regime 1. These latter two quantities can be calculated according to the
equations given above, namely Ck = ERk and Yk = COk ERklik. Figure 1 shows the decline of
the number surviving in a cohort, starting with Ri individuals at the age at first capture
ti, under Regime 1 and Regime 2.

Number
survivinp:

Figure 1 Effect on survivorship of a change in
the age at first capture

The problem, then, is to compare Yi, the equilibrium yield under Regime 1 to Y2, the
equilibrium yield under Regime 2, and to consider also Yk, the yield immediately after the
change in the age at first capture from t1 to t2.

Ltegime of exploitation

'0}
time
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3.1 Relationships between recruitments

As shown in Figure 1, the recruitment R2 under Regime 2 consists of survivors from the
initial R1 to the end of the period T = t2 tl. As the cohort is not exploited during this
period under Regime 2, the rate of survival will be eMT, so

R R e
MT

2 1

The recruitment Rk also consists of survivors from the initial R1 to the age t2, but
under Regime 1. In this case the rate of survival during the period T is eZT, so

Rk R/eZT

or
1

= eZT

Dividing equation (5) by equation (6), and recalling that Z F M, we find the follo-
wing relationship between R2 and Rk:

R2
eFTRk

Now by the elementary rules of exponents, e be rewritten

ZT FT

eFT (eZT)ZT
(eFT)Z

= (eZT)E

Since the exponential terms on either side of expression (9) are equal to the ratios of
recruitments given in expressions (7) and (8), we can uubstitute the ratios for the exponen-
tial terms to obtain the following expression:

R2
(R1 y

Rk = v7k)
(io)

3.2 Relationships between catches in number

As stated above, the catches in number are related to the recruitments by the following
expressions:

cl ERi

Ck
ERk

Since the ratio of exploitation E is the sane in all three cases, it is obvious that
the various catches in number will be in the same ratios as the corresponding recruitments.
Therefore, by substituting these catch ratios into equations (7), (8) and (10), we obtain:

Cl ZT

T = e

(5)



3.3 Relationships between catches in weight

Y2
3.3.1 The ratio

Referring to equation (3), one oan write:

y
C1,7f2

Ck;

where 7f2 and are the mean individual weights of fish oaugbt after age t2 under Regime 2
and Regime 19 respectively. As the mortality rates after age t2 are the same under the two
regimes, so are the rates of survival aad consequently the age compositions of the catohes
as well. Therefore 72 and 'k are equal, and equation (14) shows that the ratios of the
catches in number and of the cat chec in weight are equal:

C2

It can then be found from equation (13) that

Y2 (c

1 )E

*5;

Y2
3.3.2 The ratio --

Y1
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This expression is the basis of the method described below.

The method

If recruitment remains constant year after year and the regime of exploitation also
remains undhanged, the numerical sizes of the age groups present in the population during

(14)

(16)

W writing:
2 Y2

= Yk x T (1 7 )

Y2
and substituting the expression for Tr from equation (16), one obtains:

Y2

Yi

c )E
x ( 1 8 )
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any one year will be equal to the numerical sizes of any one cohort at the corresponding
ages during the entire exploited phase (see the chapter on analytic models).

In these circumstances, Ci and Y1, and Ck and Yk, C2 and Y2, defined, above for a single
cohort over its entire exploited phase, will be equal to annual catches in number and in
weight from the entire population. The relationships developed in section 3 for a single
cohort will therefore apply equally well to the entire population during one year. In parti-
cular, equation (18) will apply, and this is the one that provides a measure of the effect
on yield of a change in regime and therefore a basis for deciding whether or not to change
from Regime 1 to Regime 2.

Note that inmediately after the Change, the size composition of the stock will still
be the one brought about by Regime 1, while the fishery will be conducted according to
Regime 2. Thus recruitment to the fisher will be Rk and catches Ck and Yk, as these were

defined for a single cohort. The ratio therefore provides a measure of the immediate effect
Y1 Y2

effect of the change in regime while the ratio -- measures the longe-term effect.
Y1

The long-term effect will be realized after a period of time equal to the duration of
the exploited phase. At the end of this period, all the cohorts affected by Regime 1 will
have disappeared, and the stock will have attained a new equilibrium corresponding to
Regime 2,

4.1 Application

The following example is from the FAO manual on fish population analysis (Ekercise 10.5.3).

The data in the table below refer to the trawl fishery for haddock around the Faeroe
Islands. They give the number of fish landed by 5 am length interval, the mean individual
weight in each length group and the proportions of each length group retained by trawls
with mesh sizes of 90 and 120 mm (stretched measure) in the codend.

In the table, the landings refer to fishing with the trawl of 90 mm mesh size. This
will correspond to Regime 1, while fishing with the 120 mm net will be Regime 2. The ratio
of exploitation will be taken to be E = 0.5.

The total catch in number under Regime 1, which we call Cl, is of course the sum of the
numbers landed as given in the table. The catch in number immediately after a change to
120 mm mesh, Ck, can be found by multiplying eaoh of the landings in the right-hand column

Length

(cm)

Mean weight

(g)

Percentage retained Numbers landed

(000)90 mm 120 mm

25- 160 50 3 8
30- 260 80 16 314
35- 420 98 41 1 084
40- 630 100 72 1 409
45- 880 100 94 1 370
50- 1 190 100 100 952
55- 1 570 100 100 465
60- 1 760 100 100 255
65- 2 530 100 100 124
70- 3 100 100 100 73
75- 3 800 100 100 30
80+ 4 600 100 100 9



by the ratio of the retention percentages of the 90 and 120 mm nets for that length group.

Immediately after
of the catch in weiqt

larger mesh will be Tra

the smaller mesh. 1

the change,

beforehand.
Y2 Yk

=Yk x Yi
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Yk
therefore, the catch in weight will drop to TT = 00.4470

In the long term, the new equilibrium catch with the

1,135 x 0.8844 = 100.38% of the equilibrium catch with

In this case the gain in yield from increasing mesh size is less than one percent.
Given the likely errors of estimation, this means that no significant gain at all can be
achieved by a change.

4.2 Discussion

In many fisheries, small fish that are caught are often discarded at sea and not landed..
In judging the economic effect of a change in mesh size, it is necessary to consider the
effect on landings, not catches, but the equations on which the method presented above is
based refer only to catches.

Taisneans that, inorderto judge the effect of a change correctly, one needs some knowledge
of the diecard pattern in the fishery. This information can be used to translate the landing
data to actual catch data for Regime 1. Then the method can be applied and the calculated
catches under Regime 2 can be transformed to landings under Regime 2 by applying the prevai-
ling discard ratios.

4.3 Fishery interactions

The method can also be applied to interacting fisheries, such as the case here a. single
stock is exploited by two fisheries A and B, in which the age at recruitment to fishery A is
t and the age at recruitment to fishery B is

Dt2
(greater than Ati). In this situation a

&Inge in the age at recruitment to fishery A will change the lannings in both fisheries.

Calculating the absolute and relative changes in yield to the two (or more) fisheries
can be very complicated, since in this case the various mortality rates and exploitation
ratios can change several times during the exploited phase. Much of the reasoning presented
above for the simple case can be followed, but the actual equations require a longer develop-
ment that will not be given here.

The corresponding
landed by the

0

0k =

Y1

Yk
=

and

Yk
=

Y1

Y2

Yk

8 +

8 x

8 x

0.48

0.8844

C1

Ck

mean
catches in weight Yi and Yk are then calculated by multiplying the number
individual weight for each length group and summing. Thus:

314 + 6 093

3 16
35 + 314 x ,-. 0.48 4- 62.80 = 4 727.07

160 + 314 x 260 + . 5 638.62

x 160 + 62.80 x 260 + = 4 986.80

Ci

E e() 1.135
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5. Concluding

Y2
Other methods have been used to estimate the ratio IT in the case of a single fishery.

These are described in the papers cited above. In Holt's method, the ratio is given as

= eFT and in Gulland's as
Ik

Y2 1 (61
-

Ck e-MT*

ck

where T* is the difference between t2 and the average age of the fish released (i.e., the

C1 - Ck fish caught before age t2 under the old regime).

To apply one of these methods one has to know either F (for Holt's) or T* (for Gulland's).
The new method presented above does not require an estimate of T*. It does require an

estimate of E =17, but it is often easier to make a reasonable estimate of E than of F, since
F ("211 mly vary ,ctween 0 and 1 while possible values of F can extend over a larger range.

Allen (1953) deduced the conditions in which an increase in the age at first capture
would bring about an increase in yield in the long term. If 111 is the weight at first cap-

) -ture and 1.7 the mean weight in the catch, then yield can be increased by increasing the age
at first capture if EINTi W1. Conversely, if Fat< WI, the yield can be increased by reducing
the age at first capture. While these inequalities show whether or not again is possible,
they do not provide any measure of the long,..term or short-term effect.
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The annual catches taken from a single cohort during the exploited phase (frequent17
called the catch vector of the cohort) can be used to calculate the abundance and fishinr
mortality rate of the cohort in each year, if the rate of natural mortality is known. These
calculations have been carried out in various ways for many fisheries the last few years,
usually because records of catch per effort could not safely be treated as indices of stock
density. Pry (1),19), Jones (1961), Murph: (19o), Gulland (196), Tomlinson (1970), Pope

(1972) and others have all had a part in developing these methods, which are variously
referred to as virtual population analysis (PA), cohort analysis, Murphy's method or Gulland's
method. The term "cohort analysis" will be used here to the whole family of methods, all
of which share the sane basic principle, while the other terms such as "virtual population
analysis" and "Gulland's method" will Le reserved for those special cases.

Managing a fishery by limiting catch or effort can in some cases require estimates of
the annual abundance and the total catch at different levels of fishing effort. Cohort

analysis is often the best technique in these sitUations.

For clarity, it will be best first to develop the basic concepts and methods for the
case of a single cohort, and then to extend these to the entire stock.

Symbols and equations

Let

N. : the number of survivors in a cohort at the start of year i,

S.:the rate of survival during year i. Thus the number surviving at the end of

year i, or the beginning of year i + 1, is

Ni 1 = NSii (.1

D. = the number of members of the cohort that die during year i,

D. = N. N, (2)
i 1+1

or, from (1)

D.1 N.1
NiSi Ni(1 Si) (3)

By making a different substitution, one obtains

N. 1s.1 S.

D. = N. = N. (
1)

S. 1+1 1+1 S.
1

(4)
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S. = e i

. Z:R.

C. =

The last two equations show that E. can also be written as

= F./Z.
J.
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C. the number caught (from the cohort) during year i

E. : the exploitation ratio during year i, defined as the fraction, out of the
total number of deaths, represented by the catches during year i, or

E. = C./D. (5)

This can aleo be written, by substituting the expression for Di from (3)

C.

E. -
Ni(1 - Si) (6)

or, by gubstitution from (4)

C. S.

E. =
Ni+1 (1 - Si) (7)

: the average number of gurvivors during year i

F., M., Z. : the instantaneous rates of fishing, natural, and total mortality,
respectively, during year i, all on an annual basis, of course

Z. = F. -4- M. (8)

Assuming that the mortality rates are constant throughout the year, the following
equations are true by definition

(12)

It should be noted that if the time interval used in the calculations is not one year
but, say, T years (where T may or may not be a whole number), it is necessary to replace Fi,
M. and Z. with F.T, M.T and Z.T, respectively, in all the equations given above, and toi 1 i .
redefine the subscript i as denoting one of the intervals of length T rather than a year.

3. Relationships among parameter values

Before formulating the problem and describing the method of cohort analysis, it will be
useful to demonstrate for various cases that if one knows some of the parameter values for
year i, one can calculate the others. The parameters in question are those defined above
for year i (N., S., D., etc.) plus N+1, which can be considered to refer either to the end
of year i or ihe egilining of year

(9)

(io)



3.1Case1:C.,M.and.F.known
1 1

In this case, all the other parameters can be calculated from the following equations

-
= 11

N. D /(1-Si)

N. S.
Ti+1 1 1.

3.2Case2:C"M.andN.k.nown

Clearly, if F. can be obtained from these parameters, the remaining parameters can be
caloulatedasinchsel.ToseehowF.can be found, note first that equation (6) can be
written in the form:

C.

N.
= E.(1 - S.) (13)

aubstituting from equation (8), (9) and (12) gives E. and S. in terms of F. and M./ so
that equatiOn (13) becomes:

1 3.1
C.i.Pi (1 - e + Mi))

(14)
N. - (F. + M.)

Since C., M. and N. are known in this case, the only unknown in the equation is F..
Ways of compiltink the a5rrect value of F. will be given later (see section 7.1 below);lfor
themomentitsufficesthatF.can be foand from equation (14) and then the other parameters

1
computed as in Case 1,

3.3 Case 3 : 0.1 M. and N. known
1 1.

In this case also, an equation can be derived in which the only unknown is F.. The
correct value of F. can then be found by the methods given in section 6, and the 6ther para-
meters calculated As in the previous cases. To derive the equation, note that equation (7)
can be rewritten:

C. (I si)
1

N i S.
i+1

AsinCase2,writingE.and.S.in terms of F. and M, the following equation in
which the only unknown is Fil

C.
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from

from

from (12)

from (11)

from (10)

from

from

(3)

(1)
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Formulation of the problem

In most cases, the problem to be solved by cohort analysis is the following:

Given the annual catches from a single cohort during the entire exploited phase,

Given the value of the natural mortality rate, assumed constant throughout the
exploited phase,

Given for some year, the value of the fishing mortality rate,

Find the values of the other parameters given above for each year in the exploited
phase of the cohort.

In terms of the notation given in section 1, the problem can be stated:

Given
C1' C 2' C 3'
_ 0.6000

Given M1 = M2 = M3 = = M

GivenF.for some year i

Find all other parameters for each year i = 1, 2, 3,

Cohort analysis

First, note that as the problem has been formulated, C., F. and M are all known for
one year (year i). Therefore, as explained for Case 1 in sicti6n 2.1 above, one can directly
calculate all the other parameter values for year i, includingo of course, the number of sur-
vivors at the start of the year, Ni, and the number at the end of the year, Ni+1.

At this point one knows the number of survivors N. at the end of the preceding year
(i-1), as well as the natural mortality rate M and theicatch C. in that year. This situa-
tion corresponds to Case 3 above, so all parameter values for 3qar i-1 can be found, and the
procedure repeated for each preceding year in succession to yield the complete set of para-
meter values for each of the years 1, 2,

For the following years (i+1, i+2, ...) note that for year i+1 one knows, in addition
to the catch C. A and the natural mortality rate MI the number of survivors at the start of
the year N..A.1+this situation corresponds to Case 2 above, so all parameter values can be
found for NAr i+1 and this process repeated for each of the subsequent years to complete
the solution of the problem.

Example

Tne following theoretical example will show the steps in the procedure. Let the (known)
annual catch at each age from a cohort be denoted:

Age I II III IV V VI

Catch C
02 03

C
05 061

Suppose that the rate of natural mortality M is known and is the same for all ages. Finally,
suppose that FA, the rate of fishing mortality at age IV, is known. The problem is then to
calculate all the other parameters for the six years of the exploited phase.



C4N4 '= D,
F 4

C3

The first step is to calculate all paramenters for age IV, as in Case 1 above. Thus:

-Z
Z4 . F4

M S4 = e 4

and N5 =S4

For age III, we now know NA as well as the data values C, and M. We are therefore in
Case 3, and to find F3 we need to determine the value that satisfies the equation:

C3 F3-(F3 14)

- 7777
3 e- 3

Ways of doing so will be given later; once F. has been found, the other parameters for age III
will be:

Z3 = F3
; 53 = e3 ;

E3 .
Z3

N
or

N3

For age II, one now knows C22 M and N3' so by solving the equation:

ane finds F2' and the other parameters for age II are then:

F2-

Z2= F2
-4-M 7 - S2. e2 E .

