FAO LIBRARY AN: 139947-958

FAO Fisheries Circular, N° 701 FIRM/CT01
(distribution restricted)

MODELS FOR FISH STOCK ASSESSMENT

Partial fransletion of the anmnex teo the report of the
Second FAO/CNEXO Training Centre on methods for fish stock assessment

Brest (France), 26 July - 27 August 1976

FOOD AND AGRICULTURE ORGANIZATICN OF THE UNITED NATIONS
ROME, January 1978



- ii -

PREPARATION OF THIS DOCUMENT

The French original of this document contains the main lectures prepared for the two FAO/
(NEXO Training Centres in fish stock assessmeat. 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/O74). 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.



Te
8.
9.
10,

1.

- iii -

CONTENTS

Fishing and assessment of stocks

The characteristics of an exploited stock

Dynamic pocl models

BEquations for calculating quantities of
interest according to the analytic model
of an exploited stock

Ricker's exponential yield model

The effects on yileld of a change in the
age at first ca.ture

Cohort analysis

Synthetic models

Stock and recruitment

Semi~quantative methods of assessment

The organization of data collection and
assessment of stocks :

J~P. Troadec
L.K. Boerema

W.G. Clark

E.L. Cadima

A. Laurec

E.L. Cadima
B.L. Cadima
E.L. Cadima
R. Jones

J-P. Troadec

J=P. Troadeé

Page

31
35

41
49
61
79
99

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 Fishing 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 industiry to industri-
alize., At that time certain technical innovations were made that greatly increased the power
and efficiency of the industry at every stage of production:

- catches (otter trawls, steei hulls, steam engines),

—~ DPpreservation (ice and canning processes),

- distribution (railways),

-~ commercialization (big outlets in the main industrial and urban cen'bres)°

Up until the second world war, ;this 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, etcs), and the use of long-~
range ships capable of freezing and ireating 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 approxima-
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 produciion 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 merkets) 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 a@bove as requirements of a healthy fishing indus—
try, fully satisfied. On the whole, conditions appear to be more favourable in the group of
coun§ries that are at an intermediate stage of development (e.g. Spain, Korea, Cuba, Indonesia,
etCe e

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

— intensified fishing of traditional stocks (the most abundant, the easiest to catch
and sell, those found nearest to existing markets), sometimes 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 stgges 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.

20 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 necegsary to compare, on a world scale, pri-
mary production (which is in the order of 150 x 107 tons/year) with the volume of marine
catches (about 60 x 106 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 40 compare the catches of the diffe~
rent elements of the flora and fauna to their respective biomasses. Thus as regards the
flora, exploitation is very unevenly spread geographically and basically applies Yo just a
few species of macroscopic algae, of which the harvest accounts for only one per cent of the



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. (This 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 cen even be seen in the compogition 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 supply about another 15 million tons per year, while demersal stocks could not supply
more than an extra 5 to 10 million {ons per year.

The geographic distribution of fishing is also highly selective. Almost the entire
catch is made in waters over the enntinental shelf (in 1971 almost the entire domersal catch
and 94% of +the pelagic catch), w.ich accounts for the importance of the extent of the conti-
nental shelf as a factor in the fishery potential of a region. For 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:

(a) As regards the traditional stocks, production probably will not increase more than
50 to 100 percent; i.e. perhaps to some 700 million tons. Considering previous rates 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.

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

6

- Xkrill (potential possibly in the region of 50 - 100 x 10° tons)

~ common and oceanic squids (potential possibly between 10 and 100 x 10° 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 no 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: :



-~ 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 1and/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
sites or indirectly because of environmental changes brought about by these different types
of activity.

3. Particular Characteristics of PFishing and Fishery Resgources

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 cultive~
tion, there can be only partial control of the nature and degree of envirommental conditions.
These difficulties connected with controlling the marine enviromment, 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 enviromment 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 Btruscans used to culture oysters), it was, in practice, limited
$o 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,
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what is their maximum rate of replacement and what the pattern of exploitationl/ should be
to realize it., The object of this course is t0 see how this can be done.

4 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 soughts

(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 berrowed attitudes or methods which only rarely conform 1o 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 catcheg, or at least a minimum
limit of these potentials which can be used as a temporary ceiling for develop-—
ment plans.

: i . : so . - .
Moreover, to arouse the interest of potential investors it is necessary to get figures
on:

- estimated catches and revenues for various types of vessels and metheds of
fishings;

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

(b) Monitoring 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 texrm 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 compeosition of the stock on the one hand, and on the yields and total catch on the other,
of different increases in fishing effori.

In particular, answers must be fouund {o 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?

1/ Pattern of exploitation here means the combination of the rates and modes of exploitation



-~ 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 individuwal 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.

Be Brief bibliography

Cushing, D.H., Upwelling and fish production. FAO Fish.Tech.Pap., (84):40 p.
1969

FAO, Yearbook of fishery statistics, Catches and landings. Yearb.Fish.Statist., (36):
1974 pag.vars !

FAO; Department of Fisheries, Atlas of the living resources of the seas. Rome, FAO, pag.var.

1972

Gulland, JeA.(ed.), The fish resources of the ocean. West Byfleet, Surrey, Fishing News
1971 (Bookss Ltde, 255 p. Rev.ed.of FAO Fish.Tech.Pap., (975:425 p. (1970)

Kesteveny; G., Manual of fisheries science. Part 1. An introduction to fisheries science.
1973 FAO Fish.Tech.Pap., (118):43 p. (issued also in French and Spanish)

Moiseev, P.A,;,; Development of fisheries for traditionnally exploited species. J.Fish.Res.
1973  Board Can., 30(12) Part 2:2109-20

Suday A., Development of fisheries for non-conventional species. J.Fish.Res.Board Can.,
1973 30(12) Part 2:2121-58

Troadecy J.~P. et R, Letaconnoux, La production marine et 1‘'aménagement des p€ches. In
1976 Océanographie biologique appliquée: l'exploitation de la vie marine, par
P. Bougis et al. Paris, Masson, pp.158-83

Troadecy Je~P.y Jo.C. Huveau et R. Grandperrin, Les perspectives du développement des
1976 p8ches. In Océanographie biologique appliquée: 1l'exploitation de la vie marine,
par P. Bougis et al. Paris, Masson, pp.184~207



Types of . Advice on the level of
rosearch &Surve‘y Assessment exploitation and forecast
Ing.ﬁ;zgial Experimental Development Stabilization Maintenance

\\/ Total catches

— Total fishing effiort
~ [ —
\\ —————
~~ — e e e e e e
\\\ // .
== Density and total
abundance
, -
Time
Fig., 1 -~ Development of a fishery

(¢. Kesteven, 1973 - modified)






e B FAO LIBRARY AN: 139949

THE CHARACTERISTICS OF AN EXPLOITED STOCK
by

L.K. Boerema
FAO, Rome

1. Effects of fishing

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 {anmual mortality 20%) and a short living fish species (annual mortality

70%)
Annual A
mortality e
% 0 1 2 3 4 5 6 7 8 9 10 etc.
20 1000 800 640 512 410 328 262 210 168 134 107 -
70 1 000 300 90 27 8 2 1

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
yearclasses. Annual mortality 20%.

!
Age

Tear J 4] 1 2 3 4 etc.

1
1959 1 000 800 640 512 410 -
1960 (800) | (820) (572) (#0) (=D
1961 1 000 800 640 512 410 -
1962 1 000 800 640 512 210 -
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 1959, 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 numbers 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—
'hangles)a Hence the decline of numbers by age in the stock in a certain year also reflects
the mortality of the fish.

Normally, the ysarclass 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%.

tear 0 1 ,gge 3 4 eto.
1959 1000 | 880 960 307 410 -
1960 900 800 704 768 246 -
1961 1300 720 | 640 | %63 614 -
1962 600 1040 576 | 512 | 451 -
1963 1 000 480 832 461 410

etc. - - - - -

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 mosi
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 fish, 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-
ples 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 ) years old onwaerds. 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 = 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 ceught 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,
29 33 4¢ ce0cey 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 2, 3, 4y 55 seeeoy n + 1,

For the conditions in Table 43), 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 dying by fishing and by natural causes
are equal, the number of fish dying by natural causes is therefore 18%. 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%4) 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.

(a) Total mortality rate 36%, fishing mortality equal to natural mortality

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

Stock 1000 800 640 512 328 210 134 8 55 3% 22 -
Catch 92 59 38 24 15 10 6 244

Average age 4,95 years

(b) Total mortality rate 49%, fishing mortality double the natural mortality

Age 0 1 2 3 4 5 6 7 8 9 0 - Total

Stock 1000 800 640 512 261 133 68 35 18 9 5 -
Catch 167 85 44 22 1 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.
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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 which 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 1s 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 first 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 with in more detail in the
coming weeks. Whatever the methods of calculation, 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 for and methods 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 1ater). 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. Againg 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, etcs

The picture given so far is a simplified one. There are many problems in sstimating
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-
1lity of the fish, or other effects of variations in the enviromment, 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 tirend, e.g. a long-
term fluctuation in the enviromment. 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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3s  Bxercises characteristic of an exploited stock

I, In an unexploited stock, 20% 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

(1) 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.

(2) Draw the curve of the total weight of the survivors as a function of age.
(3) At what age does the yearclass reach its maximum weight?

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

IT. 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 ;o the numbers dying by natural mortality (total amnual mortality for exploited ages
is 36%): ’

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

(2) calculate the weight of the fish caught at each age, and draw the curve.

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

(4) cCalculate the average age of the fish in the total catch of the yearclass.

III. Repeat exercise II for the following values:

Total mortality Numbers caught per year
per year Numbers dying by natural causes per year

1, 22% 0.25

2, 28% . 0.5

3. 4% 2

4o 5% 3

5 61% 4

6. 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:
(1) Total number of fish caught.
(2) Total weight of fish caught.

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

(4) Total weight of fish caught, divided by fishing effort index.
(5) 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 O year):

Total mortality Numbers caught per year
for unexploited ages | Numbers dying by natural causes per year
1. 78% 0.5
2, 86.5% 1
3. 95% 2
4. 98% 3
5e 9% 4
This species has a weight at age as follows:
Age 1 2 3 4 5 years

Weight 1.5 24,3 3.8 44.5 49.0 grams

Ve Repeat exercises II and III for fisheries with different selectivity catching fish
from 2nd or 5th year onwards at the indicated mortality rates.
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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. PFigure 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 combination of recruitment and growth compensates for losses
in weight due to mortality. The youngest age 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 age 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 & catch of the same size and composition. But the steady state shownm in
Figure 1 is not the only one possible, If recruitment and the rate of matural 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 ages and sizes and therefore a stock consisting mostly of young, small fish. The
catch in number is greater in this case because fishing removes & 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., & 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 small 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 average
slze of the figh that are caught might result in a greater caich in weight nonethsless.