2
Z2

or N =
2 S

2

Similary for age I the equation to solve is:

C2 F1 -(F1
M)

- e

N1
=

F1
M

;
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N3

F4

Z4

D2N=
2 7=77

2



and having found F we can calculate:

Z1 = Fl + N si

=
F9

N5 17-7,R7 (1
5

and knowing F5 we can
-

Z5
di

F5
M

N =
5 F5

6

6 F
6

or
N1

eZ1

For the ages above IV, the procedure given for Case 2 will be followed. For age V, we
havt C M and from the'computations for age IV N5* The value of F5 can be found from the
equatien:

e(F5 it))

compute:

s

5=
eiZ5

D5
4.535

54

o

Z5

N = N S
6 5 5

N7 = N6S6

This completes the solution of the problem.

7. Related matters

7.1 Methods of solving equations (14) and (16)

Theseequations do not have an explicit solution because the one unknown F. appears
both as a linear term and as an exponent. One way to solve them is by successivii approximation,
and programmes for performing the iterated steps have been developed for various kinds of
calculators.

Another way is to obtain an approximate value from a table prepared specifically for
cohort analysis (Schumacher, 1970). There is a separate table for each value of Mt and in
each table the rows refer to successive values Fl separated by a fixed interval, from 0.0
upward. There are several columns in.each table showing, for the corresponding values of NI

of:

That done, N6 is known, which with 06 and M provides the value of F6 from the solution

F6 ( e(F6 +
N (F6 +M)6

and the parameters follow:
F--z 6

Z6
=

F6
+ N 56 . e 6 E =

6
Z6
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and F, the values of El st (1-0, E(1S) and E(1S)/S. The last two, as can be seen from
equations (13) and (15) are the values of

C./N.l

and C./N.1, respectively. To solve equation
(14), therefore, one goes to the table for +heappropha+6 value of M and scans down the
column headed E(1S) to find the value nearest to the calculated value of C./N.. The row in
which this value is found will show the solution F., and the values of the athar parameters
Z. S. and (1S.) as well. The procedure is similar in the case of equation (16), exoept
tkat kle looks i'or the calculated value of c./N.+1 in the column headed E(1-0/S.

An important feature of cohort analysis is that during badk calculations (i.e., successive
calculationofF.F.

'
etc.whentheknownvaluewasM, the relative error of estimate1-2

due to any error in the starting value F.9 decreases steadily. In forward calculation, how-
ever, the relative error grows steadily and can become large after only a few intervals.
Partly for this reason, one usually tries to use a starting estimate F. at the end of the
catch sequence, sinoe most of the estimates in the sequence will then hot be much affected
by error in the starting value. All of the estimates in the sequenoe will, of course, be
affected by any error in the estimate of M.

7.2 Starting the calculations from an estimate of E.

As the problem was formulated in section 4, it was assumed among other things that the
value of F. was known for some year, usually a year near the end of the exploited phase.
But other tarameters that measure exploitation in some way can also be taken as the starting
value for the calculations. One of these is the exploitation ratio E.. Given an estima-be
ofthisparameterforsomeyear,F.,can be calculated, according to aquations (12) and (8),
as:

ME.

Fi (1

and the rest of the calculations carried out from this point as explained above.

One reason for choosing E1 over F. for a starting estimate is that it has a smaller
range of possible values, onlyzero to11. Nhen F = M, the value of E is 0.5. Hence even a
rough idea such as "the stock is lightly exploited" restricts estimates of E to between 0 and
0.5. At the other extreme, if the stock is thought to be "heavily exploited", the starting
value of E should be between 0.5 and 1.0.

7.3 Starting the calculations from an estimate of e the rate of exploitation as
defined by Ricker

Another parameter sometimes used as a starting value is the annual rate of exploitation
E. as defined by Ricker, the fraction of fish alive at the beginning of the year that are
caught during the course of the year, or in the notation used here:

C./N.

It can be noted incidentally that, by equation (13), E. and Ell' bear the following rela-
tionship:

E. . E.(1 S.)

In this case, since the estimated value of E! is by definition an estimate of Ci/Ni,
one is in the situation described above as Case 21and proceeds accordingly.

7.4Startingthecaloulationsfromanestimateofl(Gulland's method)

This rate of exploitation, refers not to a single year but to all years in the
eyTIoitedphasebeginningwithyeari(thatisi,i-0,14-2,...).Thuslis the fraction



of survivors alive at the start of year i that will be caught during the.remainder of the
exploited phase. If V. denotes the cumulative catch from the cohort beginning with year i
(V.=C.+C.+0..)1,-thenE.is defined as:

i 1+1

. V./N. (17)

WhentheetartingvalueforthecalculationsisanestimateofE.,the first step is
tocalculateN.from the equation:

N.= v./E.

One then knows C., N. and M for year i, and is thus in a situation corresponding to
Case 2 above, so all ¡he /larameters for year i and the other years can be calculated.

AnestimateofE.is sometimes preferable to an estimate of F., especially when the
1

exact ages of older animals are difficult to determine. In this situation one will not be
able to determine the exact catch at each of the greater ages, but one will know the total
catch for all those ages combined, for example beginning with age i. Then if one has an
estimateofE.,along with an estimate of M and the earlier catches at age C C2,2"
C. one can carry out the cohort analysis (at least up to age i-1) by the methods given

8. Other methods

8.1 Virtual population analysis

As the problem was formulated in section 4, it Was assumed that, in addition to knowing
the catch i4 number at each age and the natural mortality rate, one had an estimate of F.
(orE.orE.orl)for some year i. Virtual population analysis does not require an esti
mate of F. ' ecause it assumes that the rate of fishing mortality is constant from year i
onward, arid in this case it can be calculated. Observe that by equation (17),

V. = E.N. and 7. . E.
2. 141

and that, since the fishing and natural mortality rates are assumed constant (F. ==Fi4.1

andM.=M 101,
+1 =...=itwillalsobethecasethat1= "É-i+ = ..., so theiratio of the

cumulative catches will be:

N.V. N.
1+1

V.= Ni

Finally, substituting from equation (1) shows

-56.-

(18)

(1 9 )

From the ratio of the ammulative catches, therefore, one can calculate the rate of
survival S., which with the value M will provide F. by application of equations (8) and (9).
Then cohori analysis can be performed for the ageslup to age i.

Equation (18) shows that under the assumption of a constant fishing mortality rate, the
cumulative catches are proportional to the number of survivors at each age, and it is for
this reason that the cumulative catches are called "virtual populations".
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8.2 Pope's method

Pope (1972) reported an approximate equation relating the numbers of survivors at the
beginning and the end of the year. This equation can be derived by treating the annual
catch as if all of it were taken instantaneously in the middle of the year. In the ith year,
for example, which begins at time i and ends at time i+1, the entire catch is treated as
being taken instantaneously at time i+i, as shown in the following figure.

(20)

i+1 time

ith year

On the graph, N' is the theoretical number of aurvivors at time i+i, calculated as though
there had been no fishing between time i and time i+i, or:

NI = NeM/2

Immediately after the catch C. has been taken, the number of survivors is N" = N' C..
From time to time i+1 the4 is no fishing, so the number of survivors at time i+11is:

M/2
N = blueN.

Substituting for N" and NI in this equation produces:

Ni+1 = (NI Ci)e-14/2

= (NieN/2 Ci) e M/2

= NieM C. e m/2

For purposes of back calculations in cohort analysis, it is useful to rewrite this equation
as:

M
M/2

N. =N. e e+ C.
1+1

so that once N.i+1 has been estimated, it is a simple matter to compute N,, N. A, succesi
sively. Then, given the number of aurvivors at the beginning of each year, the annual rates
of survival and fishing mortality rates can be calculated from equations (1), (8) and (9),
and all the other parameters follow therefrom.

Pope found that the accuracy of the approximation (20) was quite satisfactory whenever
the natural mortality rate M was equal to or less than 0.3 and the fishing mortality rates
F. were all equal to or less than 1.2.
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As an example, consider the following ca-Lch data for a single cohort:

Age IV V VI

Catch in number
C1

C2 C304
c5 v6

The natural mortality rate M is known and assumed constant, and an estimate of E6 is available.

To estimate the parameters N. and F. at each age by Pope's method, one begins by computing
= V4/26 Thenl given N61 one Calcula

'

tes N
N4'

0000, N1 successively by applying equa
5tion

N5 . N6eM
+

c5eM/2

N4
=
N5em + 04eM/2

N. .
N2 1
eM C eM

/2

The annual survivalrates are then Ji N /N S . N5/N4' °"' S1 = N2 /N1' from which
Z4, 00e, Z1 and F5, F4, 00., F/ be6caiculited.

9. EXtension to the entire exploited Raulation

Up to this point only the calculations for a single cohort have been considered, and
in fact these are very useful for studying the effects of different regimes of exploitation
on the catches, biomass, etc0 of a cohort over the course of its exploited phase. But it is
also important to consider the exploitation of an entire population during one year. If
the recruitment to the population is constant year after year, the resulta for the population
during a single year will be the same as those for one cohort during its entire exploited
phase. But this will not be true if recruitment varies. . In this case, in order to deter-
mine, say, the size composition of the population at the beginning of some year, one can
perform a cohort analysis for each of the cohorts present in the population during that year
and then combine the results. This procedure of course requires that one know, for each
cohort, the numbers caught at each age and the fishing mortality rate (or some equivalent
parameter) for some year, as well as the natural mortality rate, which is usally assumed to
be the same for all years and ages.

The situation is illustrated by the table below, which shows the composition of catches
in number by age group for the period 1970-1975.

1970

1971

1972

1973

1974

1975

VI

cII,0 III,0 ivlo V,0 vi,o

Culi cII,1 01111 cIV,1
C
V11 cvi

01,2 cII 2 c111,2 01V,2
c
V12 V',2

0I13 cII,3 c1113, 0IV,3 0V,3 cV1,3

cI,4
C11,4 0111,4c111,4

c cv,4 cvIt4

cI,5 c11,5 c111,5 0IV,5 0V,5 v1,5.
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In the table, the catches from the 1970 yearclass are set off in boxes. Aa estimate
of F (or some other Index of exploitation) in some year must be known for each of the year-
classes. When working with data from trawl fisheries, one usually tries for starting esti-
mates for the greatest age (age VI in the table) and then badit caloulates to estimate the
values ofZendFaZMin previeue years, since the relative error in these estimates
caused by error in the starting value will decrease steadily as the back calculations pro-
ceed.

Not all of the cohorts present in the population during the most recent year covered
by the data (1975 in the table above) will have reached full recruitment, so even if an
estimate of F for fully recruited age eaoups is available, some apecial treatment will be
required for the youngest age groups. The application of partial recruitment factors, dis-
cussed below, provides a way of adjusting the starting estimate for these groups. Finally,
some comments on predicting future °etches and stock sizee are offered under the heading
"Stock forecasts".

The results of a cohort analysis fpr data such as those in the table above are usually
presented in two corresponding tables, one showing the estimates of F, and the other number
of survivors, at eaoh age in each year. These results can serve as the basic data for an
empirical study of the ,ohaviour of tho stock and the fishery. The sequence of value F.

for a number of years (ea other time periods) for a sing3e cohort is usually called the 1

F. vector.

9.1 Partial recruitment factors

Usually the total fishing effort exerted an a stock changes from year to year as a result
of changes in fleet size, fiehing power or other factors. Dien within a single year, a
given level of fishing effort does not bring about the same rate of fishing mortality for all
of the cohorts in the fishery, since there is always some variation with age in the availa-
bility or vulnerability of fish to the gear. In trawl fisheries, for example, fisbj.eg mor-
tality is lower for small fie& than for older fish that are fully recruited. Accordingly,
it is customary to assume that the fishing mortality rate at each age is a fixed fraction of
the fishing mortality rate of the fully recruited age greaps, i.e., if Fi, F,, F,, ... are
the fiehing mortality rates at age 1, age 2, age 3, and F ie the fisihing mortality rate
at full recruitment/ then the ratios Fi/F, F2/Fe F,/F1 remain constant from one year to
the next/ although total effort and thdrefore the actual levels of Fi,

F2' F3'
imeo, F may

change.

The ratios are called partial recruitment factors and their use in cohort analysis is
straightforward; if for some year one has an estimate of F (for fully recruited age groups)
then etarting estimates for partly recruited age groups can be calculated by multiplying by
the partial recruitment factors estimated for other years. Of course, partial recruitment
factors may change if there is a change in gear selectivity, in stock availability, or in
the temporal or spatial distribution of fishing effort with respect to the distribution of
age groups.

9.2 Stock forecasting

One of the reeults of cohort analysis in forward calculations is the size and composition
of the steels (except for the new reoruite) at the end of the year, which is the beginning of
the neat year. To forecast the size and pomposition of the stock in future years, therefore,
ene needs estimates of the fishing mortality rates, partial recruitment factors and levels
of recruitment for those years. With these, the equations used in cohort analysis provide
the means to calculate, for each cohort, the number that will be caught in each year and the
number that will survive to the next. If mena individual weight at age in known, then catches
in weight and total cohort biomass at each age can also be computed.
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1. Introduction

Consider an unexploited stock of fish. During a year, ite total biomasa will grow by
an amount equivalent to the weight of recruits that the stock receives and the growth in
weight of individuals in the stodk. It will decrease by an amount equivalent to the weight
of fish that die of natural causes of all kinds (predation, disease, etc.). Russel (1931)
described the balance of changes that occur during the year as follows:

B1
B0 .R+G- D (.1 )

where B0 and B denote tha biomass of the stock at the beginning and end of the year, respec-
tively, and R, 1G and D denote recruitment, growth and mortality, respectively.

Each of the terms R, G ; (1 D aa the right hand side of the equation will ' affected
by the environmental conditions tY:at prevail during the year. If food is abundant one can
expect that G will be relatively Ugh and that D will probably be relatively 1 . Similarly,
the recruitment R (as well as the other terms indirectly) will be affected, often very greatly,
by the environmental conditions that prevailed at the time the recruits were spawned and
immediately thereafter, that is several months or years, depending upon the life history of
the species, before the recruits joined the stock.

These terms will also be influenced, and in different ways, by the. size of the stock,
both at the time in question and during e..e previous period, as well as by its dem aphic
composition the distribution of lengths or es within it). The rate of growth of
the biomasa will always be greater in a stock containing a high proportion óf young fish.
As a first approximation natural deaths will be proportional to the size of the stock in
number, but this proportion will doubtless be relatively greater in the case of a stock where
older flail predominate. The recruitment will depend on the size of the stock some months
or years before the time of recruitment (i.e., at the time the recruits were spawned) much
more than an its size at the time of recruitment.

Equation (1) can be modified to take account of the effects of emigration, E, and of
immigration, I, as follows:

B B .R+G-D+I- E (2)

This equation provides a complete description of the factors, aside from fishing, that
control the biomasa of the stoak. This formulation requires no assumptions, but neither does
it provide a means to evaluate the state of stock or the effect of fishing on it. To do so
ane can proceed in either of two ways. The first, which makes use of analytical models
(sometimes oalled structural models), consists of examini each term in the equation in
detail and then formulating equations for the bellaviour of each term, for example, the growth
schedule of individuals and the effect an gr ,h of food availability or of intraspecific
competition. This approach menially °ells for a detailed study of the stock since it requires
a detailed underotanding of the proceeses at work, and in the long term fairly exact predic-
tions of the effects on the stock and on the catches of, for ex 'le, a given change in the
pattern of exploitation.
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The other approach is to consider the overall net effect of all factors that control
the biomass simultaneously, i.e.,

AB =
B1 - B0

and to examine how AB behaves, specifically as a function of the biomass B. This approach
assumes that for practical purposes the population of fish can be described in terms of its
biomass only, i.e., without regard to its demographic composition. he other factors to be
considered in this model, aside from the rate of natural growth AB (or dB/dt if one wishes
to describe the continuous process rather than the absolute growth realized by the end of
some fixed period), are the rate of fishing mortality F and the catch or yield Y. SYnthetic
models - sometimes called surplus production models or global models - describe the relation-
ships among these quantities.

2. Behaviour of the biomass of a stock

2.1 Unexploited stock

One can suppose that in the absence of any exploitation the total biomass of a stock
will not increase beyond sone limiting size, determined by the amount of space and resources
available, by competition, etc., that is by the carrying capacity of the ecosystem of which
the stock is a part. As a first approximation ane can assume that the factors determining
this carrying capacity do not change systematically over time, although they may fluctuate
from year to year. Consequently, the biomass of an unexploited stock will fluctuate about
some mean value, and anly the position of the mean will be discussed here.

Alternatively, one could suppose that the biomass B of a stock, beginning at a negligible
level B = 0, would tend to increaseup to its maximum level B = B 'described above as the
carrying capacity of the ecosystem for the stock. But the biomagl will not grow at a con-
stant rate. It will grow slowly when the biomasa is small, more rapidly at intermediate
values, and eventually it will again grow slowly as it approaches B Thus, beginning at
some low value when the biomass is small, the rate, or more exactlyalhe absolute rate of
natural growth, will increase to same maximum value and decrease thereafter to O. This
implies that the absolute instantaneous rate of natural growth dB/dt will be zero when B = 0,
will increase to a maximum at same intermediate level of biomasa and will then decrease
steadily, reaching zero when B =

Another way to describe this variation in the rate of natural growth would be to saY
that the specific instantaneous rate of natural growth (1/B) (dB/dt), is some continuously
decreasing function of the biomasa B, generally denoted f(B). The value of this function
is high when the biomasa B is very small (i.e., when resources are abundant and competition
is low), but it decreases steadily to zero as the biomass grows to its maximum value B
Figures 1 and 2 show, in general terms, the variation of the absolute and specific gAth
rates with biomasa,

2.2 Exploited stock

Now consider an exploited stodk. Taking catches from a stock always reduces the total
biomasa, because it imposes an additional mortality. The biomasa of an exploited stock will
therefore depend an the size of the catches. If the rate of removal is higher than the
stock's rate of natural growth, the biomasa will decrease; if it is lower, the biomasa will
increase but more slowly than it would in the absence of exploitation; if the rates of removal
and natural growth are equal, the biomasa will remain constant. In this last case, the
catch is called the equilibrium catch Ye for that level of biomass.

At this point one can already make some general observations about the importance of
equilibrium catches and equilibrium conditions of an exploited stock for fisheries manage-
ment. First, one can say that for a particular stock there is no unique value of equilibrium
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B

Fig. 1 The absolute rate of natural growth of biomasa as a function of biomasa
(in the absence of exploitation)

Bo) Biomasa

Fig. 2 The specific rate of natural growth of biomasa as a function of biomasa
(in the absence of exploitation)
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catch. On the contrary, at each level of biomass, ane can catch some quantity that will
leave the biomasa unchanged the equilibrium catch, and this equilibrium catch will be dif-
ferent at different levels of biomass. Taking the equilibrium catch can be desirable because
it maintains the biomasa at a constant level. In this case one can catch the same amount
year after year without causing any change in the total biomasa of the stock. Second,
Figures 1 and 2 show that the equilibrium catch varies with biomasa. It is low both when
the biomasa is small and, contrary to what one might think, when the biomasa is close to its
maximum value (since at this level the absoluto rate of natural growth is small and only a
small catch can be taken without reducing the biomasa). The maximum equilibrium catch can
be taken when the biomasa is at an intermediate level where the absolute rate of natural
growth is highest.

3. Equilibrium conditions in an exploited stock

3.1 In terms of the level of exploitation (F) and the biomasa (5)

When a stock is exploited, the net rate of change of the biomasa will depend an two
components, the rate of natural growth of the stock (which will be positive) and the rate
of removal by the fishery (which will be negative). Thus, for example, the specific rate
of change in the biomasa, (1/B) dB/dt, will be equal to the sum of the specific rate of
natural growth, f (B), and the specific rate of removal by the fishery, F. Arithmetically
one can write:

(2) (2) = f (13) F
B dt

For a given time interval At, during which P remains constant, equation (3) can be written
in approximate form:

6h) f (5) F (4)

where T3 is the mean biomasa during the time interval At. Equation
biomasa AB as a function of mean biomasa I directly:

AB . f(5) "Sat F Eat

(3)

(4) gives the change in

(5)

At equilibrium, the change in biomasa AB will be 0, so the mathematical condition for
equilibrium is:

f(E) F (6)

From the definition of F (=Y/E), and from equation (5), it follows that the equilibrium
catch Ye during a time interval At will be:

Ye = FT34-t . T3 f(5)At (7)

Therefore, if At 1 year:

Ye
Bf (T3')

Equations (6) and p) show the equilibrium relationships among F, and Y0. The equi
librium catch given by 7) can, by means of equation (5), also be represented a. a function
of P. Thus, in solving equation (6) for 131 ane would set B = f*(F) and, substituting this
into (7) with At = 1 year, ane would obtain:

(8)
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3.2 In terms of indices of biomass and fishing mortality

Equations (6), (7) and (8), which are fundamental for the assessment of a fishery, are
usually transformed into terms of indices of biomasa and fishing mortality for practical
reasons. When it is measured accurately and expressed in the proper units, fishing effort
X during a time interval At can be related to the instantaneous rate of fishing mortality

F, assumed constant during the interval At, by the following equation:

A t = qX (9)

where the constant of proportionality q is called the catchability coefficient. When At =
1 year, the equation simplifies to:

F=qX (io)

Consequently, X providee an index of fishing mortality, F.

The index of mean biomasa during the interval At = 1 year can be obtained by aubstituting
the value of F given by (10) into equation (7), or:

Y . qXT (11)

Y
or Tc = qB (12)

Consequently, the catch per unit of effort Y/X is an index of mean biomasa 7j. This
index will be denoted here by the letter U. Therefore ane can write:

qT3 (13)

The conditions prevailing at equilibrium (6), (7) and (8) can be readily expressed in
terms of the indices X and U by transposing equations(10) and (13).

4. Models

4.1 Introduction

The curves describing the absolute and specific rates of natural growth of the biomasa
as functions of the biomasa (Figures 1 and 2) have not yet been precisely defined. Only

their general characteristics have been developed. The phenomena that determine the rate
of replacement within a stock as a function of its size are so complex that it is impossible
to specify all the determinants of the relationship mathematically. One is therefore obliged
to choose empirically, among the various functions having the general characteristics of the
curves in Figures 1 and 2, the ane which best fits the data at hand. The function so chosen
in each case will define a particular model. Theoretically a model is thus defined by the
function that relates the specific rate of natural growth f(B) to biomasa B. Once the func-
tion f(B) has been chosen ane can immediately specify the conditions for equilibrium.

F f(5),

and Y = F55 = TT(5)

One can also state these equilibrium conditions in terms of indices of fishing mortality
(X) and biomasa (l) as explained in section 3.2.

Another way to define a model is to identify empirically a mathematical relationship
between U and X in equilibrium conditions. On the basis of this relationship one can infer
the equilibrium condition F = f(T3) and, thereby, the function f(173) relating the specific rate
of natural growth to mean biomasa.
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In what follows, the first approach will be taken in presenting the models commonly used.

4.2 The Schaefer model

As explained in section 2.1, the specific rate of natural growth f(B) decreases as the
stock biomasa decreases. A2 a first approximation one may suppose that the relation is
linear. This was the assumption made by Graham and later by Schaefer (1954) to define their
model which can thus be expressed:

f(B) = m KB (14)

When the biomass has reached its limiting value, Bco, its rate of change is 0. Therefore,

0 = m X:13, or: m
KBco

Equation (14) can thus be written:

f(B) = K(B03 B)

In equilibrium conditions, F f(5) and it follows that:

F = K(B4O1) T) (16)

Equilibrium conditions therefore are those that satisfy the following equations:

= Uco bX

X(TJcv bX)

Ye elYff(u U)
b co '

where b q2 ¡K

To express the equilibrium conditions (17), (18) and (19) in terms of indices If and X,
ane need only substitute into these equations the ecraivalents, B = ph and F = qX. The

egaations then take the following form:
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Schaefer model: f(B) = K(Bco - B)

B =Bmax

Y = U2 /4b
MaX
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Fig. 3 - Theoretical relation-
ship between the specific rate
of natural growth f(B) and
total biomass B

Fig. 4 - The relationship
between the index of mean
biomass and the index of
fishing mortality in equili-
brium conditions

Fig. 5 - The relationship
between the equilibrium catch
and the index of fishing
mortality, in equilibrium
conditions

ego

X
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4.2.1 Maximum sustainable yield

One of the most important features of the equations specifying equilibrium conditions
is that they provide a means of calculating the maximum equilibrium catch or maximum sus-
tainable yield, Ymax (sometimes called MSY). To determine this value one sets the derivative
of /e with respect to F (equation 18) to zero:

dYe F F
= O =

dF K K

Consequently, the maximum sustainable yield will be taken by a value of F, denoted Fmax,
equal to:

2max = 2

From equation (17), one can also obtain the biomass level corresponding to Ymax an
Fmax, denoted Bmax:

Brnax ( 24 )

The maximum sustainable yield Ymax will therefore be:

KB2
Ymax --77-- ( 9 )

In terms of the indices of abundance aad fishing mortality, equations (23), (24) and
(25) become:

Xm =ax 2b

u

max 2

2
cp

max 4b

Figures 3, 4 and 5, which portray the relationships specified by equations (15), (20)
and (21) show the most important properties of the Schaefer model. In practice, estimating
the parameters of the equilibrium equation b' = U, bX is basic to an assessment of a stock

and a fishery. From this equation, one can easily obtain the other equations, for example,
the equilibrium catch as a function of fishing effort. These equilibrium relationships make
it possible to estimate the maximum sustainable yield, the corresponding level of fishing
effort, the equilibrium catches that one can expect at other levels of effort, the relative
abundance of the stock, etc.

4.3 Exponential model (Garrod, 1969 and Fox, 1970)

In the previous section it was asuumed that as a first approximation, the specific rate
of natural growth f(B) was a linear function of the biomass B. This assumption is the basis

of the Schaefer model. In praotice, one often observes that the data fall along a curve

that is concave upward. It has therefore been proposed that an exponential function be
used for fitting the observed data, i.e., a function of the form:

f(B) = m K ln B (29)

( 28 )
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ExIonen ial model: f(B) K(ln Boo in

Fig. 6 - Theoretical relation-
ship between the specific
rate of natural growth in
biomass and total biomass

X = 1/b
max

X . 1/b
max

X

X

Fig. 7 - Relationship between
the index of mean biomass
and the index of fishing
mortality, in equilibrium
conditions

Fig. 8 - Relationship between
the equilibrium catch and
the index of fishing morta-
lity, in equilibrium condi-
tions
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Y B Fe-(14
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Ye = FCT3 (ln B 1:11)
OD

In terms of the indices I/ and X, these conditions are described by:

4.3.1 Maximum sustainable yield

The maximum equilibrium catch or maximum sustainable yield can be calculated as it was
in the case of the Schaefer model, as follows:

dYe -(r) - (^K)
= B - B k-)e

dF co K

F K
max

. (1)
MaX e

KB
aJ

m

uwebX
(35)

where b = cilic

Y = U Xe
e op

Ye = q¡G(Ila U in 11)
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As waa done in the case of the Schaefer model, ane can then conclude that:

ln 13a)

and write:

f(B) K(1nBco - in B) (30)

Consequently, the conditions for equilibrium are the following:

K(ln Bco - (31)
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4.4 GENPROD model (Pella and Tomlinson, 1969)

Pella and Tomlinson proposed a more general relationship
natural growth f(B) and the biomass B. They introduced a new
flexibility in fitting data from various fisheries to a curve
posed. In particular they suggested an equation which can be

f(B) = K (Bm/
co

This equation is a generalization of equations (15) and (30) from the models of Schaefer
and of Fox.

It will be seen immediately that, in the case m . 2, this equation reduces to the Scha
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Expressed in terms of the indices abundance and mortality these equations become:

between the specifio rate of
parameter m to provide greateT.
of the general form they pro-
written in the following form:

(44)

model

the stock

which

the exponential
(equation 15) and it can be shown that, when m . 1, the GENPROD model is identical

model (equation 30).

The conditions at equilibrium according to this model can be deduced as was done before;
is in equilibrium when:

K (c1 1)
(45)

is true when:

to

I (Bm-1
co

Ye F (4T1

Ye co

- 1

1

(46)

(47)

(48)

K

r-1)

Figures 6, 7 and 8, which portray these relationships, show the most important features
of the exponential model.
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Genprod model: f(B) K(Bm-1 Bm-1)

X

Fig. 9 - Curves showing the
theoretical relationship between
the specific rate of natural
growth of biomass and total
biomass, for selected values
of m

Fig. 10 Curves showing the
relationship between the index
of mean biomass and the index
of fishing mortality, in equi-
librium conditions, for selected
values of m

Fig. 11 Curves showing the
relationship between the equi-
librium catch and the index of
fishing mortality in equilibrium
conditions, for selected values
of m
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Expressed in terms of 13 and X, these equations become;

7 . (uT1 bx)m-1

1

Ye . X (1.71:7/ hX)m-/

qm.
y 1 T (m_1 um-1)m-1
e - '

where 4m/k

As with the other models, the maximum sustainable yield can be determined by taking the
derivative of Ye with respect to F and setting it to 0:

1 1

dYe
(B -)

nm-1_ 1 1 p( '9'
B -

dF no K 17 m-1 co K

m-1
Bco - g)

m-1 -m-1
and Fmax = K

cob

-Max = (11) m-1 Bap

Y
max

= K Z.7.1. (1) m-1
m m

In terms of the indices Ti and X, these equations are:

X
1 m-1 _m-1

= - --- u
max b m

1 rn-1
= (- ) U

MaX m

1

Y =
1 m-1 Ki\ m-1 um

max b m '111/co

Figures 9, 10 and 11 show the curves corresponding to different values of m. It should
be noted that in the literature this model is usually stated in a form different from equa-
tion (44) but it can be readily shown that the two forms are equivalente Fox (1974) Presented
a detailed analysis of this model, of its various formulations and of its behaviour.
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5. Practical aoplications

Usually the available data such as I, 13 and Y do not refer to equilibrium conditions.
The total catch taken during a particular period of observation (for example, 1 year) depends
not only on the mean biomasa and the fishing effort X exerted during this period, but aleo
an the intensity of the exploitation to which the year classes present in the stock have been
subjected previously. Therefore, before fitting the data to the equations given above it is
necessary to adjust them by some method so that they will represent as nearly as possible the
values that would obtain at equilibrium. Some of these methods are given below in this sec-
tion (cases 1 5).

While one can, by use of these methods, adjust the data for the history of exploitation
of the year classes present in the stock during the period in question, these methods do not
take account of changes in the level of recruitment caused by changes in the sise of the
parent stock. By its very form, the model takes account of the effect of this phenomenon on
equilibrium conditions, but in nonequilibrium conditions the effect will occur only after a
lag period that depends on the life history of the stock (in particular the length of the
prerecruit period).

It can also be seen that, insofar as the basic assumption of stability in the carrying
capacity of the ecosystem does not hold, there will be deviations ar fluctuations in the
observed values.