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 age at first capture and the rate of fishing mortality., Of these,
only the last two (sometimes only the last ome) can be controlled, so for menagement 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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Tield computations are; inevitably, laborious but two features of the dymamic pool model
simplify the process considerably:

1o When a stock is in steady state (i.e., recruitment, growth and mortality are oongtant)
the annval yield from the entire stock is equal to the yield from a single group of reoruiis
during its entire lifespan, as can be meen in Figures 1 and 2, Another way of showing this
equivelence is presented in Figure 3. Since the size and composition of the populations are
the same year after yesr; the columns that show the size groups present at any one time can
also be viewed as the progression of a single group of recruits through its life, during
vhich individuals grow in size and decline in number, finally to extinction. In the same
way, the boxes that show the catch from all the size groups present in any one year can be
viewsd as the successive contributions that any one group of recruits will make to the catches
over the years of its life. Because of this fealure of the model, it is not necessary to
construct the emtire siock 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.

2, The annual yield is directly proportional to the level of amnual recruitment for any
fixed combination of the other factors (growth schedule, natural mortality rate, fishing
mortality rate and age at first capiure). These other factors do not generally have a pro-
portional effect bui in Figurss 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 compogition of the stock and the catoh. Only the size of
the stock and the catch chenge, and they change in direct proportion with the change in the
number of recruits. This feature makes it unnecessary ito know the absolute magnitude of
recrultment in order to find ithe best values of age at first capture and fishing mortality;
instead, it suffices to find the valuss that maximize the yield from asny arbiirary number of
recruits, or more gemerally, the yisld per recruit,.

In other words, maximizing the yield per reoruit maximizes the yield from the stock, a
result that holds even when recruitment veries from year to year, as it usually does, Im
this case; the optimum values of age at first capture and 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 & knowledge of the growih schedule and natural moriality rate, then it is a
straightforward computational problem to find the best values of age at first capture and
fishing mortality rate according to the dynamic pool model. These values, which maximize the
yield pex 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
hoid at all levels of fishing mortality in any stock and some fisheries provide clear cownter—
examples., 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.

Dagpite these counterexamples in many sfocks recruitment; growth and natural moriality
have shown little systematic veriatvion with fishing effort over & considerable range of
variation in effori. For these stocks the dynamic pool model has been a reliable guide for
management. The model is also useful for prediciing 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 largs, since a moderate change in
either of these will probably not greatly affect the other factors.

It should be mentioned hers that the dynamic pool model can easily incorporate
relationships between recruiiment,; growth and natural mortality on one hand and fishing
effort or stock size and composition on the other, These relationships require more involved
computations but do not change the basic ooncept, which is the dynamic balance between gains
and losses in a stock that has reached a steady sitate.
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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—class 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 fish age their rate of growth declines and
after some age the losses to natural mortality exceed the incremenis due to growth,; so the
biomass of the cohort declines steadily.

These processes are shown numerically and graphically in Table 1 and Figure 4 with values
typical of the freshwater bream Abramis brama (Backiel and Zawisza, 1968). In this example,
young fish recruit to the adult stock at two years of age, the instantameous rate of natural
mortality is M = 0.15 and %he growth schedule is as shown. It can be seen that the cohort
reaches its greatest weight at an age of aboui eight years and declines thereafter.

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 wntil 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 biomass
of an unfished cohort is often near the maximum for a few years around the critical age (in
the bream example from ages seven through ten) when gains due to growth and losses due to
mortality are nearly equal. Hence 2 yield per recruit close to the maximum can often be
obtained by delaying first capiure 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 mortaliiy,of course, this period
may be a matter of months rather than years.)

3 Methods of computing yield per récruit

For menagement purposes it is often necessary io compute quite precisely the yield per
recruit that would be obiained 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 substaniial burden on the government or the fishermen, so the benefits to
be realized by introducing or changing regulations must be demonsirated convincingly.

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

dYt

e Ft'Nt’wt

Where Y, is the total yield from the cohort from the time of its recruitment to time %, P
is the Instantansous rate of fishing mortality at time t;, and N, and W, are the number ana
average weight of survivors at time t. If the mortality rates and thetgrowth 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:

fﬂ1dhdj (PH ,FH
= i -4 FtuﬂT.wT.dT = Ft’t

(?he symbol v replaces t in the integrands because t and t+1 are the limits of integration.
Hénce Tis just & different symbol for time;, t = 7 = ¢+1,)

Y -1

41 1 - % HrowTodT
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In all methods for computing yield, survivorship is represented as:
W, - N_te“(Ft +H)(T-t) X, o =2y (T-%)

There are various forme of the growth function i which among other things distinguish
the different computational methods.

Once a parficular growih funciion has been chosen it remains only to divide the life
history of the fish into unit time intervals such that mortality rates and growth function
perameters are congtant on each interval, evaluate the successive yields from a cohort of
arbitrary initial size over the sequence of intervals given particular values of the age at
first ceptwre and fishing mortality and take the sum. This sum,; the total yield from the
cohort over its entire lifespen; will of course be directly proportional to the arbitrary
initial number R of recruits chosen for the computations, Hence the yield per rscruit can be
obtained either by dividing the sum by R or more simply by setting R = 1 for the computations,

A guestion that can arise in computing yield over the lifespan of the cohort is just how
long the lifempan is. In meny fish populations the rate of natural mortality is nearly con-
gtant over most of the adult period, but the cldest fish are much rarer than would be pre-—
dicted from the moriality rate. Bvidently natural mortality is often higher in old age among
fish, as it s among humans., UWhen one 13 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 gurvivors die at some maximum age. Since the
actual course of mortality is likely to be intermediate between these exiremes, the former
treatmeat will overestimate yield and the latter will underesiimate it.

In most applications, however, the difference between the two ireatments in computed
yield will be very small, since oven in moderately fished populations the proportion of a
cohort that survives 4o old age will be miniscule. Moreover, both treatments of mortality
in 0ld age will produce nearly the same computed difference in yield that would result from
a chenge in the age at first capture or the rate of fishing mortality and it is this compa=
rison that is important for practical purposes.

The remainder of this section will summarize the more common yield compuiations, which
differ fundamentally only in the form of the growth function w_.

3.1 Method of Beverton aud Holt

Although earlier authors presented the idea of yield per recruit and some methods for
computing it, the method of Beverton and Holt (1957, 1964) is the one best known and most
of ten used,; 10 such an extent that the dynamic pool model is usually called the Beverton-
Holt model,

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

=K Tt
L, = L, (1-2 ( o))

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

W, = a.th3 s ali (1—emK(t“to)3

In the simplest case, & cohort of an arbitrary number R of members is assumed fo recruit to
the adult stock at age t_ and to become vulnerable to capture at age tc (and length ch
which for computstional purposes can be taken as the mean selection length of the gear).
From age I onward; the fish are subject to en instentaneous naiural mortality rate M, and
from age tc onwerd to an edditional instantaneous mortality rate F due to fishing. (Some-
times a maXimum age t) is assigned, after which no fish are assumed 10 swvive. For the
reagong stated above, this approach will not be considered here; only the case t) = »

will be discussed. )
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With these designations and the usual Z = F + M, the number R_surviving to the age at
first capture is: ¢

Rc = Re—M(tc“tr)
and the number Nt surviving to any age t>-tc is

N, = R e-—z( t-tc) _ Re—M( tc-tr)—Z(t-tc)

The instantaneous rate of yield at age t is:

dYt

qt = Fywy
80 the total yield from the cohort over its lifespan is:
J\m
Y=F Ntwtdt

t
c

= Flr Re"M(tc—tr)"Z(t"tc) ald (1-e“K(t-to))3dt

.t
C

With (aLi ) = W_, the integrated form is:

-t ) [1_ 367K ,~8) . 3o~ 2K(%~t,) 4 =3K(B ~t )

¥ = FRie e 7 7F K Z+ 2k - 273K

Tables of yield function

Beverton and Holt (1964) have prépared tables of their yield function in terms of the
three derived parameters F/Z, L /L, , and M/K. This reparameterization of the equation simp-
lifies the tables and also shortens them, since it has been found empirically that M and X
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 & 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.

302 Method of Jones

The major flow in the Beverton-Holt method is that it requires isometric growth, i.e.,
a strict proportiocnality between weight and the cube of length., In meny 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 but 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:

Wy = aﬁ%
where b is a power different from three. The instantaneous rate of yield is then:
b
aty | FNtaLE,(1«e-K(t"to)

dt



- 2P -

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:

‘ (b -t
Y = (%)RaLE,eom(tc"tr)e(F+M)(tc_to) é‘e ( ¢ o) X(E%M = 1) (1'x)bdx

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

Z
B (2 p5 @) =) (1) Nax
o]

which has been tabulated (Pearson, 1934; Wilimovsky and Wicklund, 1963). The value of the
integral can be found by entering the tables at

P=(F+M)/K=23K g=b+1aendz-= e-K(tc—to)

While this method ireats allometric growth exactly, it is not often used because the
exact yleld cannot be computed by hand and the published tables of the incomplete beta func-
tion are in fazct 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.

3s3 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 mekes no assumption
about the form of the growih function, it im the similest mathematicelly; for the same reason
it is the most laborious computationally,

The yield froma cohort during a unit time interval is:

‘F T+
Yt+1 - Yt = B ; Ntwtdt

Whatever the form of W, , the integral above is the average biomass of the cohort during the
interval, denoted by B_. In its simplest (arithmetic) form, Ricker's method avoids the form
of Wt and consequently ‘2 direct evaluation of the integral by employing the approximation:

By = (Wi + N, qw. .)/2

That is, tgﬁtaverage of the biomass at the beginning and end of the interval, where of course
N.+1=Ne " . The total yield is found by computing the yield on successive intervals as

Y$+& E/Y: = Fﬁt and taking the sum over the entire lifespan, which in this case must be speci-
fied.

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
dY,/dt as a function of age t, which has the form dY /dt = FB,. Quadrature means that the
function B, is approximated by drawing straight lines between the points at which w. and
therefore ﬁ = N,W, are kmown, rather than by assuming W, and therefore B, to be de%ermined
by some growth function between points. The approximation is quite accurate, regardless
of the form of w,, so long as a sufficient number of points on the ourve are known. In
Figure 4, for example, it cam be seen that straight lines connecting the points that rep~
resent B, at each age would lie very close 4o the smooth curve everywhere except in the
vicinity of meximum biomass around age eight. DBut in this vicinity, where the absolute
error of the approximation is largest, so 1s the area approximated; so the relative error
is small over the entire curve,
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Alfthough 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 sach age group the average weight is known at & few times during the year. In this
case numerical integration 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 bui 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 omly over the course of several seasons or years,

4, Special applications

The fish of some stocks, particularly migratory ones, are caught by various gears in
various places. Often the different gears are most successful in catching fish of different
ages, so that in effect the fish pass through several fisheries, perhaps repeatedly, a2s they
pass through life. In this case the effect of regulatory changes on each fisghery must be
considered as well as their effect on the total yield.

The exploited life hisgtory ol a fish that passes through several figheries is bound
1o be complicated by age-specific coefficients of catchability by each gear. Availability
to each gear may vary with age as well as vulnerability. The calculation of yield per recruit
to each fishery in thie situation is a large job, since the lifesgpan 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 esseniial in applying
the dynamic pool model to multi~gear 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.y it
can provide catch per effort and mean weight in the caich 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.

5e 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 firs+t cap-
ture and fishing mortality rates, calculated by the three methods discussed abowve. Growth
in length was represented by the curve:

L.t.' = 42(1 - e“""e233(t""062))

The length-weight reletionship was:

3,296

W, = .008142Lt

%
from which ww= 1 823.81. The instantaneous rate of natural mortality was M = .15, In the
Beverton and Holt computations, the length-weight exponent was perforce taken to be 3.0 rather
than 3,296, but the correct value of wewas used. In the Ricker computations all survivors
were presumed to die after 20 yeare of life.

I+ can be seen from the itables that, as could be expecied, the values calculated by the
methodg of Jones arnd of Ricker are usually quite close, while the values calculated by the
method of Beverion and Holt are in most cases substantially smaller, (In fact, the values
calculated by the methods of Jjones and of Ricker should be nearly idemtical for all values of
F greater than .05. That they are not is the result of having to refer to the closest values
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rather than the exact values in tables of the incomplete beta integral. HKven in a2 large table,
such as that of Wilimovsky and Wicklund (1963) used here, the differences between successive
entries are large 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 congistent throughout the table., This difficulity is sufficient in itself 1o recommend not
using Jones' method wnless a computer ig available to provide precise values numerically.

More imporiant 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 differeni, however: the Beverton
and Holt method predicts a tripling of yield, the others only a doubling of it,

6. Yield isopleths

Often values of yield per recruit such as those in the tables are shown graphically.
For any fixed value of either sge at first capture or fishing mortality, the yield per recruit
can be showm as a function of the other parameter; on a two-dimensional graph. To show it as
a function of both parameters on a iwo-dimensional 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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Fige 5 - Isopleths corresponding approximately to the yield per recruit calculated by

the method of Beverton and Holt (table 3a)
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Table 1

Mean individual weight, number surviving and total biomass
at each age of a cohort of 1 000 freshwater bream,
Abramis brama. (Data from Backiel and Zawisza, 1968)

Age (¥) Mean weight (g) Number Biomass (kg)
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 1 621,75 142 230,29
16 1 660,31 122 202,56
17 1 695,42 105 178,02
18 1 724,16 91 156.90
19 1 740.73 78 135,78
20 1 758,80 67 117,84

(21) (1 770.00) (58) 102,66
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 = T x R VWe
-B- = _Yl X Rowm
F/ e
M M
¢ = E(1—c)M4( x R, (of Table 3)
B - (1-8)(1-0) Wk x R,
M
w = T x W
wi=s) Wk @
R ir K (t_=t
R = T—o% M/K o¥ = 7 = 1=8 ( r o)

R, = R_( 1—0)M/K

Note: B and P are average annual values for the entire population
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Table 3a

Yield in grammes per 2-year old recruii to the bream stock, calculated
by the method of Beverton and Holt (tc = age in years at first capture,
F = annual instantaneous rate of fishing mortality

4 r 0.05 0.10 0.20 0.40 0.80
c

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 235040 283.93 311.38

Table 3b
Yield per recruit of bream; calculated by the method of Jones

P 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 3c

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

+ ® 0.05 0,10 0.20 0.40 0.80
c

2 154.58 213.30 228,18 181. 36 113.90

4 160.60 239.39 285,24 299. 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




=31- FAO LIBRARY AN: 139951

EQUATIONS FOR CALCULATING QUANTITIES
OF INTEREST ACCORDING TO THE ANALYTIC
MODEL OF AN EXPLCITED STOCK

by

E.L. Cadima
National Fisheries Department
Ligban, Portugal

Definition of symbols

N

t

¥

==

ol

= ol

M

abundence (size in number) of a cohort at time 4

mean abundénce of a cohort during a given time interval

duration of a time interval

total number of deaths (from all calses) during a given time interval
catch in number during a given time interval

catch in weight during a givem time interval

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

mean biomass (size in weight) of the emtire population during a given time interval
(specific) instantanecus rate of fishing mortality

(specific) instantaneous rate of natural mortality

2= F+M ~ (specific) instantaneous rate of ftoftal mortality

E = F/2 = C/D ~ exploitation ratio (sometimes called the ppte of exploitation, although

this term should be reserved for the quantity F(1-e™ )/Z. The two quantities are
of course, equal for T = ® ),

to, K, L, W, = parameters of the von Bertalanffy growth equation

t
r

L}
c

o=

==

mean age of recruitment to the stock

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 recruiiment to the stock

R
c

=

R' — abundance of a cchort at the age of recruitment to the fishery
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Equations for calculating quantities in number

- Mean abundance (¥), catch in number (C) and total deaths during a time interval T,
given an initial abundance N1 at the beginning of the intervals

N

1

=
=
1y
!
:
=
VT
e

N ~
>

N

- )\7- L,i.e
~

><]

(F, M and Z assumed constant)

¢ = BN, (1-0"%") = FI¥ = ED

= Mean abundance (W), catch in number (C) and total deaths (D) of a single cohort during
its entire fighable lifespan (from t, to t=w )z

D=R
[+ RC
C = ER, (E and Z constant)
w
N dt = R /Z = total years lived
t ¢ (Life expectancy = 1/2)
¢ R \"‘\
@ -< N
- & N
N=[ Ntdt]/m= 0 s o
& ‘
[¢]

~ Mean abundance (P), catch in number (C) and total deaths (D) of an entire population
during one year, given an initial abundance P1 at the beginning of the year:

F = P (1-"%)/z

- =7
D= 2P = P1(1-e )

- F =7
C=FP= P1<E)(1—e ) = ED

- Intial abundance (P, ), mean abundance (F), catch in number (C) and total deaths (D)
of an entire population in equilibrium conditions during one year:

~d
it

Rc/(1~e"'z)
Rc' F, M and Z constant

=Rc/z U
D =R

Equilibrium conditions

+of
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~ Equivalence under equilibrium conditions of the entire population during one year
and a single cohort during its entire fishable lifespan (tc tot = @):

Population (1 year) Cohort (tc tot = ®)

D = R = D

c
C = ER = C

¢

_ R, J/fm)
P = — = N, dt

4 + t

2 Toquations for calculating quantities in weight

- Biomags at ftime +:

Bt = N'_bwt
-~ Mean biomass during a time interval (0, T):
T
B, =[ N,w dt}/T
0
The value of the integral depends on the form of the growth function w, that is chosen.
When growth during the interval can be descrlagd by an exponential function with a specific

ingtantaneous growth rate G, that is Wy =W e” ", ag in Ricker's exponential model, the
integral iss

/ T 1am(2=G)T
Ntwtdt = N A i—**rzzaj—-‘l
Jo

Bo(1= °'(7"‘GQ
T T T (ZG)T

L
50, B

In the case of & population in equilibrium, the mean biomass of the population during
one year is equal to the pum of the mean annual biomasses of a single cohort during its
entire lifempan:

In the Bevert{on-Holt model; with

vy = 7 (1ms )
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and R_ = ge~Mto=tr)

@®

wi
|

- R e-(F+M)(t-tc)(1_e-K(t-to))3dt

t
c

3 mw [1 3K (tc=to) 36—2K(tc—to) e-ax(tc-to)J
c @

Tkl = T ek T TRk ~ TTRAHIK

- Catch in weight from the entire population during one year:
Y = FB

-~ Total production of the population during one year = 7B (In the case of an unexploited
stock, Z=M and total production = MB)

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

=3/ = 1/c
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RICKER'S EXPONENTIAL YIELD MODEL

by

A, Laurec
0B = CNEXO
Brest, France

T The model

Suppose a cohort is recruited to the fishable stock at time %, = t . Let N, dencte its
abundance at this time and w, the average weight of individuals, ‘i‘he t&:al biomgiss of the
cohort is therefore B, = N w, . After time t1, congider the lifespan of the cohort 4o be

divided into n intervils: | |

(t," tz)' (tzy -‘;3), deuveseensedsveyg (ti’ ti+1)v [ERANENEREENERSE] (tn' tn"}“l)

Let N, W, and B. dencte the gbundence, mean individual weight and total biomass of the
cohort resfﬁectlvely, 8t time ti.

1.1 Mortality

Between time t. and time ‘bi 40 the instantaneous rate of fishing mortality is assumed
to be congtant at a"level F., afid the instantaneous rate of natural mortality is also assumed
congtant at Mi" let &, = F +Mi dencte the instentaneous rate of total mortality, which will
of course alsd be comstant Gu interval i, The set of fishing mortality rates F,; F.y ceaveey
B, imposed during the n intervals forms a fishing mortality vector, which will %e dgno-bed
(F.)e Similarly, (M.) and (Z.) will denote the corresponding vectors of natural and total

mortality rates, respectively’
During the iﬁterval (ti, ti+1 ), the number N‘b of fish that survive from time 'ti to time
t > 'hi is given by:
N, = §eZ (b = %)
i
Thug, in particular:

N . = Nie"zi(tiﬂ - ty)

i+1
Given the vector (Zi) and the initial abundance N,,, it is therefore a simple matter $o calcu~
late Nz' N3, esoseey Nn+1c

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

W, A
- = - = ftrue growth

exponential
approximation
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1.2 Growth

During the interval (ti, s +1)' it is assumed that the specific rate of growth in
weight is constant at a levél G.. Let w(t) represent the weight of an individual at time t

= ; i .
during the interval ('ti, b5 Jo© Then:

1 aw(t) - G

Wz't 5 dt i
and since w(‘bi) = W, it follows that:

w(t) = w.sGi(tmti)

In particular, w, (ti-t-‘l-ti)' 8o

G,
saq = W(bigq) = wei

. In (w.,,/w.)
i ti+1 - 'ti i+ 1

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

W

t &
- = = = true growth

exponential
approximation

[

|

|
L | - | -
t t

The major flaw in this description of the growth schedule is its upwerd 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 reasom, one sghould always deal with shert time
intervals to minimize the error inherent in the exponential approximation.