With these things in mina, ane has to choose some mathematical function to represent the
observed relationship between the specific rate of natural growth f(B) and the biomasa, or aa
equivalent relationship. The choice of a function will be empirical: in practice one chooses
the function which, among all the possible candidates,, provides the best fit to the observed
data. Then, by regression or another technique one eatimates the parameters of the chosen
equilibrium relationship giving the best fit to the scatter of points. (Ricker (1973) showed
that in general it ie correct to use the functional regression rather than the usual least
squares regression for fitting.) Gulland (1961) advised that fitting a curve by eye lets the
researcher make use of his prior experience and knowledge of the fisherY in question (such
as changes in the pattern of exploitation: mesh size, discard pattern, distribution of effort
in space and time, etc.). On the other hand, following an objective mechanical procedure
forestalle any discussion of the subjective steps in the process, so it can be highly advan-
tageous, for example, when working groups have to formulate management measures which will
have different effects on the various parties interested in the fishery.

Case 1: Consider an exoloited stock for which ene knows the biomasa at the beginning of each
year and the total catch taken during the year for a series of years:

The natural growth of the biomasa, ABi, will be equal to:

AB. B. B. Y.
1+1 i

The observed change in the biomasa (Bias Bi) will thus be equal to the difference
between the natural growth of the biomass during year'i and the catch taken during the year
Yi. The mean biomasa Be can be approximated by the average of the biomasa at the beginning
and end of the year, that is:

T. B.i + B. )
1+1

B1

1

9 99.B. 00 9 00
2

009Y-000000000

1 2 q0 9 9 * 0 9 9 0 99
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To estimate the mean specific rate of natural growth in this case, it is necessary to
compute the natural changes in the biomass during each year. To do so, one calculates the
biomass at the start of each year Bi, and from that the natural change during the year:

ha (B. - B.) + Y.
1+1 1- 1

Schaefer(1950proposedtakingthearithmeticmeanalandaasa first estimate
1-1

B. B.
( 1-1 +

2

In the same fashion, one can obtain:

7i+1N
(B1+1

2

and the two preceding equations given:

11+ - 711- ,

) + Y.Bi
2 1

The specific rate of natural growth of the stock at the level of biomasa Tit is then:

AB. 15 -. Y.
1,0-3,0 i 1 ( i+1 1-1) i

Iii Tii Tii

Case 3: Unfortunately it is rare that estimates of absolute abundance or biomass are available.
Instead, what ane usually has is values of some index of mean biomasa, U. If such
data are available for several series of years when the stock can be considered to
have been more or less in equilibrium at different levels of biomasa and fishing
effort, one can fit an equilibrium equation between U and X directly. For example,

in the case of the Schaefer model, this equation is:

Ú U bX
CO
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The mean specific rates of natural growth in each year can then be used to estimate the
function f (B):

f(;) = AB1ff31

Case 2: Consider an exploited stock for which one knows the mean biomass and the total cat 1

during each year for a series of years:

Year 1 0040 OS elleet

Mean biomass ...T3 .0.00000

Total catch
during year

Y1 Y2...Yi.... *****
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Consequently, if one has pairs of values (U, X) corresponding to two or more equilibrium
positions, it is possible to estimate the parameters U b and, given these estimates,
to infer the equilibrium relations (20), (21) and (22). Periods of equilibrium can be achieved
when fishing effort remains at approximately the same level for a period of several years.
In most cases equilibrium relations expressed in terms of the indices of abundance and fishing
mortality will be sufficient for purposes of management.

Case 4: Now consider the case in which one has data of total catch Y and fishing effort X
for a series of years. The index of biomass will be U = Y/X. Sometimes one only
knows the catch Y and an index of biomass Ti derived, for example, from surveys. In
this case total fishing effort can be estimated as X . Y/U. Thus consider the case
in which one has the following data:

111317=c5and-F=c1X1theaPProximationlasedinCase2abovetocalculatef(I)can also
be used here in the form:

U -11. qY.

f(51)
( 1

Ui Ui

f(5)
U.

1 f 1+1 1-1 +\ -
2

)

1

Unfortunately ane cannot use this relation to estimate f(g.) unless one has some estimate
of q. Schaefer (1956) described a technique for estimating q wien a long series of data is
available. Gulland (1961) proposed another method to estimate the equilibrium values; this
is the uubject of the next case to be discussed.

Case 5: (Gulland's method)

The consideration of Case 3 above showed that a knowledge of U and X in equilibrium
conditions makes it possible to determine the equilibrium relationships between U and X and
consequently between Y and U. Gulland suggested that when the data refer to non-equilibrium
conditions, ane not relate the annual values of the abundance index U. to the corresponding
values of fishing effort X. exerted in each year, but instead to the -Llue of some constant
fishing effort X' that would have resulted in the same mean abundance index U. in equilibrium.
In other words, since the exploited stock, whose abundance is measured by thelindex U., is
mainly composed during year i of survivors of a certain number of year classes recruiied in
previous years, Gulland recommended that, from the fishing efforts exerted during the previous
years (which therefore determined the number of survivors in each of the cohorts exploited
during year ane calculate an equivalent constant fishing effort X' which, if it had been
applied in each of the previous years, would have brought about the mean abundance observed
during year i.

Year 1 2 ...i OS.

Biomass index
'2

.0. D 000

Total catch
during year

Y1 Y2 ." 0 0 0

Fishing effort
during year

X
1 X2 " .

X. OSO



For ex 0 1'0 le:

Gulland showed that in practice this equivalent effort X' could be approximated by the
:arithmetic mean of the fish' 4 efforts applied during the year in question and a number of

pre:coding years equal to half the duration of the exploited ph e (or exploited lifespan)
prevailing in the stock.

If, for each colortv the exploited phase lasts 4 years (i.e., the cohort is fished out
after 4 years), one would take X' as the mean of the values of X during the year in question
and the two preceding ys. The result pairs of values U and X' would then be:

Ti5 and 7; . (x5 X44 x3)

U4 and :7E, (X4 + X3 + X2), etc.

The equilibrium relationship between U and X' would then be fitted to the pairs of
values (155, X4), (14,;11), etc., acording to that .:thematical function which most closely
confor d to ihe dictraution of the points.
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1. Introduction

This section is concerned with relationships between the size of a fish stock and the
numbers of individuals that recruit to it annually. The subject is frequently referred to
using the expression "stock/recruitment relationship".

Many studies have focused attention on particular parts of the life history only, such
as the larval st . In general, however, any factor responsible for controlling the size
of a population and maintaining its stability under a wide r of environmental conditions
is relevant. In this context "stability" does not necessarily mean the intenance of popu-
lation size at a particular level. The populations that exist today are those that have not
been eliminated during an extremely long time period. One is therefore dealing with biolo-
gical systems that are not so much stable in the thematical sense, as ones in which the
probability of elimination (at le :t by natural causes) has been extremely 11 indeed.

101 Density-dependence and independence

The ter as d)nsity-dependent and density-independent are frequently used when discussing
stock recruitment relationships.

The principles are illustrated in Figure 1. This shows vario relationshipe between
hypothetical initial n bers of indiViduals and the numbers surviving after a given time or
at a given size. The relationship shown by the line A represents the situation where the
number of survivors is some constant proportion of the initial number of individuals. This
is referred to as a density-independent relationship. Curve B shows a situation where the
number of survivors increases indefinitely as the initial n ber increases. However it is
not a constant proportion of the initial number. Curve C shows a situation where the number
of survivors increases initially but eventually declines as the initial n ber Is increased
further. Both of the relationships B and C are referred to as density-dependent relation-
ships. It is implicit in any discussion of population control that there is at least one
st in the life history where the number of survivors is not directly proportional to the
initial n ber, i.e., at one or more stages in the life history a density-dependent rela-
tionship of some kind is inferred.

Biologically, the factors st likely to prevent an indefinite build-up of population
biomasa are:

Food limitation

Predation

(0) Disease

Of these, factors 2 and 3 may operate independently of food limitation or as a calm., of food
limitation, i.e., it is useftd to disti ah between the situation in which an individual is
eaten because it in weakened due to lack of feod and the situation in which healthy indivi-
duals are just ELEJ liable to be eaten as weakened individuals. In the first case the number
eaten will tend to be a function of the food supply as well as of the number of predators.
In the second case the number eaten will de nd mainly on the n ber of predators.
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Duri the second yoar of life the fish become benthio the food co ists
the s,Iller benthic organiono.
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m about a longth of 5 cm to the end of the first ye of life the food comes inly
from the nomt trophic level (i0o.1 from pri ry ca:eovores such as phipods, euphausiidel
and eome young fish opecieo).

It appe re then-Zore the-, juvonile heddock exploit a seriew of food 'sources before they
are large eno h to exploit the kind oie fooe on which the 'hire bin- e is largely dopondent.
There appoare to be no Inatome uhy the food from one, or allpof these sources might not be
limiting.

1.3 A timplified life history

TO roduco tho problom to ito simplest form it is conveniont to considor the life history
in two otagoov oach dopondent on a difforent courco (or sonrose) of food one . The indivi-
duolo at tho moaent of transition from one otage to another aro usually referred to as
cruito". Thio torm ic fraquo tly applied to the n ber of individualo d 1 year. It might
aleo apely howevor to the nembor entering the exploitable rot of the otockv or to tho n ber
attainlog tho aga of firot naturity. Ecoloeically it uould be appropriate to apply it to the
oumber at one of the transition stages from one food typo to another.

Howover tho term "recruits" io dofinod9 it io appropriato to colvider at leant two rela-
tionohipo. Ono in '6he rolatioeohip betuoen tho number of eoe produced by tho mature stock
and tho oebooqeeet numboe of rocreito. The second is the relationship betteon the number of
oocruito and the number of oggo they can be eo*ected to produce during the entire couree of
their livoo.

Tho cituation io illustratod diaTon1aiically in Figuro 3° Figure 3.1 shoes a generalized
doneitydoeondont rolaeionehip botwoen egg production and the ouboequent ve-bor of rocruits.
It io aosumod that comowhere botuoon ogg preductior and recruitment9 food le limiting. If o
produotion le incr0000d indefinitoly9 a otego should eventually 40 roached uhero all indivi-
dual@ ana likoly to die.

Fi 3.2 shows a comparable relatio.hip between the n 'Cher of rec to and the suboe-
quont ogg production from thoso t ughout the ram:tinder of thoir lives. Again it is ascumea
that food ie limitod co that an indofinito iecreaoe i tho n bor of rocrulto should eventually
load to a oitootion in which no aggo at all aro producod. Thio relationehip is given by curve
B.

It io olcar that ogrilibriem ohould occur et a value of ogg productio d a valua of
nperuitoont that sotio.eioo both onrvo A eod curve B. Fine 3.3 shows a sieele graphicel way
of fiedieg this oonilibeiom point. Here both curves are combinod in a single diagram. Curve
A is see tly doeiotod ia lirignro 3.1. Curve D ifit exactly as depicted in Figuro 3.2 oxeept

Of the vario factorp likoly to influence the sise of a fioh population9 food energy ia
one of tho moot i000rtaat. Floh do not necesoarily gather all their food onoree from amy one
oouroophouovorv and come specioo exploit a corles of food sources9 often at various trophic
lovelo. Figure 2 for examplo ohouo tbo principio claque/no° of food pourceo exploited by a
Vorth Sea haddock.

: inly of

1.2 Sourc of food ener

Up to a length of about 5 (iSeG p of about 80 days) the principal food is
herbivores oe h an comopodo.

.-)17!; 2 years of ) and for the rest of the life, the
e7lic organis and pri ry carnivores, including euphaue.

m a length of about 29 am (

food coml. tg maiooy of tho lareer
gilds, a deols ll fish.



that the axes have been interchanged. The reeult is twe ourves which diver initially but
which eventually converge and cross over at the point marked C. The coordinatee of this point
define a level of egg production and a number of recruits that satisfy the relationships ehown
In Figure 3.1 and Figure 3.2.

The argument has been conducted in terms of numbers of e and numbers of recruits. Po
take account of grouth however it would be appropriate to use other unite suoh as the biomasa
of eg and the biou of recruits.

2. Different kinds of eggZiacruit relationshi

2.1 Virgin state

There are various ways of drawing A and B curves such as those in Figure 3.3 and two
extreme situations are depicted in Figure 4.

Figure 4.1 shows a situation in which the B curve is practically linear at the equili-
brium point C. This represente a situation in which population size is effectively limited at
some stage between egg production and recruitment. It is implicit in this diagram that recruit,-
ment can never become large enough for density-dependent effecte to operate during the "re-
cruit to egg" et of the life history

Figure 4.2 shows the situation where it is curve A that is approximately linear at the
equilibrium point (.3, i.e., this repeestnts a situation where the population size is limited at
some stage between recruitment and subsequent egg production. It is implicit in this diagram
that egg production is prevented from ever becoming large enough for density-dependence effecte
to operate during the "egg to recruit" stagy.

Figure 3.3 represents an intermediate situation in which both the A and B curves lepart
eutetantially from linearity at the eqUilibrium point C, i.e., Figure 3.3 represente a situal-
tion in which density-dependent factors play a significant part in both .parte of the life
history. If it is assumed that present-day species are those that have persisted for very
long periods, relationahips allot as those in Figure 5 might, intuitively, be inferred as a
first approxi tile% i.e., the greater the divergence of the A and B curves at their origin,
the greater the potential resistance of the species to total extinction.

2.2 The effect of fishing

It is convenient to consider the effect of fishing with reference to the curves in
Figures 4.1 and 4.2 separately.

Figure 6 illustrates the effect of fishing in the situation depicted in Figure 4.1 in
which population size is effectively limited at the stage of egg production and eubeequent
recruitment.

Figure 6.1 shows the relationehip between recruitment and subsequent egg production at
two levele of fishing effort. Since it is assumed that there is relatively unli ited food for
mature fish, chan a in fishing effort would simply move the B curves up or down, i.e., for a
given level of recruitment a low level of fishing effort)(curve B1) should lead to a higher
egg production than a high level of fishing effort (132). In general the effect of fishing
should be to cause the B curve to move down towara the recruit axis.

Figure 6.2 shows the combination of the two B curves with the A curve. Cl is the equili-
brium position when fishing effort is lowf C2 is the equilibrium position when fiehing effort
is high. In general it is clear that the effect of fishing should be to move the point of
equilibrium along the A curve toward its origin. At the same time this should be associated
with a decline in egg prodmtion.
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The effect on recruitmeet dope on the relative yo ition of the B curves in relation
to the A curve. Figure 6.2 for e lo shoes sitmation where an inoreasie in fishing effort
should inorease the xean level of recruitment. Figure 6.3 on the other hand Moms a situa-
tion where an increase in fishing effort 'should oause recreitment to decline.

It is possible that the situation depicted in Pi 6.2 is applioab/e to a stook in ita
early stages of exploitation wheream Figure 6.3 is more likely to apply to a stook that is
alreasly intensively exploited. Clearly the higher the rete of exploitation and the closer
the equilibrium poimt is forced toward the origin, the ereater the ultimate danger of a stock
oollapee.

Figure 7 shows the effect of finhing when the egg/recruitment relationship is of the
form shown in Figure 4.2, i.e., in the situation when population sise is limited at the si
between reoruitmemt and subsequent (egg 'en:ideation.

Figure 7.1 shows the offeet of fishing on the B curve. Curve B1 repreeents the situa-
tion where fishing effort ie low. With "X" recruits, it in e sed that food is limiting to
suph an extent that no egg prodnotion occurs. As fishing effort is increased it ie expected
that food ener should be released so that even with "X" recruits, egg production ought to
be possible. The remelt is that an increase in fishing effort Mould eeve the B curve toward
the right (B2).

Figures 7.2 and 7.3 show two possible combinations of the A and B curves. In Figure 7.2
the effect of an increase tu fleshing effort should be to move the equilibrium position from
Cl to 02 leading to an increase in keth eeormit nt and egg prod ion.

In Fi. 7.3011 the other increase in fin effort would move the equili-
bri position from Cl to C2 leading to a reduction In both egg production and recruitmemt.