2. Repregsentation of the total biomass of a cohort

Let B(t) represent the total weight or biomass of the entire cohort at time t and, as
above, let B, denote B(ti). By definition, B(t) = N(t) w(t). During the interval (-b.l, b

e"zi(t - 1;:i.) wie(}:i.(t - 1;i)

)e
B(t) = N(¢) w(t) = N,
or, on rearranging terms,

B(t) = Hre(% = %0 = %) g o(6 = 2)( = %,)

Therefore, Bi+1 = Bie(ai - Zi)(ti-ﬂ - ti), which is a convenient form for computation.
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It can be seen from the expression above that the biomass history of a cohort will also
be described by a series of expanential ourves, but the direotion of the ooncavity of each
segment will depend on whether (G, - Z.) is positive or negative. In the absence of oxplois
tation (that is, F, = O and therefore % = M, on all intervals), the change in biomass during
interval i will be described by * 1

(6, = M)t . -t.)
Bi+1 = Bie''1 AR B i

Now if G, > M;, as is usually true for the younger age-groups, the biomass will increase.
On the other hand, the biomass will decrease if G. < Mi’ which is usually true after a cer—
tain age since the growth rate decreases with ag% and mortality does not. The age at which
G. first drops below M. is called the critical age. In the absence of exploitation, the
blomass of the cohort Will increase until this age is reached and then decrsase until the
cohort disappears entirely.

3. She catch from g cohort during its lifespan

When the fishery is in equilibrium (that is, the reoruitment N, and the growth and
mortality vectors (Gi)’ (Fi)' (M, ) are all canstant from year to ye;.r), the total catch from
all the oochorts presént in the stock during any e year will be esqual to the total catch

taken from a single cohort during all 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 oohort can be
computed interval by intervel. Let C. denote the number ocaught during the 1% jnterval,
Now between time ti and time ti q0 2 otal of Ni - Ni+1 individuals die., The proportion
of these deaths due to fishing tl.e., the proportion~caught) is given by the exploitation

ratio E; = Fi/z « Thuss

+

F.
3
= (W =N )= By (N =N, )

1

since Ny, = Mo % (a0 = %) 2 w5, wnere 5, = 6% (a1 = %) 45 the fraction of

the number alive at time ti that survives to time ti 7 the catch can also be represented
ag3

c; = EiNi(1 - si)

However, the more useful expression for caloulating catches in practice is C, = Ei(N’ - ¥ .. D
since one always has to oompute 'Ni 1 anyway for continuing the caloulations on succe%ding

intervala,

By simple sumusation, the total number caught from a cohort during its entire fishable

lifespan will bes
n
C=3% C,
i=1

3,2 Catch in weight

Let Y(t) represent the catch in weight taken from a cobort between time t. and time %
during a pariicular interval. And following the %gtation adopted for catches In number; let
Y. denote the catch in weight during the entire i interval and Y the total catch in weight

from the cohort over ite entire lifespan.
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During the i*l interval, the instantaneous rate of catch in weight will be:

O . op, W) w(t) = B, B(4)

&
Thus
i
Y, = F.B(t)dt
¥
¥
- B, B.e(G; = B )0 =, )y
1
Ty
i
FiBie”(Gi - 23 )%y o0y = 2 )by,
"

( ¥4
G, ~ 2, )%
P e 0 m 2yt | et 47
i1 G, - 7,
i i %.
1
F.B,
g (0 = 2 )8, (e(ci -2 by (6 - 2 )ti>
e
F.B,
< it (G = 2)(y 0 =, | 1)
i 4

Since Bie(Gi - Zi)(ti-l-’i - ti) = Bi+1’ this expression reduces to the simple form:

F,

1
Y., = o
1 Gi...Zi

B, )

(Biyg = B

The total catch in weight from the cochort is found by summations

i=1 1
Ingtead 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 not rigorous, but it usually produces
acceptable results and may even be preferable in cases where the error associated with the
upward concavity of the expomential growth curve would be large.
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3.3 Treatment of non=equilibrium conditions

When the fishery is not in equilibrium, one 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. Inmtead, for each year one must cemsider 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 Breakdoun of the catch by country or gear type

& 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 %o 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 (F-) will be the
sum of the vectors (F1.) and (F,.) generated by the two gears: (F,) = (F i) = 6?2.). To
calculate the catch inlweight tgken by each during a particular iﬁterval, one siﬂbly 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 the components of
F.. That is,

i

Fii Fas
R - Tl sl

4. Alternative patterns of exploitation

The effect on 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 (Fi)o

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 informatiom 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 fighing effort
f. exerted by the gear and the age-—specific catchability coefficient q.. of that gear:
Fji = qjifj where i denotes interval i and j dencotes gear j. If short?’ time intervals are
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, ome can readily calculate the
catches under any proposed pattern of exploitation. For example:

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

(ii) Given gear—specific catchability coefficients; one can calculate the effect on the
catches taken by each gear of change in the fishing effort of one or more gear types.

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

While the Ricker model involves only simpie calculations, they are nmumerous, and parti-
cularly in the case of non-equilibrium conditioms where the short— and long=term effects
of several alternative patterms of exploitation have to be worked ocut, the computations can
be very long and arduocus., But because the computaticns are simple, it is an easy matter to
have them done automatically on even a small calculator, which not only saves time but also



- 40 -

reduces computational errors. In fact, for practical work a programmable calculator is
essential, since one almost always has to consider the effect of several alternative regu-
latory schemes in non—equilibrium conditiomns.

5e Exercise

Let the following parameters describe a given population:

t = 2,5 an(tr) 3.0 3.5 4.0 4.5 5.0 5.5 6.0
wt(g) = 100 i22 182 211 258 272 324 344
M = cte = 002

F = 2.0 0.0 2.0 0,0 2,0 0,0 2,0

Te Compute the values of the parameters given in the headings of the following tables

o N;
. t;‘“e N G F, M, = 10 000 B, CN, cP,
invervals fOI‘ $=0

Note that N, denotes the number of the cohort at the begimning of the i‘? interval;
the same convention applies to Bio

26 Compute the effects on the cohort when F is halved throughout its lifespan,
6. Reference

Ricker, W.E.,, Computation and interpretation of biological gtatistics of fish populatioms.
1975  Bull,Figh,Res.Board Can., (191):382 p.




-4 - FAO LIBRARY AN: 139953

THE EFFECT ON YIELD OF A CHANGE
I THE AGE AT FIRST CAPTURE

by

EeLs Cadima
National Fisheries Department
Lisbon, Portugal

1. Introduction

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
imowledge 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:

t, = 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;

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

1 ving to age t1;
01 = 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 egual to the initial number R1, 50 in this case:

&
L = 'ﬁ; (1)

M, F;, 2 = the instantaneous rates of natural, fishing and total mortality, respec-
tively. Here it will be assumed that these are constant throughout the exploited
phase, sc we have:

(2)

E =

o e |

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

~MT
before the exploited phase, and

e T during the exploited phase
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7% = +the average weight of the C1 fish caught during the exploited phasej

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

Y, = C,W (3)

Y, = MW, 4)

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 R{, the
number caught during the exploited phase will be, according to equation (1), C4 = ER{ and
the catch in weight will be Y1 = C1W; = ERqWy. (Tt is assumed that the exploited phase
includes all ages after t1, 80 all of the R1 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 to # t9. In
particular, suppose tp > t4. In this case the recruitment to the fishery will be Ry # Rq,
the catch in number Cp = ERp and the catch in weight Y, = C,W, = ER.W,.

It is convenient to denote by Ry the number that survive to age t» under Regime 1, and
similarly to denote by Cy and Yi the catch in numben and weight, respectively, of fish older
than age to under Regime 1. These latter two quantities can be calculated according to the
equations given above,; namely Cp = ER) and Yy = C Wy = IERyW.. Figure 1 shows the decline of
the number surviving in a cohort, starting with R{ individuals at the age at first capture
$1, under Regime 1 and Regime 2, .

Humber
surviving %

Regime of exploitation

time

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

The problem, then, is to compare Y4, the equilibrium yield under Regime 1 to Yo, the
equilibrium yield under Regime 2, and to consider also Yy, the yield immediately after the
change in the age at first capture from t1 to t2.
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3.1 Relationships between recruitments
As shown in Figure 1, the recruitment Rp under Regime 2 consists of survivors from the

initial R4 to the end of the period T = tp -~ t1. As the cohort is not exploited during this
period under Regime 2, the rate of survival will be e~MT, so

R, = R,e T (5)

The recruitment Ry also consists of survivors from the initial R9 to the age to, but
under Regime 1. TIn this case the rate of survival during the period T is e“ZT, 8o

-ZT
R, = Rgpe (6)
R
1 ZT
or w— = e (7
Rk

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

% o- e (8)

Now by the elementary rules of exponents, eFT can be rewritten

_z T
eFT - (eFT)ZT - (eZT)ZT - (eZT)E (9)

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

R’ (10)
_ Rk)“

3.2 Relationships between catches in number

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

Since the ratio of exploitation E is the same 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:

Cc
?51 = 2T (11)

k
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= € (12)

¢ Cy
<\ ")

33 Relationships between catches in weight

w2k

N

(o]

YE
3’.341 The ratio =

I

Referring to equation (3), one can write:

2o %% (12)
e Oy

vwhere W, and W are the mean individual weights of fish caught after age t, under Regime 2
and Regime 1, Yespectively. As the mortality rates after age to are the séme under the two
regimes, so are the rates of survival and consequently the age compositions of the catches
as well. Therefore Wo and W, are equal, and equation (14) shows that the ratios of the
catches in number and of the catches in weight are equal:

;5 - %3- (15)
k k

Tt can then be found from equation (13) that

Y G
Y I

Iy
3:3.2 The ratio =
T
Y Y T,
. 2 2 k
By writing: == = o= x g 17
Y1 Yk Y1
I,
and substituting the expression for 7 from equation (16), one obtains:
k
) 18)
1 k 1

This expression is the basis of the method described below.
Vi The method

If recruitment remeins constant year after year and the regime of exploitation also
remains uanchanged, the numerical sizes of the age groups present in the population during
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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, C4 and Y1, and Ck and Yy, C2 and Yo, 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 immediately after the change, the size composition of the stock will s%ill
be the one brought about by Regime 1, while the fishery will be conducted according to
Regime 2, Thus recruitment to the fishery will be Ry and catches Cp and Y, as these were

defined for a single cohort. The ratio §; therefgre provides a measure of the immediate effect

effect of the change in regime, while the ratio i% measures the long-term effect,

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 cochorts 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 manmal on fish population analysis (Exercise 10.5.3).

The data in the table below vefer to the trawl fishery for haddock around the Faeroce
Islands. They give the number of fish landed by 5 cm 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.

Length Mean weight Percentage retained Numbers landed
(cm) (g) 90 mm 120 mm (000)
25— 160 50 3 8
30= 260 80 16 314
35 420 98 41 1 084
40 630 100 72 1 409
45 860 100 94 1 370 i
50~ 1 190 100 100 952
55 1 570 100 100 465
60= 1 760 100 100 255
65 2 530 100 100 124
TOua 3 100 100 100 73
5= 3 800 100 100 30
B0+ 4 600 100 100 9

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 C4, 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, Cx, can be found by multiplying each of the landings in the righi-hand column
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by the ratio of the retention pergentages of the 30 and 120 mm nets for that length group,
The corresponding catches in weight Y1 and Yy are then calculated by multiplying the number
landed by the mean individual weight for each length group and summing. Thus:

Q, = 8x g4 314 x 16 + = 0.48 + 62,80 + = 727.07
& 50 B"O" o0 = o 3 200 = 4 7-
Y, = 8x 160 + 314 x 260 + ... = 5 638,62
Yk = 0,48 x 160 + 62.80 x 260 + s0. = 4 986,80
and

Y

k
¥ = 0,8844

Y ¢, \e (01)
.?2 = et ] = k) L oq,135
X

G

Immediately after the change, therefore, the catch in weight will drop to Y‘ - 88.44%
of the catch in weight beforehand. In the long term, the new equilibrium catch w1th the

Y b4
larger mesh will be §£ - o2 x:§% = 1,135 x 0.8844 = 100.38% of the equilibrium catch with

the amaller mesh, Tk

In this case the gain in yield from increasing mesh size is less than one percent,
Jiven the likely errors of estimation, this means that no significant galn 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
baged refer only o catches.,

This means that, in arder to judge the effect of a chenge correctly, one needs some knowledge
of the discard pettern 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 where a single
stock is exploited by two fisheries A and B, in which the age at recruitment to fishery A is

and the age at recruitment to fishery B is t (greater than ,t ) In this situation a
éhange in the age at recruitment to fishery A Wll% change the lanélngs 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.
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S Concluding remarks

Y

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

These are described in the papers cited above. In Holt's method, the ratio is given as
2. eET, and in Gulland's ag

Tic
T C, - C
2o [ o
k k

where T* is the difference between to and the average age of the fish released (i.e., the
¢, = C, fish caught before age t, 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#, Tt does require an

estimate of E =*E, but it is often easier to make a reasonable estimate of E than of F, since
E cen only vary %etween 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 W, is the weight at first cap-
ture and W, the mean weight in the catch, thenéyield can be increased by increasing the age
at first capture if EWy <Wj. Conversely, if EWj . W;, 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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COHORT ANALYSIS
by

EoLes Cadima
National Fisheries Department
Lisbon, Portugal

1. Introduction

The annual catches taken from a single cohort during the exploited phase (frequentlr
called the cateh vector of the cohort) can be used to calculate the abundance and fishing
mortalitv 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 lzst few vears,
usually because records of catch per effort could not safely be treated as indices of stock
density. Frv (1949), Jones (1951), Murph- {196%), Gulland (1965), Tomlinson {1970), Pope
(1972) and others have all had a part in developing these methods, which are variously
referred to as virtual population analysis (VPA), 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 same basic principle, while the other terms such as "virtual populetion
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 technigue in these situations.

For clarity, it will be best first to0 develop the basic concepts and methods for the
case of a single cohort, and then to extend these to the entire stock.

24 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

t year i, or the begimming of year i + 1, is
= 1
Ni + 1 NiSi (1)
Di = the number of members of the cohort that die during year i,
Dy = W= Wiy (2)

ory from (1)

D, =N, - NS = N (1= 8,) (3)

By making a different substitution, one obtains
Ni+1 i
D, =—— -~ N =N Q—jg——-) (4)

i S. i+l i+l
1
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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

B, = C,/D; (5)

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

C.

i
Sl N (R (6)
i i
or, by substitution from (4)

c, s,
E, -
i Ny (-5

(1)

Ni ¢ the average number of survivors during year i

F., Mi' Zi ¢ the instantaneous rates of fishing, natural, and total mortality,
Tespectively, during year i, all on an annual basis, of course

Z, =F, + M (8)

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

8, = e~% ' (9)
D; = Z.N, (10)
c, = F.§, (11)

The last two equations show that Ei can also be written as

E, = F, /2 (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 F,,
M. and Z, with F.T, M.T and Z T, respectively, in all the equations given above, and to -
rédefine the subécrip% i as dénoting 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; 41, which can be considered to refer either to the end

of year i or the %eginning of year i+1,
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2,17 Case 1 : C,y M, and ¥, known
it i i

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

o= F, o+ M, from (&)
5; = e 4 from (9)
E, = }ri/z.l from (12)
'I'ZTi = ci/Fi ~ from (11)
D, = zi'ﬁi from (10)
N, = D,/(1-s;) from (3)
Ni+1 = Nisi from (1)

3,2 Cage 2 : C,, M. and N, known
it i i

Clearly, if Fi can be obtained from these parameters,; the remaining parameters can he
calculated as in Case 1, To see how Fi cen be found, note first that equation (6) can be

written in the form:

.
== =0 (] = 8
i £ (1 -8) (13)

Substituting from equation (8), (9) amd (12) gives E, and §; in terms of ¥, and N, so
that equation (13) becomes: ,

G B - Trl)) (14)
g, (F. + 1
1 1 1

Since Ci’ M. and N. are known in this case,; the only unknown in the equation is F.,
Ways of computiné the cdrrect value of Fi will be given later (see section 7.1 below); for
the moment it suffices that F& can be folind from equation (14), and then the other parameters

computed as in Case 1.

bl H g 3
3.2 Case 3 @ Ci’ Mi and Ni+1 known
In this case also, an equation can be derived in which the only unknown is F.. The
correct value of Fi can then be found by the methods given in section 6, and the Sther para=—
meters calculated &s in the previous cases. To derive the equation, note that equation (7)

can be rewritten:

c; , (1 - si)

(15)

N 5

As in Case 2, writing E, and Si in terms of Fi and Mi gives the following equation in
wnich the only unknown is Fi%

¢, F, (1 - o (F + Mi)l

A = jtid - (B, u,
T O i) o Py t M)
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4 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’ 021 CB, o000 €0
i =M, =l = 4o0ecaes = N
Given M1 5 113 M
Given Fi for some year i

Find all other parameters for each year i =1, 2, 3, see0es

Be Cohort analysisk

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 séctidn 2.1 above, one can directly
calculate all the other parameter values for year i, including 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 vear
(i-1), as well as the natural mortality rate ¥ and the'catch C. in that year. This situa~
tion corresponds to Case 3 above, so all parameter values for %Ear 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, socey is

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

6. 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 IT IIT Iv v VI

Catch C1 02 C3 C4 05 C6

Suppose that the rate of natural mortality M is known and is the same for sll ages. Finally,
suppose that F,; the rate of fishing mortality at age IV, is known, The problem is then to
calculate all %he other parameters for the six years of the exploited phase.
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The first step is to caloulate all paramenters for age IV, as in Case 1 above, Thus:

s F
== '3 - mZ o P .—.4. a
Z4 = F4 + M 3 84 = 8 4 ¢ E4 Z4 b
- 04 _ _ D
N4 = "F-;Z H D4 = Z4N4 $ N4 =TT SA H

and NS = N484

For age I1I, we now know N, as well as the data values C, and M., Ws are therefore in
Case 3, and to find F3 we need’%o determine the value that sa%isfies the equation:

Cy P, (1 - e-»-(FB + M))

N4 @‘3 + M) eJFB + M)

Wazs gf doing so will be given later; once ?3 has been found, the other parameters for age III
will bes

F
. e ol G R
Zy= By o+ MG S;=eT E3“z3 ;
R _ D
Wy =5 P Dy=ZNy 5 Wy =iy
3 3
N
4
or Wy =gt |
37

For age IT, one now knows 02, M and N3, 80 by solving the equation:

E?. i F, (1 = o(Fy + 1 ))
W, " F, ) C=(E, FH)

one finds F2, and the other parameters for'age IT are then:

F
=4, . -2
22 = F2 + M S5, = e 2 3 E, = Z2 $
¢ D
Too .2 . - 2T . - 2 .
Ny, =5 i Dy= BN, 5 N, = -5,
N
3
or N, = ==
2 =5,

Similary, for age I the equation to solve iss

C B .,.,‘e“’”(F’a + M))
¥ °F +H em(F,; + M)




and having found FH we can calcoulate:

- 1
Z1=F1+M 3 S1me 1 H -2-; H
- 01 _ IH
Wy =5 oD =Ny “T=85) 1
1 1
N..
v 2
or N1u'§'1"

For the ages above IV, the procedure given for Case 2 will be followed. For age V, we
have C_y M and, from the-computations for age IV, N5. The value of F_ can be found from the
ecquation: 5

C ¥
_iz (1_6-(F5+M))
i) o+ M
5 5
and knowing F5 we can compute:?
-2, e
25 & FB + M 85 = 8 H = 25 H
35 -

That done, Ng is kmown, which with G, and

of 2

%

Py
ﬁg = (Fé )

and the parameters follow:

(1 - e--(F6 + M)

Zg = Fg + M Séxe—zts ;
- S -

This completes the golution of the problem.

Te Related matters

=

oo

provides the value of FG from the sclution

656

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

These equationg do not have an explicit solution because the one unknown = Fi - appears

both as a linear term and as an exponent,

One way to solve them is by successive approximation,

and programmesg for performing the iterated steps have been developed for various kinds of

calculators.,

Another way is to obfain an epproximate value from a table prepared specifically for
oohort analysis (Schumacher, 1970)., There is a separate table for each value of M, and in
each table the rows refer to successive values I, separated by a fixed interval, from 0.0
upward. There are several colums in each table showing, for the corresponding values of M
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snd F, the values of E, S, (1-8); E(1=8) and E(1~8)/S. The last two, as can be seen from
equationg (13) and (1%5 are the values of C, /N' and C, /N s, respectively. To solve equation
(14), therefore, orne goes to the table for %he approprla%e value of M and scans down the
colum headed E(1-8) to find the value nearest to the caloulated value of C, /N.. The row in
which thisg value ig found will show the solution F and the values of the éthér parameters
Z,y 8 and {1-8, ) as well, The procedure is similde in the case of equation (16), except
that dne looks %or the caleculated value of C, /N in the columm headed E(?-b)/S.

in important feature of cchort analysis is that during back calculations (1.e., succegsive
calculation of Pl y F Y etc. when the known value was F, ), the reletive errcr of egtimate
due to any error in the starting value F s decreases steadllv. In forward calculation, how-
ever, the relative error grows steadily dnd cen 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, since most of the estimates in the sequence will then fiot be much affected
by error in the starting value., 411 of the estimates in the sequence willy of course, be
affected by any error in the estimate of M.