It is poseible that Fi 7.2 ie lore applicable to e etook in the early stages of ex-
ploitation ehereas Figure 7.3 night be more applicable to a hi exploited stock. As before'
the closer the posit ion of the equilibrium point 0 to the origin the greater th r of
stock colla e.

2.3 implicatio for eut

The effeet of fishing on levels of reoruiteent and egg production have rtant impli-
cations for mont. There are t e principal situationss

It Lay ha n that over a certain range of fishiag effort, recruitment is approxi-
mately constamt. Within this range it is expected that yields uld be maximized by maxi-
mising the yield r recruit. Menageeeint 1088=08 intended to maxemize the yield per recruit
would then be appropriate.

In situatioms where reoruit nt is likely to with changes in fishing effort
it ie more likely that naxie yields would be aesociated with a high level of recrulteent
rather than simply with high levels of yield per recruit. Menage policy would then have
to take recruitmemtlas well as yield per recruit/ into aeon

(o) In the situation where fishing effort is so high that egg production is below some
critical levelv there is always the danger of a stock collapse. Management should be pre-
pared for thia possibility and if the situation warrants it, be prepared to stop fishing en-
tirely until there han been an adequate recovery of the stock.

2.4 Direct evidence

Bameroux attempts have been made to inveatigate the form of the "A curve" directly.
West of these have been ed on the relationehip between the glee of the spawning stook
the subsequent number of recruits surviving to a particular are Results tend te fall ir
two groups.



Soatter diagram in whioh the relationship between the spawning stock and the subse-
quent recruitment is extremely poor and frequently not statistically significant.

Relationships that appear to be quite good, but that may be associated with a time
series, i.e., both recruitment and spawning stock may decline steadily over a time period. In
that case, however, it may not be possible to say whether the recruitment has declined because
of the decline in the spawning stock or whether the spawning stock has declined because of the
decline in recruitment. Alternatively both may have deolined due to changes in some other
factor on which both are dependent.

For one reason or another,therefore, the direct evidence has tended to be inconelusive.

It should be noted that the relationship between the size of the s wning stock and the
subsequent recruitment is not necessarily the same as a relationship between actual egg pro-
duction and subs went recreitment. Largo spawning stooks mgy be associated with low indivi-
dual growth rates and feoundities, so that egg production need not neoessarily be directly pro-
portional to spawning etook elem. This is a factor that has not alwaye been taken into accouxe
and which might have oontributed to inconclueive results in some instances.

2.5 Short-term variatio

In practioe, data relating epawning stock size (or egg production) to subsequent reoreit-
ment are neoessarily collected on an annual b ie. Variations can then occur due to short-
term variations in the presumed underlying long-term relationships,. Statistical variations in
the data are also to be expected. In practice, variatioms dve to one source or another have
tended to be very largo, The reisult is that attempts to fit theoretical curves to observed
data statistioally have been lar ly unouccessful.

3. Theoretical considerations

Because of 'ado, it is appropriate to oonsider from a theoretical Staedpoint how popula-
tion eize may be regulated at different eta e in the life history.

3.1 The larval sta

ce haddock larvae are lar
exploit the entire production of co pode for the seasons and the factors influencing survival
are likely to be different.

Feel. uome species, the larval period has been regarded as the principal stage where popu-
lation size might be limited. Biologically, important factors are:

(a) Larvae grow relatively rapidly. Their food requirements are therefore relatively
lar for their size, yet, b i small, their capacity for searching for food is relatively
small. Fbod limitation is therefore likely to be .re critical for rapidly growing larvae
than for slowly growing plankton organisi of the eame eize. For oertain species (e.g.,
haddock) it been calculated that the average deneity of the young stages of copepode on
which the larvae feed is such that larval mortality could easily occur due to food depriva-
tion. This epecies foods on the young growing stages of oopepods, the growth rato of the
larvae bei approximately the am) as that of the copepodite. The net result is that each
cohort of larvae tends to be limited for the first 1-2 monthe to about 3 weeke production of
oo.poda. Copepods, born earlier than this tend to be excluded as food as they tend to be too
large to eat, and oopepode born later tend not to be eaten, presumably becauee they would be
so small that too mew would be required to eatisfy the food requirements of the larvae. A
situation such as this, where individuals grow rapidly for a period on a fixed food supply,
provides as eff otive wey of limiting population size. Not all species of larvae grow at the
same rate as their food however, 9(;) that limitation of numbere at the larval at need not
necesuarily apply to all specieo. Also even for species such as haddock where it may applyf
this does not preclude the poweibility of limitation of numbers at other stages in the life
histoey.

;

h to eat Puny gro oopepods, they should be able to



Mortality ratee are believed to be high, and death ie probably due to predation.
It ie not certain however to what extent this is duo to primary predation (i.e., coneumption
of healthy as much as weakened individuals) or to secondary predation (i.e., consumption of
weaken d individuals rather than healthy ones).

Many species of fish larvae appear to exploit food that occuxe at a particular time
in the produetive cycle and sometimes mainly at a particular geographical location. It is ime
portent for survival therefore that, at the commencement of feeding, the larvae happen to be
at the right place at the right time.

3.2 The stage of maturity

After maturity, growth, syrvival and egg production are all factors that could be in-
fluenced by food production and the sise of the stock. Each genotype is presumably adapted
to partition energy for survival, growth and egg production in a particular way. However, if
total food energy is reduced, any one of these three factors can only be favoured at the ex-
pense of the other two. In particular, egg production is likely to then suffer either:

directly, because ener is used primarily to maintain growth and survival; or

indirectly, became of the reduction in growth and/Or eurvival that would presum-
ably occur if egg production were to be favoured in the short term.

In the loø, term, food lemitati(n in the mature stage ought therefore to limit egg pro-
duction.

Evidence shows that a number of species have the capacity to limit e produetion direct-

ly when food is scarce. Fbr example, egg produotion can be reduced by a reduction in the
number of oocytes etarting vitello nesis or by the resorption of oocytes during the matura-
tion riod. This is a factor, however, that might be more important in virgin stooks, than
in stocks that are eybject to high levels Of exploitation.

3.3 Intermediate stages

In addition to a larval food uniche" and an adult food "niche" there may be one or more
intermediate sources of food ener . Some of these may be similar to the haddock larval sta
i.e., they may represent treneitory food sources only suitable for individuals of a certain
size/ and only available for part of a year. As fish approach maturity, however, their growth
rate slowe down and there may be an intermediate food source that is suitable at all times of
the year. To a limited extent/ a large year class may then be able to improve its chances of
survival by growing more slowly than aver . If growth is retardad too muchlhoweverl there
would i the danger of a following year cl s oatching up in size and competing with it.

In the long term,therefore, intermediate food sourees oould juat as important as
other food sources for limiting population size.

In addition to variations in growth rate with year class size, cannibalism aleo might
be an important adaptation at an intermediate feeding stage, i.e.:

It mould be one way of redwing the oompetition from a following year olass.

At the same time, it would be taking advantage of an additional souree of food
energy.

3.4 Evolutio considerations

A detailed examination of the etomach contents of North Sea doida shows not only that
these eat different individuale throughout the course of life, but that they do so in a way
that apeara to minimize direct coipotition either with other oids or with other species
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in general. This may be done by feeding on particular organism either in different geo-
graphical locations+ or at different times of the year or by feeding on different life st s
of a particular species (i.e., possibly on the same +species but on individuale of differemt
sizes). It apare likely that at each stage in its life hietory, a gadoid is able to occupy
an independent "niche" in the eenee that competition with other species is avoided or reduced.

It might then be argued that in a perfectly stable enviro entp relationehips such as
those indioated in Figures 4.1 and 4.2 should not occur. Figure 4.1 for example repreeents
the eituation in which there is nre than enough food for the adults whereas Figure 4.2 repro-
eents the situation where there ie re than enough food for the juveniles. Duri the course
of evolutionary time one migbt have expected so many sequences of feeding "niches" to have
been tried by different genotypes that not only would all possible energy sources be fully
utilized but that each species would fully occupy a niche at eaah point in its life history.
This argument appease to favour relationehips euoh as those in Figures 3.3 and 5 as the ulti-
mate equilibrium fo for all species.

In practice however it +seems more probable that the ecosyetem is not in a state of per-
fect equilibrium in this eense, but ayolical ohanges can occur, causing some gro of species
to increase whilst others decreasep i.e.p there appears to be aufficient flexibility to permit
variatione in the ener flow to each feeding "niche". There seems no reason in principle
therefor* why in the "short" term (i.e.!, periods possibly of the order of decades) individual
species migbt not oscillat between alternatives such as those shown in Figures 4.1 and 4.2.

If this were so it would help to explain the lack of success so far encountered in find-
ing a single popylation control procese for the marine teleosts.

4. Theo7.1_11.eal curves

Several theoretical relationships that have been used for relating egg production to sub-
sequent recrvdtment are described below. Of these, the beat known and eethematically the
eimpleet are due to Ricker, and Beverton and Belt.

4.1 The Ricker curve

The Ricker curve is given by the equation:

R exF (01m)

Where R e the number of recruits

e the n bar of individueIs at the beginning of the period

N e the initial number of individuals for which the subsequent
receuitment is a

a e the proportion surviving due to densityelndependent factore

The Ricker curve is based on the ass ion that the instantansous mortality rate its
proportional to the mør of individuals present initially. Tbus if one is dealing with the
larval stage, the initial weber, (ff) io the nueber of e produoed (or tbe number of larvae
at the oo enoe nt of faedi ). The instantaeeove eertality rate ie then assumed to be pro-'
portional to thie initial number.

An e le of a Ricker curve is given in Table 1 end Figure 8. It is characteristically
dome shaped, rising to a at an intermediate value of N, arid then declining.

The biological implications of the Ricker curve stem from the ass ion that the inatan-
tam= mortality rate in proportional to the number of individuals present initially. It
been euggested that thie might hap i if predation were primarily due to oannibali by the



zdul;;c; that had boon roopqnhiblo for ioroduoing tho eggn in tho firot place. A diffionity with
this suggestion is tha tho larva° and juvonilos of many spocies tend to be loosted separately
from tho 2?-h21:4) adult° la individual canoe othor possibilities may be biologically plausible.

Charactoristie of the Ricker UPPV3 in tno fact that the maximum number sprviving occurs
whon 01 in equal to 1.0. The proportion survivi in then 0.37. Smaller proportions sur-

4viving are ponsiblo but only whon IT is groater than N . £5 si *ficanco of this is that
in praotice tho protortion surviving during the first 1§ear of life in even moderately fool
opocies iG very much lover than 0.37. To account for an oggirecrult relationship with a
Ricker curve it in thorofooe nacosoary to assume either:

where E is the nuitber of e produced
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(a) that the e libri position is located well do the desce
of the curve; or

An Go:romp/0 iu given in Table 2 and Figure 9. The characteristic of this 01,EX'W is that as e
production is incroanedu recrvitmont roes toward en asymptotic level equal to 1/a0

The derivation of thin curvo in basod on the as ption that the instantaneous mortality
rote is proportionT1 to tho aotual nuMber of individuals present at moment2 i.e. it is
assumed that the instantaneous m3rtality rate declines continuouply as the number of indivi-
duals deolince, Thin typo of curve might arise if predation occurred so long as the density
of tho proy was abovo none oritioal level. The rate of predation might then be ounposed to
decline continuovsly as tho density of prey declined.

4.3 Simulation le

Tore rocontly9 attemnts havo been made to simulate the biological processes at work in
tho larval stago. Ono model (due to ,lenes 1973) simulates the situation in which a cohort of
fish larvao grasos on a cohort of food organisms. The probability of a lai-va surviving is made
a fanction of its nrobability of enconnter with food. The model producos curves superficially
similar in shape o Rickey curven in that survival at the end of tho larval stage is a maximum
at en intermediato loved of egg production (or more precisoly uf the number of larqao at tho
COED01200:30Et of fooding) (Fignro 10).

Another modolv due to Cushing and Barr eg 19732 simulato th situation where 1
mortality in duo k, the :;Y0.31.1.2g of predators.

4.4 A 'flat topped° stock recruitment o

1'6.4- thoso noceion whioh o:r1loit a portion of food courcoop before hecreitmento the
loritoa*acrori ::-Dio:i;:ko:!7:AiD can "LY- oxpocted to be tho result of moro than jnot one biologi-
cal procese

(b) that the lorbability of survival in small because tho coofficient choP is small.
This is equival nt to naying that mortality is primarily duo to dorotity-ixdopendent factors.
In this esso ilui Rickor curve, nough possibly playing a part in softly,: an upper limit to popup-
lation Whoop would play a rolativoly small poat in accounting for tho total mortality during
tho first yzar of lifo0

4.2 Ths Beverton Holt curve

A rather different ousoe ralat3n ogg production to subs " tm been
proposed by Boverton and Holt 57). formula is:

R 1/(a + b/E)

right d limb$. 1K1.
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There is no reason, for example, why the stock recruitment relationship might not prove
to be "flat-topped" as indicated in Figure 11. Such a curve could result if, for example, pre-
dation on juveniles operated so as to reduce their density to some critical level. Alterna-
tively, it might result if there was competition for food and space leading to a reduction in
the number of juveniles toward a particular value.

An example of the relationship between recruitment and subsequent egg production

Consider the situation in which there happen to be 2.81 thousands of eggs produced byeach
one year-old recruit. The simplest possible recruit to egg relationship that can be drawn is a
straight line and this can be done on this information alone as shown in Table 3. Thus, givena
thousand recruits there would be 2.8 million eggs produced. Given 5000 recruits there wouldbe
2 810 x 5 000 = 14 million eg:;', and so on.

The relationship between recruitment and subsequent egg production shown in Table 3 is
plotted in Figure 12.

Given such a relationship, it is a simple matter to determine the equilibrium level of
recruitment provided one also knows the relationship between egg production and subsequent
recruitment.

Some nypothetical data for this example are given in Table 4. This shows hypothetical
numbers of recruits expected from given levels of egg production, and the data are plotted in
Figure 13 (Curve A). Figure 13 also shows the effect of combining the two relationships.

In Figure 13 the curves intersect at a point with the following coordinates:

number of eggs = 16.5 million
number of recruits = 5 900

This example has been based on Sstimates of the egg production per recruit and an "eggto
recruit" relationship. It illustrates the minimum amount of informatioh needed for assessing
the equilibrium level of recruitment in a stock in a situation where food for mature fish is
not limiting.

Essential references

Beverton, R.J.H. and Holt, S.J., On the dynamics of exploited fish populations. Fish.Invest.
1957 Minist.Agric.Fish.Food G.B. (2 Sea Fish.), (19):533 p.

Cushing, D.H., The dependence of recruitment on parent stock in different groups of fishes.

1971 J.Cons.CIEM, 33(3):340-62

Ricker, W.E., Stock and recruitment. J.Fish.Res.Board Can., 11(5):559-623
1954

6.1 Recent symposia

Recently there have been two symposia on stock and recruitment and the results have been
published in the two following volumes:

CIEM, Fish stocks and recruitment. Rapp.P.-V., 164, 173
1973

(Note this volume contains the references to Jones, 1973 and Cushing and Harris, 1973)

Blaxter, J.H.S. (ed.), The early life history of fish. The ceedings of an International

1974 Symposium held at the Dunstaffnage Marine Research Laboratory of the Scottish
Marine Biological Association at Oban, Scotland, from May 17-23, 1973. New York,
Springer, 765 p.
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Fig. 4.1 Population size limited
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Fig. 5 - Possible egg/recruit relationships with high survival potential
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Fig. 9 - A Beverton and Holt egg/recruit curve rises towards an
asymptote as egg production (or spawning stock) size is
increased indefinitly
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(\lumber of larvae at the commencement of feeding

Fig. 10 A domed shaped stock/recruit curve, superficially similar to a Ricker
curve, can also be generated by supposing that larval survival is
dependant on larval food abundance

Number of eggs

Fig. 11 Shape of stock/recruit curve that might be expected if predation (or
living space) tended to reduce the density of juveniles to some critical
level
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Table 1

Determination of Ricker curve
-

R =aEexp - E/Era

E . 25 x 106 a = 0.002

IexP
- (E/tim) E exp - (E/Em) R (thousands) I

0.20
0.82
1.34
1.64
1.80
1.84
1.80
1.40
0.86
0.36
0.08

Table 2

Determination of e /recruit curve from
Beverton & Holt formula

R 1/(a + b/E)

a = 0.2 b =0.1 x lo3

1

b/E a + b/E

0.1 0.04 0.96 0.10
0.5 0.2 0.82 0.41
1.0 0.67 0.67
1.5 0.6 0.55 0.82
2.0 0.8 0.45 0.90
2.5 1.0 0.37 0.92
3.0 1.2 0.30 0.90
5.0 2.0 0.14 0.70
7.0 2.8 0.061 0.43

10.0 4.0 0.018 0.18
15.0 6.0 0.0025 0.04

0.5 0.2 0.4 2.5 5.0
1.0 0.1 0.3 3.3 3.3
1.5 0.07 0.27 3.7 2.5
2.0 0.05 0.25 4.0 2.0
2.5 0.04 0.24 4.2 1.7
3.0 0.03 0.23 4.3 1.4
5.0 0.02 0.22 4.5 1.1

10.0 0.01 0.21 4.8 0.5

(thous R/E
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Table 3

thetical values of recruitment and
subsequent egg production

Table 4

thetical egg to recruit relationship

Number of e (millions) 0 5 10

,

15 20 25

Subsequent number of recruits 0 4 500 6 400 6 300 4 800 1

,

400

Number of recruits 1 000 10 000

plaresomaamoammasmamas

Subsequent number of eggs (million,7) 2.8 14.0 28.1
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SEMI-QUANTATIVE METHODS OF ASSESSMENT

by

J-P. Troadec
FAO, Rome

1. Introduction

Semi-quantative methods of assessment are understood as methods of reasoning and
calculation that allow us to obtain first approximations to the potential or state of exploi-
tation of fishery resources on the basis of information that is less complete than what would
be required for the standard assessment models.

In monitoring the development of a fishery, one always finds that precision, accuracy
and timeliness are three interdependent qualities whose respective importance vary according
to the stage of development of the fishery. Too often an excessive amount of importance is
given to precision to the detriment of accuracy and especially to the need to obtain infor-
mation, even if it is only approximate, at the right time (timeliness). If one realizes that,
for as example as regards the variance of estimates, the need for information (and thus the
cost and delays in getting it) increases much faster than any gain in precision that can be
derived from it, one can see that precision can be the enemy of accuracy and, above all, of
timeliness.

From this point of view, semi-quantative methods of assessment are invaluable, espe-
cia ly in the following three types of situation:

when great precision is unnecessary. At the beginning, or prior to, the development
of a new resource what is needed, more than anything else, is knowledge of the order
of magnitude of the stock in question, or more simply, whether the stock is capable
of sustaining a minimum level of catches that can be considered as the first stage
of development. The time required to attain this first stage can then be used to
refine the preliminary assessment;

when information on the fishery or stock in question is hard to get (e.g. in the
case of artisanal fisheries that are widely dispersed and of such small productivity
that it is impossible, for practical and economic reasons, to measure production at
every point);

when assessment work has been outstripped by the expansion of a fishery and it
suddenly appears urgent to adopt some form of management and plan detailed studies
on the basis of whatever information can be used.

2. Interpolation and Extrapolation of Potential or Exploitation Level of a Resource

The simplest method is to use the relationships one can identify empirically between
potential yield or rate of exploitation within a group of ecosystems, and certain of their
physical, chemical or biological parameters (e.g. primary or secondary production). The
latter will be either easy to measure or alreariy measured since the objective is to obtain,
starting from the values of these parameters, an index of the potential production or state
of exploitation of resources not yet assessed. This procedure assumes that the overall
masses of water taken for reference and the unit or units to be assessed only differ quanti-
tatively in terms of the parameter or parameters chosen as indicators. In fact, the appea-
rance of qualitative changes in the interval of extrapolation would reflect new phenomena
not taken into consideration when the extrapolation was formulated. From this point of view,
interpolations are clearly more certain than extrapolations.

The formulation of the extrapolation includes two stages. The first step is to check,
on as large a sample as possible, the validity of the relationship between the parameter to
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be estimated (potential or state of exploitation), Y, and the extrapolation factor, X. The
mathematical function which best represents the analogy will be determined later. As the
empirical relationship shown in this way is the result of many phenomena, whose nature and
role cannot be calculated, the mathematical formulation will always be simple (linear func-
tion, power, etc.).

There are various examples of this approach, such as the following.

2.1 Simple Extrapolations

Welcomme (1976) estimated the yield of African streams using previously calculated
empirical relationships between the production of 18 rivers and the length of their main
courses or the area of their drainages on the other. The relationships employed were in
the form Y = a Xb, where Y is the yield to be assessed, X the index (length of river or
area of the drainage) and a and b are constants estimated from the sample of 18 rivers
whose yield was known.

In a similar fashion, it was possible to make a first estimate of the potential of
demersal resources in the Mediterranean. An estimate of this potential was available only
for stocks found along the European coasts. The current annual yield for the different
geographical sectors of the Mediterranean and the corresponding areas of the continental
shelf were calculated. To estimate the potential maximum yield of the African and Eastern
portions of the plateau, it was presumed that maximum yield per year per unit shelf area
was comparable in each pair of African-European sectors lying between the same lines of
longitude, i.e. that the greatest gradient of yield would be along the East-West axis of
the Mediterranean (as is suggested by the data an currents and plankton productivity). It
was finally verified that figures of annual maximum yield per unit shelf area available for
European coasts did not contradict this hypothesis Oulland, 1971; Levi and Troadec, 1974).

2.2 Morphoedaphic Index (IME)

This index gives, without doubt, the best example of this type of approach. It has
been perfected and applied to lacustrine ecosystems. The objective was to find an indica-
tor, easily and quickly measured, of the approximate potential yield of a lake. To do this,
variaus statistical techniques were used to analyse the role of various factors or groups
of factors (more than 20) capable of influencing the fishing potential of a lake. Among
the factors analysed were: average depth, total dissolved matter, total alkalinity, exten-
sion of shallow waters, the length of the growing season, mineral turbidity, latitude and
altitude, changes in water levels, benthic and planktonic production, etc. It was found
that the largest part of the variation (75% in the case of the Canadian Great Lakes where
this index was first formulated) could be explained by a combination of three factors:

climate (difficult to measure in a simple way but its influence can be eliminated
by confining comparisons to lakes in a homogeneous climatic region),

total dissolved matter,

average depth.

It was thus possible to define a specific morphoedaphic index for a homogeneous region.
This index is calculated as follows:

1/
total weight of dissolved solid matter-I

average depth

1/ or any other equivalent measure such as conductivity or total alkalinity
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The relationship between the potential fishery yield of a lake, Y, and its morphoeda,
phic index is usually well described (at least for the most commonly observed environmen-
tal conditions) by the function:

Y = a(110)/3

However, in cases of particularly high salinity and shallow average depths, the actual
yields may be below those predicted by such formulae (fig. 1). Such differences result from
the apparence of stress phenomena among the aquatic population living in conditions where
this is little current.

101

to 100

MORPHOEDAPHIC INDEX TDS(mg/l)_
z(m)

Fig. 1 Theoretical production of 5 groups of natural lakes corresponding to
different climatic conditions:

A = production curve of Northern temperate lakes in North America,
B = biomass curve of temperate reservoirs in Southern USA,
C = yield curve for the same reservoirs,
D and E = yield curves for lakes in tropical Africa,
F = yield curve for temperate lakes in Northern Finland.
(After R.A. Ryder et al., 1973)
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In view of the great number of factors that determine or influence the potential yield
of a given mass of water, it may seem, a priori, surprising that with such a simple formula
it is possible to obtain a sufficiently valid index. In fact, in spite of its extreme
simplicity and the obvious limitations of its mathematical formulation the morphoedaphic
index manages to account for most of the variance observed among lakes in the same region.
Confining comparisons to a single carefully chosen geographical sector greatly reduces many
causes of differences, especially those due to the following:

climate;

methods and rates of exploitation, to the extent that, within the sector considered,
economic conditions and social factors that influence exploitation are very likely
to be quite similar;

the ion composition of the total dissolved matter.

With these simplifications, the total content of dissolved salts gives a fairly good
index of the water's productivity, while the average depth of the lake accounts for:

the proportion of water present in the euphotic zone and in the peripheral zones,
which are the most productive;

the intensity of vertical flow (mixing) and thus the reutilization of nutrient
salts in the food chain;

the ease of exploitation as the shallower ares are usually the easiest to exploit.

It has been possible to check the validity of the model on a great variety of lacus-
trine systems such as the Great Northern Lakes of Canada, the Great Lakes of North America,
the great natural and man-made lakes of Africa, the Finnish lakes, waters used for recrea-
tional fishing in California, etc. (fig. 1). It has even been used to ascertain if Loch
Ness could have sufficient yield to support monsters (Sheldon and Kerr, 1972). Its perfor-
mances probably derive from its very simplicity which make it very general. One can find
a detailed account of the hypotheses upon which it is based as well as its applications in
Ryder et al., 1974.

2.3 Discussion

This approach permits a priori assessment of the potential catch (if comparisons are
made with masses of waters exploited mith the same intensity) or of the state of exploita-
tion (if comparisons are made with ecosystems of comparable productivity). It must also be
stressed that in the first case one does not necessarily get the maximum potential yield.
If the masses of water are not fully exploited the estimates will be too low.

The rationale of these models must be carefully borne in mind both in the design of
the analysis and in the final interpretation. In general, a fishery biologist has to ana-
lyse the respective role of several factors which determine the abundance of a resource.
These factors can be roughly grouped into four categories:

those which depend on the pattern of fishing, i.e. the rate and method of exploi-
tation (age at first capture, the distribution of fishing effort among the various
components of a mixed species stock, etc.);

the biotic capacity or natural productivity of the exploitable species in an
ecosystem.
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Ftrthermore, quite apart from fishing, stocks and environment show, over the course of
-time:

natural variations (trends), sometimes of long term, whose causes are often not
known and which can be detected only in the older fishing areas that are well
documented;

random fluctuations which produce a dispersion of the observations around average
positions fixed by the three preceding groups of factors.

As a general rule, the fisheries biologist should be concerned above all with the first
two categories (a and b) and, since his science is directed towards practical applications,
especially with factors which man can control (a). His interest in natural variations (c)
depends on the time scale of the estimates he is trying to formula-te and the risk of their
interfering with the phenomena he is studying. He will be concerned with (d) only to the
extent that he can reduce the variance of his estimates by an increase in the number and
extent of observations.

Tra_ns1es....9..LEnerz

One can approach the biomasses and the potential production of elements utilizable by
man in an ecosystem by examining these quantities at successive trophic levels. This sup-
poses that the trophic relationships between levels (or the components of successive levels
being compared) are known both qualitatively and quantatively and that these relationships
are fairly stable over time. Such a procedure, which is essential in understanding how
living matter is produced in the ocean, is still.difficult to apply, owing to the complexity
of trophic relationships in the marine environment where successive levels of production
intermingle according to ramified networks showing anastomoses and diversions in constant
evolution.

The most common applications bear on the evaluation of relationships between successive
trophic levels taken as a whole (priMary production, secondary, tertiary). Several attempts
have been made to estimate by this method the potential of resources that.can be utilized
by man. The range of results obtained (200 2 000 million tons) casts doubt on the useful-
ness of this approadhf at least as regards the validity of results. In fact, much of the
divergence among results is due to the criteria followed by the authors in defining utili-
zable resources, As was noted in the first course (Fishing and Assessment of Stocks), the
lower limit of the levels utilizable by man depends on artificial factors (available techno-
logyf market conditionsr cost of energy for capture, etc.) that are destined to change with
time.

An illustration of the calculations and the difficulties that are implicit in this
approach can be found in the work of Gushing (1969) on the assessment of the fisheries poten-
tial in upwelling regions. According to these assessments, half the world's fishery poten-
tial (40-60 million tons) lies in the yield of upwelling zones. If primary and secondary
productions can be assessed with relative security, the energy transfer coefficients between
successive levels are still little known because, on the one hand they differ among the
organisms involved and, on the other hand, the higher level does not always use all the
energy available to it from the lower level.

The approximate nature of this type of assessment can be illustrated by the comparison
made by Paulik (1972) between estimates calculated for the same region (Peru current) by
two different authors (table 1). Gushing estimated the total annual carbon fixation. He
considered that this phytoplankton productien was consumed by the zooplankton and by the
anchovy stock, the young of which are supposed to feed on copepods and phytoplankton, and
the adults mainly on phytoplankton. He assumed an energy yield of 10% per transfer. He
arrived at similar conclusions by starting directly from secondary production (Cushing,
1969).
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Table 1

Peru: Primary production and anchovy stock potential

236 x 479 i 0.01 x 17.9 20.2
(2 levels)

Ryther, following the same procedure but with slightly different hypotheses and rea-
soning, arrived at final results that are practically identical. Furthermore, the two
results coincide to a remarkable extent with those obtained through the classic methods of
assessment which gave a total annual production of 20 million tons (10 for fishing, 9 for
natural death and marine predators and 1 for consumption by guano birds) before the collapse
of the fishery in 1972 and 1973. However, if we compare the successive stages of the cal-
culations of both authors, the agreement between the results is less reassuring. The figures
used by Gushing and Ryther for the area and total energy yield are quite different.
Taking different areas need not be serious in itself - in taking a smaller area Ryther
could have neglected a peripheral zone of low productivity. But in that case his figure
for carbon fixation should have been proportionally higher than that of Gushing. So, if
the estimates agree in the end, this is because the authors are using quite different values
for the total energy yield!

Since the anchovy is the main user of the plankton production in the Peruvian upwelling
zone, it was possible by this method to assess a well defined stock. More often, in fact,
the complexity of the trophic relationships between successive levels is such that these
assessment processes can only be applied to groups of fairly heterogeneous resources. Finally,
it should be noted that these methods are not used exclusively for estimating the producti-
vity of the higher levels in the food web. It has been calculated, for example, that in the
virgin state whale stocks (1.0 - 1.5 million tons) consumed yearly around 50 million tons
of krill. As whales are not the only consumers of krill, this figure already gives a lower
limit of the potential of this resource.

4. First Evaluations of Potential Yield Starting from Biomass Measurements

A third approach that is more commonly used is to deduce the potential yield of a stock
from an estimate of its biomass which can be obtained from specially organized surveys. This
method has the advantage that it does not require a series of data gathered over a long
period of the fishery's history. An estimate of the biomass only requires the time needed
to do a survey. On the other hand, quantative surveys often require highly specialized
material and human resources that are not available everywhere. Several types of surveys
can be used.

Of course, only surveys which lead to estimates in absolute terms are useful here.
Basically the methods listed below are used (for their description reference should be made
to other sections of this course and to appropriate manuals):

(a) direct census (sessile or slightly mobile animals (shellfish, salmon, chales, etc.));

Ryther (1969) 300 x 60 x 0.12
(li level)

x 10 21.6

Author
Fixed carbon

(t/km2/y)
Area

(103km2
Energy yield

(all transfers)

Conversion
factor

live weight/C)

i,
Annual yield

of
anchoyy stock

(10° tons)
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surveys of eggs and larvae from which the number of spawning females can be dedu-
ced and thus the size of the parent stock;

trawling surveys, to the extent that one can learn the true efficiency of the
gear, i.e. the proportion (F) of the biomasa present in the area swept by the
trawl, that is caught by it;

quantative acoustic surveys (especially for coastal pelagic species).