Ts2 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 parameters 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 egtimate
of this parameter for some year, F., ocan be caloulated, according to dquations (12) and (8),
ag:
ME,
F, = -

i 1T - E,
i

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

One reason for choosing B, over F. for a starting estimate is that it has a smaller
range of possgible values, only zeroc to'1, When F = M, the value of E is O, 5. Hence even a
rough idea such as "the stock is lightly exploited" restricts estimates of & to between O and
0.5+ At the other extreme, if the stock is thought to be "heavily exploited", the starting
value of E ghould be between 0.5 and 1.0,

7.3 Starting the caloulations from an estimate of E. it the rate of exploitation as
defined by Ricker

Another parameter sometimes Used as a starting value is the annual rate of exploitation
Ei as deflined 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:

£
B = Ci/Ni

I+ can be noted incidentally that, by equation (13), E, end E bear the following rela—
tionghip:

*
E = Ei(1 - si)

In this case, since the estimated valus of El is by definition an estimate of C, /N
one is in the situation described above as Csse 2 and proceeds accordingly.

7.4 Starting the calculations from an estimate of Ei (Gulland's method)

This rate of exploitation, B., refers not to a single year but to all years in the
exploited phase beginning with year i (that is i, i+1, i+2, eos). Thus Bl is the fraction
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of survivors alive at the start of year i that will be caught during the remainder of the
exploited phase, If Vi denotes the cumulative catch from the cohort beginning with year i
(vi =0, +C; 4 + «es)) then E; is defined as:

E, = V,/N, (17)

When the starting value for the calculations is an estimate of Ei’ the first step is
to calculate Ni from the equations;

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

An estimate of Ei is sometimes preferable to an estimate of F., especially when the
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 hes an
estimate of Ei’ along with an estimate of M and the earlier catches at age C., C,y essy
C._1, one can carry out the cohort analysis (at least up to age i-1) by the methdds given
above.

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 ig number at each age and the natural mortality rate, one had an estimate of F,
(or Ei or E. or Ei) for some year i, Virtual population analysis does not require an esti-
mate 8f F, becausé it assumes that the rate of fishing mortality is constant from year i
onward, and in this case it can be calculated. Observe that by equation (17),

V., = EiNi and Vi+1 = B

i i+l
and that, since the fishing and natural mortality rates are assumed constant (Fi = Fi+1 = s0e
and M, = M. . = ..o = M), it will also be the case that B, = E, ., = .ss, 80 the ratic of the
i, . i+ . i i+t
cumulative catches will be:
v N
i+1 i+
L (18)
i i

Finally, substituting from equation (1) shows

Vi+1
T, T 54 (19)

From the ratio of the ocumulative catches; therefore, one can calculate the rate of

survival S., which with the value M will provide Fi by application of equations (8) and (9).
Then cohort analysis can be performed for the ages up 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 'viitual 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+%, as shown in the following figure.

survivorér

N.
i

ith year

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

Nt = N.e-M/2
i
Immediately after the catch C. has been taken, the number of survivors is N" = N' - C..
From time i+k to time i+1 there is no fishing, so the number of survivors at time i+1tiss
- me/2

i+1

Substituting for N" and N' in this equation produces:

=
H

(wr -~ Ci)emM/2

(I\I.e-M/2 - Ci)e—M/2

i+l

= N.e
i

M C.e_M/2

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

M M/2
N, =N e +Cse (20)

so that once N, has been estimated, it is a simple matter to compute Ni’ N._1, eso SUCCES=—
sively. Then,lglven the number of survivors at the beginning of each year, the annual rates
of survival and fishing mortality rates can be calculated from equations (1), (8) ana (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
Fi were all equal to or less than 1.2.
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As an example, consider the following caich data for a single cohort:

+

Age I 1T IIT v v VI

Catch in number C1 02 03 C4 05 V6
The natural mortality rate M is known and assumed constant, and an estimate of §6 is available.

To estimate the parameters Ni and F. at each age by Pope's method, one begins by computing
N, = /fl o Then, given N., one dalculates N 9 Ny eoeey N, successively by applying equa~
t$on (50)% 6 5° 4 L

M M/2
N5 N6e + 05e

M
N4 = N5e + C4e

M/2

M/2

M
Ni N2e + Cye

The annual survival rates are then S. = N6/N s S, = N5/N4’ coey S,’ = N2/N1, from which
Z5 Z4, 000y Z1 and F_, F4, voay F1 cgn be calculdted.,

9. IHExtengion to the entire exploited population

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, etc. 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 results 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 oourse 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.

Ages
oy I I III v v VI
1970 °0 | Cmo  Cmro Cmvo %,0  C1,0
1971 1,1 11,9 C111, 1 C1v,1 Cy,1 Cyt,1
1972 °, Cm,2 | Crmo | Crge °v,2  Cu,2
1973 °r,3 G,y P | Covgs Cv3  Y1,3
1974 1,4 11,4 CIII,4 CIV,4 Cv,4 Sv1,q
1975 °,5  Cmr,s Crin,s Crvps Cv,5 Cy1,5.
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In the table; the catoches from the 1970 year—class are set off in boxes, AIn 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 fisgheries, one usually iries for starting ssti=~
mates for the greatest age (age VI in the table) and then back caloulates to estimate the
values of Z and F = Z ~ M in previous years, since the relative error in these estimates
caused by error in the starting value will decrease steadlly 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 iroups is available, some special treatment will be
required for the youngest age groups. The application of partial recruitment factors, dis-
cugsed below, provides a way of adjusting ¥he starting estimate for these groups. PFinally,
some commente on predicting future catches and stock sizes are offered under the heading
"Stock forecasts",

The results of a cohert analysig for data such as those in the table above are usmally
presented in two corremponding tables, one showing the esbimates of F, and the other number
of survivors, at each age in each year. 7These results can serve as the basic data for an
empirical study of the hshaviour of the stock and the fishery. The sequence of value F,
for & number of years (¢ obher time periods) for a single cohort is usually called the
F. wvector.

i

2.1 Partial recruitment fachors

Usually the total fishing offort exerted on a stock changes from year to year as a result
of changes in fleet size, fishing power or other factors. Even within a single year, a
given level of fishing effort does not bring about the same rate of Ffishing 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 irawl fisheries, for example, fishiag mor—
tality is lower for small fish 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 fisghing mortality rate of the fully recruited age groups, i.e., if F,; F, F., o.. ave
the fishing mortality rates at age 1, age 2, age 3, ...y and F is the fi&hin mo%tality rate
at full recruitment, then the ratios F /F, F2 Fy F./F; +oe remain constant from one year to
the next, although total effort and thireford the dctual levels of F,, F,, Fyy +eey F may
change.,

The ratios are called partial recruiiment 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 starting estimates for partly recruited age groups can be calculated by multiplying by
the partial recruitment factors estimeted for other years. Of course, partial recruitment
factors may change if there is a change in gear selectivity, in stock aveilability, 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 results of cohort enalysis in forward calculatioms is the size and composition
of the stock (except for the new recruits) at the end of the year, which is the beginning of
the next year. To forecast the size and composition of the stock in future years; therefore,
one needs egtimates of the fishing mortality rates, partial recruitment factors and levels
of recruitment for those years. With these, the equations used in oohort analysis provide
the means %o caloulate, for each cohort, the number that will be caught in each year and the
number that will survive to the next, If mean individual weight at age is known, then catches
in weight and toiel cohort bicmass ot each age can also be computed.
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SINTHETIC MOIBLS

by

Bolo Cadina
Wational Fisgheries Department
Lisbon, Portugal

1. Introductim

Consider an unexploited stock of fish, During a year, its total biomass will grow by
an amount equivalent to the weight of recruits that the stock receives and the growth in
weight of individuals in the stock. 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)
desoribed the balance of chzmges that occur during the year as follows:

B, =B.=«R+G=D (1)

1 0

where B, and B, denote the biomass of the stook at the beginning and end of the year, respec—
tively, and R, G and D denote recruitment, growth and mortality, respectively.

Bach of the terms K, ¢ and D on the right hand side of the equation will ° = affected
by the envirommental conditions trat prevail during the year. If food is abundant one can
expect that G will be relatively high and that D will probebly be relatively low, 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 spawmed and
immediately thereafter, that is several months or years, depending upon the life history of
the species, before the recruiis joinzed the stock,

These terms will also be influemnced, and in different ways, by the size of the stock,
both at the time in question and during some previous period, as well as by its demographic
composition (i.e., the distribution of lengths or ages within it). The rate of growth of
the biomass will always be grester in a stock comtaining e high proportion &f young fish.,

Ag g first spproximation natural deaths will be proportional to the size of the stock in
number, but this proportion will doubtless be relaetively greater in the case of a stock where
older fish predominate. The recruitment will depend on the mize of the stock some months

or yeers before the time of recruitment (i.e., at the time the recruits were spawned) much
more than on its size at the time of recruitment.

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

B,~B.=R+0-D+1I«E (2)

1 0

This equation provides a complete descriptiom of the factors, asmide from fishing, that
cantrol the biomess of the stock. 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
e can proceed in either of two ways. The first, which makes use of analytical models
(sometimes called structural models), consists of examining each term im the equation in
detail end then formulating equations for the behaviour of each term, for example, the growth
schedule of individuals and the effect on growt:h of food availability or of intraspecific
competition. This spproach usually calle fer & detailed study of the stock since it requires
a detailed wnderstanding of the processes at work, amd in the long term fairly exact predic-
tiong of the effects on the stock and on the calches of, for example, 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 simultansously, i.e.,

ABz:B1—BO

and to examine how OB behaves, specifically as a function of the biomass B. This approach
aggumes 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. The 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
gome fixed period), are the rate of fishing mortality F and the catch or yisld Y. Synthetic
models ~ gometimes called surplus production models or global models - describe the relation-

ships among these quantities.