4.1 Relations:hip between Virgin Biomass and Potential Catch

The structural models give the required equations. Unfortunately assessments by sur-
veys are especially useful for little studies and poorly documented stocks, i.e. those for
which the constants in the biomass/potential conversion equations are unknown. For these
situations, Gulland (1972) has proposed an approximate formula as follows:

If
Bo

is the known biomasa of a virgin stock

and Y the m mum potential of catdh,
max

- then Y . F E
(F1

and E are unknown)
max max max . 11 MaX

Schaefer's model immediately gives: E Bo
max = 7 '

On the other hand, for the majority of stocks, it has been found that on approaching
maximum production F is only slightly different from M12 Uith these two approximations
we can write:

Y = 0.5 M E
max o

This equation can be written in the more general form:

Y X.M B
max o

where the factor X corresponds to the maximum fraction that can be captured out of the bio-
logical production of a stook. This X factor can be written in the form:

Y F 2
Ex max max max max Max

m.13o moBo Eo

With this formula we can calculate the values that X can have according to the Beverton
and Holt model. For this we can use the yield tables IV of Beverton and Holt (1964). These
give values of Y1, where Y' ie defined as follows:

R W Y.
0 OD

(see the description of the yield tables)rim

If one assumes that the biological production of a stock remains more or less constant
no matter what the level of exploitation may be, we gets No = Z. If one also takes
it from Schaefer's model that Emax we get:

2M Z M + F . From which we get: M F .

max max max



(v/F)
0

where the index E denotes the rate of exploitation corresponding to E To get X wemax max
IF.

only have to multiply this relationship by 4-0max Two cases have to be considered:

where the age at first capture cannot be adjusted (which is most frequently the
case). This case corresponds to exercise 1.

where the age of the first catch can be modified. Here the calculations are not
so simple as we cannot directly compare the figures of the columns in tableo IV.

But in both cases we find that in practice, i.e. for the combinations c and M/K most
commonly found, the values of X remain between 0.25 and 0.75 ( the extreme values range
from 0.17 to 0.95 which means that by using 0.5 the maximum relative error cannot exceed
3).

Cadima (unpublished) has analysed the meaning of the X factor.

Let the equations be in numbers:

D = C

D Z.P

C E.D from which E = -
D

where D is the total number of deaths and A and C, respectively, the number of natural
deaths and the number caught.

Likewise let:

in the virgin state: Do =o .o (5)o

at maximum equilibrium production: C = E D (6)max max max

From the equation D Ro (in equilibrium; Ro .-- annual recruitment to the fishely)

we get: D = D = R (7)max o c

From the equations (5), (6) and (7) we get: Cmax
Emax*ItPo (8)

Using the weight equations Y . C.W and B P.W, we get:
-
w
m

Y
ax

(9)max max - o

wo

A comparison of the (2) and (9) equations shows
T4

that X = E .
max

max -

wo
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With these tables we can then directly calculate:

(V/F)max Emax
(4)



4.2 Application to Assessments

To estimate a potential maximum catch by knowing the virgin biomass, it is thus suffi-
cient to know M (equation (2)). The value of this coefficient can be determined by studying
the age frequency distribution of catches made during the survey (we then get M = z).
Otherwise we take an approximate value for M by analogy with other stocks of the sae species
or similar species. We then try to refine the value of X starting from the yield tables
and the most likely values for M/K and for c le/La) for the stock under consideration.

If the stock is alreaay being exploited, the above equations no longer apply. In fact,
we then get for a stock at stage (1):

w1
<

wo

E.
max

max
-

WI

Z> M
'17 <

o

Lacking anything better we can substitute M with Z in equation (2)1 which leads back
to the assumption that the biological production of a stock (ME or ZE) remains more or
less constant for all values 15) B0/2, an approximation that is justified if we accept
the Schaefer's model (F = M) and constant recruitment.

max
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6. Exercises

6.1 Semi-quantative assessment of potential production of penaeid shrimp on the
West Coast of Africa

The yearly yield of penaeid shrimp from different fishing grounds of given sur-
face areas is as follows:

Knowing that the first is over-exploited and that the other three are exploited to
their optimum level, calculate yields per km2; compare results and draw conclusions.

The total area of the penaeid shrimp grOunds on the West African coast has been
estimated at 12 000 km2. Assess the order of magnitude of potential yield for this region
in conditions of optimum exploitation.

6.2 Gulland's approximate formula: Y =

Yield tables IV (p. A.42 and following) give:

31.'E

(YI/F)E
a -

o (Y'/F)o
1

for various combinations of c(- --2-) and M/K and different exploitation rates E.
La)

Knowing that the value of (a) marked with an asterisk in the yield tables corresponds
to the exploitation rates producing the highest yield (Y ) fOr the corresponding value,

max
calculate:

F maxX =____T
o

Country Production (tons) Area (km2)

Florida (from Keys to
Mississipi)

10 400 16 000

Madagascar 3 200 4 000

Senegal (Cap Roxo) 1 500 1 700

Ivory Coast 1 100 1 300
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for the following (c M/K) combinations:

'1444

ams

5.00

WAN
0,7

0,6

0,5

0.4

0,3

What is the maximum relative error that can be made by taking X = 0.4 and knowing
that in practice c is between 0.3 and 0.7?

6.3 Surveys

An exploratory fishing campaign has been carried out over an entire year in an area
populated by a virgin stock of Atlantic pink shrimp (Penaeus duorarum).' The trawl used
had a headline of 16 meters. It was mounted without sweeplines. The towing speed was
2.8 knots.

The following results were obtained: area of distribution of stock . 1 850 sq. miles.
Average catch (year, area) per fishing hour = 27.5 kg. Escape coefficient (estimated) . 40%.

The mortality rate for this shrimp stock is unknown, but for other stocks of the same
species in similar conditions as those studied here we know that 10 to 20% of the shrimp
die each month from natural causes.

estimate the biomass of the exploitable stock;

using Gulland's approximate formula, find an approximate value for the maximum
potential yield of this stock.

The smallest shrimp caught had a total average length of 8 cm and the largest were
around 25 cm. For other stocks of the same species K was estimated at around 2.0.
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THE ORGANIZATION OF DATA COLLECTION AND
ASSESSMENT OF STOCKS

by

J-P. Troadec
FAO, Rome

The need to exehange fisheries data

Since the activity of eaCh fisherman or group of fishermen is bound to affect the
catches of all others exploiting the same stock, no management plan can be drawn up until
the quantities taken by all parties exploiting the same stock are known. This is why the
right to fish entails the duty to keep others informed of one's actions.

The same obviously holds true for assessments. The use of assessment models - particu-
larly global models - is possible only if one knows the value of certain parameterslincluding
catches, for all components of the fishery for a stock. This means that for all fisheries
where several fleets or groups of fishermen exploit the same stock (or stocks), the collec-
tion of data will entail not only the usual scientific and technical problems (e.g., sampling)
but also difficulties of organization and coordination between the competent institutions
for the various components of the fishery. Obviously the international fisheries are a case
in point and thatis why the compilation of national data figured very early on as being one
of the prime tasks for the regional fishery bodies. The same difficulties can arise in
national fisheries when a country has several research institutions working in parallel with
a statistics office. In such cases a research laboratory may not have the means, nor even
the administrative authority, to collect the information it needs in all the ports mhere
catches from a particular stock may be landed.

Progress in collecting informatiqn on stocks and catches - (and, above all, in arran-
ging for the information to be disseminated) - has been so slow that the simple lack of
information on the fisheries is the reason for most of the gaps in our knowledge on the state
of stocks. At present this lack of data has much more serious consequences than those resul-
ting from deficiencies in the models or the shortage of technical expertise.

The problem is all the more crucial because the rate of exploitation is growing and
growing rapidly. When oatches approach the potential yield, the latter needs to be estimated
with greater precision. Moreover, this precision becomes more difficult to attain since
other phenomena may intervene, such as a chronic and growing deficit in recruitment, which
may complicate assessment at high levels of exploitation. Finally, the faster the expansion,
the less time there is available to compile and analyse the data and interpret the results.
In fact, the question of data requirements in assessing stocks and fishing areas bears some
resemblance to data requirements for weather forecasting. One could even go so far as to
say that the smooth running of a fisheries research institution - and especially the quality
of the support it is called upon to give the industry and its oun administration - will, in
the end, depend on the quality of the service it has set up for the routine collection of
fisheries data and its dissemination to the different institutes and services concerned.
Both research workers and the administrators who apportion funds and means must be made
fully aware of this necessity. The value of the scientific advice that administrators can
expect from their research units will largely depend on the attention they themselves have
given to this essential work.

Data of common interest

The essential data required for assessment can be divided into the four categories
given below in descending order of priority:

(a) Gatches (yearly totals at least) made by the various fleets - usually identified
by flag and gear - fishing the same stoCks,
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Catch per unit effort - or better, the different measures of fishing offoyt
the corresponding catches - at least yearly, for all homogeneaus groups uf vessels
(in terms of fishing power) for whiCh such data can be gathered,

Length frequency distributions (yearly summaries at least) of catches by the major
fleets,

Other biological data obtained through special research (prospecting surveys,
growth studies, selectivity experiments, recruitment surveys, tagging, etc.).

While the data mentioned under (à) are obtained through special research, undertaken for
specific purposes with the means available, the data in the first three categories can only
be obtained from the continuous monitoring of the activities of commerical fleets and regular
sampling of their catches. In the case of stocks fished by several fleets, the need for an
exchange of data applies above all to the first three categories, with top priority being
given to data on catches. In fact, such exchanges of data are absolutely necessary for
determining the value of the corresponding parameters for the stock as a whole.

Although statistics of total catch, total effort and catch per unit effort refer to
different parameters (production, mortality and abundance), only two of them need to be
known independently (that is recorded separately), as the third can be calculated from the
other two. In fact, when we have catch per unit of effort data accurately reflecting stock
abundance (and this can be based on the performance of only parts of the fleets), or any
other suitable index of abundance (e.g., calculated from various types of surveys), it is
enough to know the total catches to deduce the corresponding total effort, or vice versa.
In industrial fisheries where the catches are landed at only a few places (where they are
usually recorded by the industry), it is generally easier to record landed quantities. From
these, knowing the conversion factors and the discard rate, it is possible to calculate total
catches in live weight. On the other hand in widely dispersed artisanal fisheries (canoe
fisheries in particular), total catches are often more easily estimated by extrapolating
from a random sample on the basis of, for example, the total number of fishing units (e.g.,
number of canoes) and the intensity of their activity in the sampled units (i.e., by estima-
ting the total fishing effort).

Finally, it should be added that the effort devoted to data collection should corres-
pond to the volume of the catch in each fishing area and, as a general rule, industrial
fisheries Should be monitored more closely than artisanal.fisheries.

3. The formulation of a cammon statistical system (regional and national)

The data collected should refer to well defined stocks. As it is neither feasible nor

necessary to analyse all the stocks in a given geographical sector, the first step will be
to draw up a list of species for which separate assessments are justified. Such lists are

normally prepared by all the regional committees. The selection criteria include the econo-
mic importance of the species and the fact that they are, or may be in the future, exploited
by several countries. An example of such a list prepared for the Eastern Central Atlantic
is given in Annex 1.

To the extent that stocks of national interest are liable to be studied by different
laboratories, such lists Should also be established at the national level among research
institutes and the specialized statistics office. Since it is undesirable, from the opera-
tional standpoint, to use several systems at a national level which may be incompatible -
at least partially - with each other, the national systems should, in practice, be drawn up
by taking into account the standards which have been adopted at the regional level. For the
same reason, the regional cammittees should consult each other periodically to make sure
that the regional systems are mutually compatible. Fbr example, this task is done for the
Atlantic regions by an interagency working party (CWP)1 whose secretariat is provided by FAO.

Coordinati' 'orking Party on Atlantic Fishery Statistics, FAO
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The need to develop compatible regional and national statistical systems goes well
beyond the adoption of lists of species for which efforts will be made to collect data on
total catches and onl this. Fbr the statistics on each species to be referred to definite
stocks, it is essential to know theoahia_z_p_s_ori'x of thec_atches (and not just the port
of landing which, when the fleets are highly mobile and capable of long trips, can lead to
very erroneous conclusions). FUrthermore, to have suitable fishing effort data (i.e., taking
into account changes in the relative distribution of nominal effort and stocks), one will be
obliged to use, in collecting data, a grid of sufficiently fine statistical areas (e.g.,
1° by 10). For these two reasons, a set of small statistical divisions should be used
(Annex 2). The need for compatibility between national and regional systems mentioned before
applies also to the drawing-up of these divisions.

Every fishery commission tries to get all countVles that fish the stocks or geographic
areas within its competence, to collect and transmitlf data on tches, effort and corres-
ponding catch as well as the size composition of their catchee2/, according to the regulations
adopted by the member countries When the regional statistical system was set up.

Furthermore, it is necessary to gather complementary information on:

fishing power (fishing gear and methods, size and main characteristics of fishing
boats) so that the fishing effort actually employed can be suitably measured,

the mesh used, or better the selection curves corresponding to the catches of the
various fleets and to their length frequency distributions.

To facilitate the transmission of data to the central office, and its processing, sto-
rage and distribution to interested bodies, there will be a need to adopt standard practices
for the reporting of statistics of common interest. There will also be a need for standar-
dization of the terms used to identify species; first at the national, and then the regional

level. Annex 3 gives the rules adopted by Fishery Committee for the Eastern Central Atlantic,
FAO (CECAF) for reporting length meadurements. The committees will likewise fix categories
of size and power, etc., of vessels in order to measure their fishing power. They will adopt
the same forms for transmitting all these statistics; an example of thé form used for repor-
ting catch per unit of effort data is given in Annex 4.

4. FUnctions and responsibilities in the assessment and management of resources

Generally speaking, there are four stages in the activities of assessing and managing
resources:

the collection of basic data, its compilation and distribution,

the fitting to the data of assessment models, summarizing the assessments and
interpreting them in terms meaningful to administrators and fishermen. This is
the stage when technical advice on the state of stocks is formulated. This advice
will include the consequences for the stocks and catches both total catches and
catch rates) which can be expected, in the short and long term, under alternative
management regimes,

selecting management measures from the available alternatives,

implementing the regulations adopted in stage (o).

.11 Collection and transmission are two different actions: the first is necessary, but it is
not, in itself, sufficient

2/ For the selected species
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Table 1 briefly analyses the division of responsibilities betueen regional and aational
bodies, as it seems will be the case in light of recent developments in the Law of the Sea.
A few observations can be added to this general tables

Up to now, for practical reasons, the collection and analyses of data have been
considered as essentially a national responsibility. All countries engaged in
exploitingthe resources ola region - no matter under whose jurisdiction it falls -
should participate in this work. The role of the regional committees is usually
limited to defining the regional statistical system and the standards to be adopted
in the collection and reporting of data, the compilation of national data and dis-
semination of all the data so collected to national institutes.

Original work on assessment is basically the responsibility of the national research
institutes. In general, the committees do not carry out such studies. Their role
is more that of synthesizing national evaluations - through working parties made
up of research workers from the member countries - and supplying administrators
with a clear description of the general consensus which emerges concerning the
state of the stocks and the probable consequences of taking various possible mea-
sures. These working parties also provide research workers with the opportunity
to exchange views and compare notes, something Which is essential to ensure the
amooth operation and coordination of national efforts.

The choice of regulatory measures will in fUture be the exclusive prerogative of
coastal states (at least for those stocks which come under national jurisdiction,
regardless of how this is defined). Since stocks in their movements and distribu-
tion are unaware of any boundaries that man may make, it is essenital, for stocks
which are spread over more thau one national sector, that a common plan for exploi-
tation be agreed upon among all the coastal states involved.