2 Behaviour of the biomass of a stock

2.7 Unexploited stock

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

Alternatively, one could suppose that the biomgss B of a stock, beginning at a negligible
level B = O; would tend to increaseup to its maximum level B = B , described above as the
carrying capacity of the ecosystem for the stock. But the biomaSk will not grow at a con—
stant rate., It will grow slowly when the biomass 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 exactlyq%he abgolute rate of
natural growth, will increase to game maximum value and decrease thereafter to O, This
implies that the absolute instantaneous rate of natural growth dB/dt will be zero when B = O,
will increase to a maximum at same intermediate level of biomass and will then decrease
steadily, reaching zero when B = Baf

Another way to describe this wvariation in the rate of natural growth would be to say
that the specific instantaneous rate of natural growth (1/Bg (aB/at), is some comtinuously
decreasing function of the biomass B, generally denoted f(B), The value of this function
is high when the biomass 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 gréwth
rates with biomass,

2,2 FExploited stock

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

At this point one can already make msome general observations about the importance of
equilibriwm catches and equilibrium comditioms of an exploited stock for figheries manage=
ment. First, one can say that for a particular stock there is no unique value of equilibrium



~63 -

g
g

Absolute
growth rate

Bco Biomass

The absolute rate of natural growth of biomess as a function of biomass

Fig- 1 -
(in the absence of exploitation)

14 4
B dt

]
o
i o
o
ek
b

o — g
Boo Biomasse
Pig. 2 - The specific rate of natural growih of biomass as a function of biomass

(in the absence of exploitation)



- 64 -

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

3, Equilibrium comditions in en exploited stock

3.1 In terms of the level of exploitation (F) and the biomass (B)

When a stock ig exploited, the net rate of change of the biomass will depend on 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 biomass, (1/B) dB/dt, will be equal to the sum of the specific rate of
natural growth, £ (B), and the specific rate of removal by the fishery, -F, Arithmetically

cne can write:
G G =1()-F (3)

Por a given time interval 4%, during which F remains constant, equation (3) can be written
in approximate form: :

Q) G =@ -r (4)

where B is the mean biomass during the time interval 8t. Equation (4) gives the change in
biomase 4B as a function of mean biomass B directly: ’

aB = £(B) Bat - P Bat : (5)

At equilibrium, the change in biomass 4B will be 0, so the mathematical condition for
equilibrium is:

£(B) = F (6)

From the definition of F (=Y/B), and from equation (5), it follows that the equilibrium
catch Yé during a time interval 4t will be:

Y, =FBbg = B £(B) ot (1)

Therefore, if 4t = 1 year:
T = Bf (B)

Equations (6) and £7§ show the equilibrium relationships among F, B and Y . The equi-
librium catch given by (7) can, by means of equation (5), also be represented 2s a function
of F. Thus, in solving equation (6) for B, one would set B = £*(F) and, substituting this
into (7) with 4% = 1 year, one would obtain:

T, =¥ £%(1) (8)
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3.2 In terms of indices of biomags and fighing mortality

BEquations (6), (7) and (8), which are fundamental for the assessment of a fishery, are
usually iransformed into terms of indices of biomass 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 instantanecus rate of fishing mortality

¥, assumed constant during the interval At, by the following equation:
Faot = qX (9)

where the constant of proportionality g is called the catchability coefficient. When 4t =
1 year, the equation simplifies to:

F = gX (10)
Consequently, X provides an index of fishing mortality, P.

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

Y = qXB (11)
Y =
or §=gB (12)

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

U= qB ' (13)

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

4o Models
40,1 Imtroduction

The curves describing the absolute and specific rates of natural growth of the biomass
as functions of the biomass (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
t0 choose empirically, among the various functions having the general characteristics of the
curves in Figures 1 and 2, the one 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 biomass B, Once the func—
tion f£(B) has been chosen one can immediately specify the conditions for equilibrium,

F f(-ﬁ)i
and Y = FB = Bf(B)

One can also state these equilibrium conditions in terms of indices of fishing mortality
(x) and biomass (U) 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 = £(B) and, thereby, the function £(B) relating the specific rate
of natural growth to mean biomass.
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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 biomass decreases., As 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, Boo’ its rate of change is O. Therefore,

O=m--KB cvr:m::KZBGD

CD,
Equation (14) can thus be written:

£(B) = X(B,,~ B) (15)
In equilibrium conditions,; F = f(ﬁ) and it follows that:

F = K(B~ B) (16)

Equilibrium conditions therefore are those that satisfy the following equations:

B = BCD- % (17)
Y = F(B, - %) : (18)
and Y, = KB(B - B) (19)

To express the equilibrium conditions (17), (18) and (19) in terms of indices U and X,
one need only substitute into these equations the equivalents, B = U/q and F = qX, The
equations then take the following forme

U =y - X (20)
Y, = X(U, - bX) (21)
Y = (%)ﬁ(um— ), (22)
where b = q°/K
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Schaefer model: f(B) = K(Ba) - B)
£(B) |

Fige 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

Y _=U°/m and the index of fishing

max ® . : e

mortality, in equilibrium

conditions
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4.2.,1 Maximum sustainable yield

One of the mosgt important features of the equations specifying equilibrium conditions
is that they provide a means of calculating the maximum equilibrium catch or maximum sug=
tainable yield, Y. {sometimes called MS%%. To determine this value one sets the derivative
of Y_ with respect to P (equation 18) to zero:

ay
— e Q=B e

ar @

i

=il

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

P ® (23)

From equation (17), one can also obtain the biomass level corresponding to Tnax and
Praxs denoted By,

B
@®
Brax = =5 (24)
The maximum sustainable yield Yp.. will therefore be:
KB 2
®

(25)

Ymax =~

In terms of the indices of abundsnce and fishing mortelity, equations (23), (24) and
(25) become:

(=

®
Xnax = T (26)
U
@
nax = T (27)
2
U
Yiax = _%%” (28)

Pigures 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 U = Ugp = bX ig 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 pozsible 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 BExponential model (Garrod, 1969 amd Fox, 1970)

In the previous section it was assumed 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 practice, one often observes that the data fall along a curve
that is concave upward. I+ 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 In B (29)
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Exponential model: f(B) = X(1n B, - 1ln B)
£(3) 4

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

max
B
Fig. 7 - Relationship between
the index of mean biomass
and the index of fishing
mortality, in equilibrium
conditions
max
X g = 1/b X
Yo 4
Y oox = Uqb/be Fig. 8 - Relationship between

the equilibrium catch and
the index of fishing morta~
lity, in equilibrium condi-
tions

e
|
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4z was done in the case of the Schaefer model, one can then conclude that:

m
in Bw = %
and write:
£(B) = K(1nB_ ~ la B) (30)
Consequently, the conditioms for equilibrium are the following:
F=K(ln By - 1nE) (31)
1
B=3B e”(K)F (32)
®
1
Ay (33)
YG', Bw Fe ‘K
and Y =KB (ln B =~ 1n B) (34)
In terms of the indices U and X, these conditions are'described by:
= ~bX
=U_ e (35)
-=hX
T, =T Xe (36)
1 \em o
Y = (£)8(0n U - 1a T) (37)
where b = g/K
4.3.1 Meximum sustainable yield
The maximum equilibrium catch or meximum susgtainable yield can be calculated ag it was
in the case of the Schaefer model, am follows:
I r
.(EE =0= B e-(ﬁ) - B (E)e—(i)
dr ® ® ‘K
Py = K (38)
-s Bm
Prax = o (39)
KB@
= (40)

Y
max @
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Fxpressed in terms of the indices abundance and mortality these equations become:

(a1)
(42)
(43)

Figures 6, 7 and 8, which portray these relationships, show the most important features
of the exponential model.

4.4 GENFROD model (Pells and Tomlinson, 1969)

Peils and Tomlinson proposed a more general relationship between the specific rate of
natural growth £(B) and the biomass B. They introduced a new parameter m to provide greater
flexibility im fitting data from various fisheries to a curve of the general form they pro-
posed. In particular they suggested an equation which can be written in the following form:

£(8) = k (85" ~ &) (44)
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 Schasfer
model (equation 15) and it can be shown that, when m = 1, the GENPROD model is identical to

the exponential model (equation 30).

The conditione at equilibrium according to this model can be deduced as was done before;
the stock ig in equilibrium when:

Fek (- T) (45)

which is true when:

1
B e (B - 2T (46)
1
T, = F (3 - ) (47)

Y, = BE - B (48)




£(B))

Genprod model:
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£(B) = K(BGD‘1 - ™7

m="1

m=0., 30

Fig. 9 - GCurves 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 U and X, these equations become:

]
7= (U - o)™ (49)
1
Y =X (LJ‘;" - ox) ™1 (50)
1
y - 1T @™ (51)
where b = qm/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 Ot

1 1
R RICART et E O A
Thus: R .
0 = (Bm~1 _ §)in-1 (Bm~1 _ % E%T)
na ¥ o= k=L g (52)
A
-Emax s (-1171') ! B (53)
1
v, o=xil (dymtgn (54)
In terms of the indices U and X, these equations are:
%o = 75 U (55)
A
ﬁhax = (%) ! Us (56)
A
Yooy = 5 =0 () ™1 UL (57)

Figures 9, 10 and 11 show the curves corresponding t¢ different values of me 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 equivalent. Fox (1974) presented
a detailed analysis of this model, of its various formulations and of its behaviour,
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5 Practical applications

Usually the aveilable data such as‘ﬁ, U and Y do not refer 4o equilibrium conditions.
The total catch taken during a particular period of observation (for example, 1 year) depends
not only on the mean biomass and the fishing effort X exerted during this psriod, tut also
on 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 equatione given above it is
necessary to adjust them by some method sgo 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 gquestion, these methods do not
take account of changes in the level of recruitment caused by changes in the size of the
parent stock. By its very form, the model takes account of the effect of this phenomenon on
equilibrium conditions, but in non-equilibrium 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
pre=recruit 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 or fluctuations in the

observed values.

With these things in mind, one has to choose some mathematical function to¢ represent the
observed relationship between the spscific rate of natural growth f(B) and the biomass, or an
equivalent relationship, The choice of a function will be empirical: in practice one chooses
the function which, among all the possible cendidates, provides the best fit to the observed
data. Then, by regression or another technique one estimates the parameters of the chosen
equilibrium relationship giving the best fit to the scatter of points, (Ricker (1973) showed
that in general it is 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 procedurs
foregtalls any discussion of the subjective steps in the process, so it can be highly advan=
tageous, for example, when working groups have to formulate meanagement measures which will
have different effects on the various parties interested in the fishery.