To the extent that the evolution of the Law of the Sea makes access to resources
dependent solely on geographic jurisdiction, the adoption of any regulatory measures
lies strictly with the riparian country. Implementation may, in some cases, involve
noncoastal states with Whom the riparian country has joined to exploit resources
belonging to it.

It is olear that each country should devote to the routine collection of data and fishe-
ries research an amount of effort which befits the present and potential importance of its
fisheries (including recreational fisheries). From this it follows that not every country
will be able to participate with the same intensity in the full range of research work which
may be required for the proper exploitation of the fishery resources in a given region (i.e.,
the functions mentioned under point (2) above). EVen among countries that have good research
facilities, there are very few that are in a position to carry out all the biological and
environmental studies that might some daybe useful in developing fisheries on the resources
that they possess. In the majority of casos, some specialization is inevitable. Nevertheless,
the exchanges which take place, especially at meetings organized by regional committees,
allow for the sharing of information and the open debate of questions without which there can
be no science.

Countries with few fisheries resources and only limited means will not be able, at least
for the time being, to set up research institutions. Nevertheless, the analysis of the func-
tions entailed in stock assessment and resource management show that there are two tasks
Whieh every country should undertakes

collecting basic data (as defined in paragraph 2) and reporting it to the regional
body,

having national expert in stock assessment and resource management take part in
the regional committee's meetings and working parties. The Chief function of this
expert will be to assist in conveying the knoudedge gained at the regional level
to his own country and, on the basis of this, to draw the attention of government
and industry in his country to the action they should take at the national level.
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5. Conclusions

These remarks show that fisheries research cannot be fully effective without there
being a network of contacts among the various national and regional institutes concerned and
collaboration in data of compilation and assessment by all parties involved in the exploita-
tion of the same stocks. Table 2 gives an outline of the type of network Which has to be
established. Relations will be:

horizontal among offices working in the same fields at the national, regional and
international levels,

vertical between different activities (collection of data, assessment of stocks,
formulation of scientific advice, selection of the measures to be taken and, finally,
their implementation), whether at the national or regional level.

The formal establishment of a working communications network among the various national
groups engaged in monitoring stocks and fisheries may take considerable time sometimes too
muoh time in view of the urgency of the problems it involves decisions at a high level,
institutional rivalries, etc. The creation of temporary groupings (such as ad hoc working
groups drawn from the institutes concerned) which are set up according to the nature and
urgency of specific requirements, are often the best means, in the short term, to adapt exis-
ting structures to problems as they arise.

Another conclusion to be drawn from these discussions is that the problems of organiza-
tion and coordination of institutes, problems inherent in fishery research, assessment and
management, are at least as important as the human and material investments in these activi-
ties.
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Table 1

FUnctions and responsibilities in the assessment
and management of resources

National responsibility Regional responsibility
(committees)

1. (a) collect and
(b) compile the

information

2. assessment of
stocks and formula-
ting advice on the
state of stocks

3., selection of mea-
sures for stock
management

4, implementation of
regulations

(a) is a national responsibility;
it concerns all national fleets
and thus all the countries partici-
pating in the exploitation of a
given stock

Al2 countries and, inside the
countries, all national institu-
tions involved in assessment work
for a given stock

The trend at present is fOr this to
be the responsibility of the coas-
tal state for stocks located in its
exclusive economic zone. It is
essential to have concerted action
by coastal countries having stocks
spread over several national sec-
tors or by countries united by Cer-
tain economic understandings

The trend at present is for this to
be the exclusive responsibility of
the coastal state, which may admit
other countries to participate in
utilizing that portion of the stock
inside its sector

- definition of a regional
statistical system (stan-
dards1 forms)

- summarize the various
national assessment work

- draw up these summaries
and conclusions on stock
management in terms that
can be understood by the
national authorities and
fishery industry,and by
the central body of the
Committee

- make available a forum
for the exchange of
technical views and for
the Choice by the coun-
tries of the measures to
be taken for stock
management



N
A
T
I
O
N
A
L
 
C
O
M
M
U
N
I
C
A
T
I
O
N
S

I
N
T
E
R
N
A
T
I
O
N
A
L
 
C
O
O
P
E
R
A
T
I
O
N

O
T
H
E
R
 
C
O
U
N
T
R
I
E
S

O
t
h
e
r
 
N
a
t
i
o
n
a
l

A
d
m
i
n
i
s
t
r
a
t
i
o
n
s

1
A
d

!
O
T
H
E
R
 
R
A
T
I
O
N
A
L
'

1
.
 
S
T
A
T
I
S
T
I
C
A
L

O
F
F
I
C
E
S

_
1

N
A
T
I
O
N
A
L

P
O
L
I
C
Y

E
N
F
O
R
C
E
M
E
N
T

L
E
G
I
S
L
A
T
I
O
N

P
L
A
N
N
I
N
G

q
u
e
s
t
i
o
n
s

q
u
e
s
t
i
o
n
s

F
I
S
H
E
R
I
E
S

D
E
P
A
R
T
M
E
N
T

F
i
s
h
e
r
y

i
n
i
s
t
r
a
t
i
o
n

a
A

A
dv

ic
e

D
at

a

q
u
e
s
t
i
o
n
s
l

,
g
-
-

k
e
s
t
i
o
n
s

E
X
P
L
O
I
T
A
T
I
O
N

(
H
A
R
V
E
S
T
I
N
G
\

0
M
A
R
K
E
T
I
N
G
/

R
E
G
I
O
N
A
L

C
O
O
R
D
I
N
A
T
I
O
N

(
E
N
F
O
R
C
E
M
E
N
T
)

L
E
G
I
S
L
A
T
I
O
N

A
dv

ic
e

O
N
A
L

Y
 
B
O
D
Y

e
m
e
n
t

t
t
e
e

R
E
S
E
A
R
C
H

C
O
M
M
I
T
T
E
E
(
S
)

D
at

a
I

ST
A

T
IS

T
IC

S
ca

vi
tg

lI
E

E

T
a
b
l
e
 
2

T
h
e
o
r
e
t
i
c
a
l
 
f
l
o
w
 
c
h
a
r
t
 
s
h
o
N
i
n
g
 
r
e
l
a
t
i
o
n
s
h
i
p
s
 
b
e
t
w
e
e
n
 
n
a
t
i
c
n
a
l

i
n
s
t
i
t
u
t
i
o
n
s
 
a
n
d
 
a
 
r
e
g
i
o
n
a
l
 
c
o
m
m
i
t
t
e
e
 
w
i
t
h
 
t
h
e
i
r
 
r
e
s
p
e
c
t
i
v
e

f
u
n
c
t
i
o
n
s

F
i
s
h
e
r
i
e
s

A
d
m
i
n
i
s
t
r
a
t
i
o
n
s

F
I
S
H
E
R
Y

R
E
S
E
A
R
C
H

I
N
S
T
I
T
U
T
E
S

FI
SH

E
R

Y
ST

A
T

IS
T

IC
A

L
O

FF
IC

E
S

C
o
n
n
e
c
t
i
o
n

m
a
i
n
/
s
e
c
o
n
d
a
r
y

r- 1

O
T
H
E
R

N
A
T
I
O
N
A
L

I
N
S
T
I
T
U
T
E
S
,

U
N
I
V
E
R
S
I
T
I
E
S

1 I

F
I
S
H
E
R
Y
 
R
E
S
E
A
R
C
H

I
N
S
T
I
T
U
T
E
S

R
e
s
o
u
r
c
e
s

T
e
c
h
n
o
l
o
g
y

E
c
o
n
o
m
i
c
s

I 1

FI
SH

E
R

Y
S
T
A
T
I
S
T
I
C
A
L

O
F
F
I
C
E



T
a
b
l
e
 
3

A
 
h
i
e
r
a
r
c
h
y
 
o
f
 
o
b
j
e
c
t
i
v
e
s
 
i
n
 
f
i
s
h
e
r
i
e
s
 
m
a
n
a
g
e
m
e
n
t
,
 
s
o
m
e
 
o
f
 
t
h
e
 
m
e
a
s
u
r
e
s
 
u
s
e
d

t
o
 
a
c
h
i
e
v
e
 
t
h
e
m
,
 
a
n
d
 
t
h
e
 
r
e
q
u
i
r
e
m
e
n
t
s
 
f
o
r
 
d
a
t
a
,
 
a
s
s
e
s
s
m
e
n
t
s
 
a
n
d
 
f
o
r
e
c
a
s
t
i
n
g

S
o
u
r
c
e
:

G
u
i
d
e
l
i
n
e
s
 
f
o
r
 
c
o
l
l
e
c
t
i
o
n
 
a
n
d
 
c
o
m
p
i
l
a
t
i
o
n
 
o
f
 
f
i
s
h
e
r
y
 
s
t
a
t
i
s
t
i
c
s
.

F
A
O
 
F
i
s
h
.
T
e
c
h
.
P
a
p
.
,
 
(
1
4
8
)
,

19
75

L
e
v
e
l

O
b
j
e
c
t
i
v
e
s

M
a
n
a
g
e
m
e
n
t
 
m
e
a
s
u
r
e
s

D
a
t
a
 
a
s
s
e
s
s
m
e
n
t
s
 
a
n
d

f
o
r
e
c
a
s
t
s
 
r
e
q
u
i
r
e
d

I
n
t
e
r
n
a
t
i
o
n
a
l

R
e
g
i
o
n
a
l
 
F
i
s
h
e
r
i
e
s

C
o
m
m
i
s
s
i
o
n

N
a
t
i
o
n
a
l
 
F
i
s
h
e
r
i
e
s

M
a
n
a
g
e
m
e
n
t

M
a
n
a
g
e
m
e
n
t
 
o
f

F
i
s
h
i
n
g
 
E
h
t
e
r
p
r
i
s
e
s

M
a
i
n
t
a
i
n
i
n
g
 
t
h
e
 
y
i
e
l
d

f
r
o
m
 
r
e
s
o
u
r
c
e
s

D
e
v
e
l
o
p
m
e
n
t
 
o
f
 
t
h
e

f
i
s
h
i
n
g
 
i
n
d
u
s
t
r
y
 
a
n
d

b
a
l
a
n
c
e
d
 
g
r
o
w
t
h
.

M
a
i
n
t
e
n
a
n
c
e
 
o
f
 
e
m
p
l
o
y

m
e
n
t

M
a
i
n
t
a
i
n
i
n
g
 
e
m
p
l
o
y
m
e
n
t

a
n
d
 
p
r
o
f
i
t
a
b
i
l
i
t
y

'

I
n
t
e
r
n
a
t
i
o
n
a
l
 
a
g
r
e
e
m
e
n
t
 
o
n

g
e
a
r
 
r
e
g
u
l
a
t
i
o
n
,
 
f
i
s
h
i
n
g

a
r
e
a
s
 
a
n
d
 
s
e
a
s
o
n
s

c
a
t
c
h
 
a
n
d

V

f
i
s
h
i
n
g
 
e
f
f
o
r
t
 
q
u
o
t
a
s

P
l
a
n
n
i
n
g
 
a
n
d
 
a
s
s
i
s
t
i
n
g
 
w
i
t
h

i
n
v
e
s
t
m
e
n
t
.

S
u
b
s
i
d
i
e
s
.

C
o
n
t
r
o
l
 
o
f
 
p
r
i
c
e
s
,
 
i
m
p
o
r
t
s
,

q
u
a
l
i
t
y

I
m
p
r
o
v
i
n
g
 
t
e
c
h
n
o
l
o
g
i
c
a
l

e
f
f
i
c
i
e
n
c
y
 
a
n
d
 
m
a
r
k
e
t
i
n
g
 
o
f

p
r
o
d
u
c
t
s
.

N
e
w
 
i
n
v
e
s
t
m
e
n
t

B
i
o
l
o
g
i
c
a
l
 
d
a
t
a
 
f
o
r
 
s
t
o
c
k

a
s
s
e
s
s
m
e
n
t
 
i
n
c
l
u
d
i
n
g
 
a
n
i
m
a
l

u
p
d
a
t
i
n
g
 
o
f
 
c
a
t
c
h
 
q
u
o
t
a
s
.

S
o
m
e

e
c
o
n
o
m
i
c
1
 
s
o
c
i
a
l
 
a
n
d
 
i
n
d
u
s
t
r
i
a
l

d
a
t
a
 
i
n
 
d
e
t
e
r
m
i
n
i
n
g
 
n
a
t
i
o
n
a
l

a
l
l
o
c
a
t
i
o
n
s

E
c
o
n
o
m
i
c
 
d
a
t
a
 
o
f
 
m
a
n
y
 
k
i
n
d
s
.

A
s
s
e
s
s
m
e
n
t
 
o
f
 
s
i
z
e
 
o
f
 
e
x
p
l
o
i

t
a
b
l
e
 
r
e
s
o
u
r
c
e
s
 
a
n
d
 
e
s
t
i
m
a
t
e
s

o
f
 
c
a
t
c
h
 
r
a
t
e
s

E
v
a
l
u
a
t
i
o
n
 
o
f
 
n
e
w
 
f
i
s
h
i
n
g
 
a
n
d

p
r
o
c
e
s
s
i
n
g
 
m
e
t
h
o
d
s
.

S
h
o
r
t
 
a
n
d

l
o
n
g
-
t
e
r
m
 
p
r
e
d
i
c
t
i
o
n
s
 
o
f
 
c
a
t
c
h
e
s

a
n
d
 
m
a
r
k
e
t
 
t
r
e
n
d
s



12

13

14
15

16
17
18
19

20
21
22
23
24
25
26
27
28
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39
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41

42
43
44
45
46
47
48

49

50
51
52
53

Tonguefishes Cynoglossidae

Flatfishes unspecified

Diropean hake Merluccius merluccius
Mauritanian and Senegalese hakes M. cadenati, M. senegalensis
Hakes unspecified = Merluccius spp.--

Sea breams Dentex macrophthalmus
Sea breams Dentex spp.
Sea breams pagellus acarne
Sea breams P. cquyei (= bellotti)
Sea breams P. aythrinus
Sea breams Pagellus spp.
Sea breams Spondyliosoma cantharus

Sea breams unspecified = Sparidae

Croaker Fonticulus elongatus
Croaker Pseudotolithus senegalensis
Croaker P. typus

Croakers unspecified = Sciaenidae

119

EASTERN CENTRAL ATLANTIC ANNEX 1

STATLANT FORM 10 LIST OF SPECIES AND SPECIES GROUPS FOR STATISTICAL PURPOSES

Those species (occasionally species groups) for which separate statistics are
required for stock assessment purposes are indicated by an asterisk.

TOTAL

Bigeye grunter Brachydeuterus auritus
Grunters Pomadas-ys spp.

Grunters unspecified = Pomadasydae

Jacks Caranx ronchus, 2222212rE2 punctatus,
Jack mackerels Trachurus traohurus, T. trecae

Jacks unspecified = Carangidae

EUropean sardine Sardina ydlchardus
Flat sardinella Sardinella eba
Round sardinella S. aurita
Sardinellas unspecified
Bonga Ethmalosa fimbriata

Clupeids unspecified = Clupeidae

Bluefish Pomatomus saltatrix

Chub mackerel Soomber japonicus

34
35
36
37



ANNEX i (continued)

TOTAL

54 Cut lassfish Trichiurus lepturus

'55
56
57 Rays unspecified . Rajidae

58

59 Pink shrimp Penaeus duorarum
60
61 Shrimps unspecified

62 Crabs unspecified
63 Lobsters unspecified

64 Squids Loligo spp., Onmastrephes sPP.
65 Cuttlefishes spp.
66 Octopuses Octopus spp.
67
68 Cephalopods unspecified

69 Other unspecified species
70
71
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