Case 1: Consider an exploited stock for which cne knows the biomass at the beginning of each
year and the total catch taken during the year for a series of years:

Year 1 2 seelooevovncocs
Biomass at

beginning of year B BZ seeBiocesaeons
Catch during year Y1 Y2 .ooYiuocccooot

The natural growth of the biomass, AI&, will be equal to:

ABy = By 4

- B, + Y,
i i
The observed change in the biomass (Bj4q =~ Bi) will thus be equal to the difference
between the natural growth of the biomass during year i and the catch taken during thg year
Yi. The mean biomass Bi can be approximated by the average of the biomass at the beginning
angd end of the year, that is:
B, = (Bi + B

1
2 i+1)
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The mean specific rates of matural growth in each year can then be used to estimate the
function f(B):

f(ﬁi> = ABi/ﬁi

Case 2: Consider an exploited stock for which one knows the mean biomass and the total catch
during each year for a series of years:

Year 1 2 eevlocecosccors
Mean bpiomass B1 Bz ouoBiaoonoootv
Total catch

during year Y1 Y2 * -oYiooccnocnc

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:

8By = (B,

- Bi) + ¥y
Schaefer (1954) proposed taking the arithmetic mean of ﬁi-1 and T& as a first estimate
of B.:
i

B, = (==

In the same fashion, one can obtain:
B, + B.
i i+1
B. = (............2._.__.)

and the two preceding equations glven:
B. , = B,
i+ Lot
) + ¥,

AB:‘L“( 5

The specific rate of natural growth of the stock at the level of biomass ﬁi isg then:

AB, B Y.
f(ﬁi) - :ri - % ( 1+1_ 1~1) + =l
5 B3 By

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

U=U_ = BbX
®
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Consequently, if one has pairs of values (ﬁ, X) corresponding to two or more equilibrium
positions, it is possible to estimate the parameters U, and 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 geveral 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 biomags will be U = Y/X. Sometimes one only
knows the catch Y and an index of biomass U derived, for example, from surveys. In
this case total fishing effort can be estimated as X = Yﬁ. Thue consider the case
in which one has the following datas

Year 1 2 eoe i s00

Biomass index i U, ... U. oo
1 2 i

Total catch

during year 4 Tooeee 4y eee

Fishing effort

during year % X2 see X eee

45 T = qﬁ and F = qX;, the approximation used in Case 2 above to calculate f(ﬁi) can also
be used here in the form:

Yigr = Ui, T4
(————*ng;'—'—-) + m——

B

e Y

£(3;) :
1
0., =T,
1 i1 i=1
or f(ﬁi) 3 () 3 aX,

U

#

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

Case 5: (Gulland's method)

The consideration of Case 3 above showed that a knowledge of T 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, one not relate the annual values of the abundance index Ui to the corresponding
values of fishing effort X. exerted in each year, but instead to the Value 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 the index U, is
mainly composed during year i of survivors of a certain number of year clagses recrui%ed in
previous years, Gulland recommended that, from the fishing efforts exerted during the previous
vears (which therefore determined the number of survivors in each of the cohorts exploited
during year i% one 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.
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Gulland showed that in practice this equivalent effort X' could be spproximated by the
arithmetic mean of the fishimg efforts applied during the year in guestion and a number of
preceding years equal to half the durabtion of the exploited phase %:r exploited lifespan)

prevailing in the stock.

For examples

Year i 2 3 4 5 eccev0
Index of m - - -

mean biomass Yy ﬁa ?3 Uy U5 coevoeo
Index of fishing ,

effort during year x1 x2 X3 x4 x5 000000

If, for each cohort, 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 yerrs, The resuliing pairs of values U and X' would then be:

(x5 Xy x3)

Wi

ki X =
5and

e 1
ﬁ4 and X} = 3 (x.4 + X,

The equilibrium relationship between U and X! would then be fitted to the pairs of
values (Us, Xt), (U4, X}), ete., acording to that mathematioal function which most closely

conformed to the distributiom of the points,

+ XQ), eteo
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STOCK AND RECRUITMENT
by

R. Jones
Marine Laboratory
Aberdeen, Scotland

1o Int roduction

This section is concermed with relationships between the size of a fish stock and the
nusbers of individuals that recruit to it amnually. The subject is frequently referred to
using the expression "stock/recruitment relationship®,

Hany studies have focused atiention on particular parts of the life history only, such
as the larval stage. In gemeral, however, any factor responsible for comtrolling the size
of a population and maintaining ite stability under a wide range of envirommental conditions
is relevant. In this context "stability” does not necessarily mean the maintemance of popu-
lation size at a particular level. The populations that exist today are those that have not
been eliminated during anm extremely long time period. Ome is thersfore dealing with biolo=-
gical systems that are not so much stahle in the mathematical sense, as ones in which the
probability of elimination (at least by natural causes) has been extremely small indeed.

1.1 Density-dependence and independence

The terms density-dependent and density-independent are freguently used when discuseing
. stock recruitment relationships.

The principles are illustrated in Figure 1. This shows various relationships between
hypothetical initial nmumbers of individuals and the numbers surviving after s given time or
at a given size. The relationship shown by the line A represeunts the situation where the
number of survivors is some constant Pproportion of the initial number of imdividuasls. This
is referred to as a demsity-independent relationship. Curve B shows a situation where the
number of survivors increases indefinitely as the initial number increases. However it is
not a constant proportion of the initial number., Curve C shows a situamtion where the number
of survivors increases initially but eventuaslly declines as the initial number 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
stage in the life history where the number of survivors i8 not directly proportional to the
initial number, i.e., &t one or more stages in the life history a demsity-dependent rela-
tionship of some kind is inferred,

Biologically, the factors most likely $o prevent am indefinite build-up of population
biomass ares

(2) Food limitation
(b) Predation
(¢) Disease

Of these, factors 2 and 3 may operate independently of food limitation or a8 a cause of food
limitation, i.e., it 18 useful to distinguish between the situnation in which an individual is
eaten because it is weakened duwe to lack of fcod amnd the situatiom in whieh healthy indivie
dvals are just as liable to be eaten as weakemed individuals. In the first case the number
eaten will temd to be a function of the food supply as well as of the number of predators.

In the second case the number eaten will depend meinly on the number of predators,
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1.2 Sources of food energy

Of the various factors likely %o influence the size of a fish population; food energy is
one of the most importewt. Fish do not necessarily gather all their food emergy from any one
source; however, and some species exploit a series of food sources, often at verious trophic
levels, Figure 2 for example shows the primciple sequence of food sources exploited by a
Worth Ses haddock.

Up to a& length of about 5 om (d.e., an age of about 80 days) the primeipal food is
herbivores such as copepods. '

From about a length of 5 cm +o the end of the first year of life the food comes mainly
from the next trophic level (i.e., from prieary carnivores such a8 amphipods, euphausiids,
and some young fish species ).

During the second year of 1ife the fish becoms benmthic and the food comsimts mainly of
the smaller bewthic orgenisms,

From a length of about 29 cm (about 2 years of age) and for the rest of the life, the
food comsists mainly of the lerger benthic organisms and primary carnivores, including euphau-
Biids, sandeels and emall fish,

It appears therefore that juvenile haddock exploit a series of food sources before they
are large enough te exploit the kind of focd on which the mature biomass is largely dependent.,
There appears to be no reason why the food from any one, or all) of these sources might not be
limiting. ‘

1.3 A simplified life history

To reduce the problem to its simplest form it is convemnient to comnsider the life history
in two stages, each dependent om & different source (or sources) of food emergy. The indivie
duals at the moment of transition from ome stage to another are uwsually referred to as Yre-
eruits™, This term is frequently applied 4o the number of individvals aged 1 year. It might
also apply however to the mumber emtering the exploitable part of the stock, or to the number
atteining the age of first meturity. Ecologically it would be appropriate to apply it to the
number at one of the transition stages from ome food type to another.

However the term "recruits® is defined, it im appropriate to consider at least two rela-
tionships. Ome is the relatiomship between the number of eggs produced by the mature stock
and the suvbsequent number of recruits. The second is the relationship between the number of
recruits and the number of eggs they can be expected to produce during the entire course of
their lives,

The situvation ie illustrated diagremmatically in Figure 3. FPFigure 3.1 shows a generalized
deusity-dependent relationship between egg production and the subseguent number of recruits.
It is assumed thalt somewhere between egg productionm and recruitment, food im limiting. If egg
production is inecreased indefinitely, a stage should eventuaslly be reached where all indivi-
duals are likely to die.

Figure 3.2 shows & comparable relationship between the number of recruits and the subse-
guent egg producstion from these throughout the remainder of their lives. Agein it is assumed
that food is limited mo that an imdefinite inerease in the number of recruits should eventually
lead %o a smitwation in which no eggs at all are produced. This relationship is given by curve
BQ

It is clear that equilibriwm should ccecur at a value of egg production and a value of
recruitment that satisfies both ourve A and curve B, Figure 3.3 shows a simple graphical way
of finding this eguilibrivm point. Here both curves are coumbined in a single diagram., Curve
A is exactly as depicted in Plgure 3.1, Curve B is exactly as depicted in Flgure 3.2 except



that the axes have been interchanged. The result is two curves which diverge initially but
which eventually converge and cross over at the point marked C. The coordinates of this point
define a lsvel of egg production and a number of recruiis that satisfy the relationships shown
in Pigure 3.1 and Figure 3.2.

The argument has been conducted in terms of numbers of eggs and numbers of recruits. To
take account of growth however it would be appropriate to0 use other wmits such as the bicmass
of egge and the biomass of recruits.

2. Different kinds of egg/recruit relaiionship

2.1 Virgin state

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

Figure 4.1 shows a situation in which the B curve is practically linear at the squili-
brium point C. This represents a situation in which population smize is effectively limited at
pome @tage belween egg production and recruitment. It is implicit in this diagram thet recruit
ment can never become large enough for density-dependent effecte to operate during the "re-
cruit to egg" mtage of the 1ife histowny.

Figure 4.2 shows the situation where it is curve A that is approximately lineayr at the
equilibrium point C; i.e., thic represeunts & situation where the population size iB limited at
some stage between recruitment and subsequent sgg production. It is implicit in thiz diagram
that egg production is prevented from ever becoming large enough for density-dependence effects
to operate during the "egg to recruit® stage.

Figure 3.3 reprosents an intermediate situation in which both the A and B curves Jdepart
substantially from linearity at the equilibrium point C, i.e., Figure 3.3 represents a situa—
tion in which density-dependent factors play & significant part in both parts of the life
history. If it is assumed that present~day species are those that have persisted foxr very
long periods, relationships such as those in Figure 5 might, intuitively, be inferred as a
first approximation, i.e., the greater the divergence of the A and B curves at their crigin,
the greater the potential resistance of the species to total extinction,

2.2 The eoffect of fishing

It is oonvenient to comsider the effect of fishing with reference to the curves in
Figwres 4.1 and 4.2 separately.

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

Figure 6.1 shows the relationship between recruitment and subsequent egg production at
two levels of fishing effort. Since it is azsumed that there is relatively unlimited food for
mature fish, changes 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 (B2). In general the effect of fishing
should be to cause the B curve to move down toward +the recruiil axis,

Figure 6.2 shows the combimation of the two B curves with the 4 curve. C1 is the squili-
brium position when fishing effort is lowy; C2 18 the equilibrium position when fishing effort
is high. In general it is clear that the effect of fishing should be to move the point of
equilibriva alonrg the A curve toward its origin. A% the same time this should be associated
with & decline in egg production.
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The effeot on recruitment depends om the relative position of the B cwurves in relation
to the A curve. Figure 6.2 for example shows a mituntion whers an inerease in fishing effort
should increase the mean level of recruitmeni. Figure 6.3 on the other hand shows a situs~
tion vwhere an inorease in fishing sffort should cause recrultment to declins.

It is pommible that the mituvation depioted im Figure 6.2 is applicable to a etook in iis
early stages of exploitation whoreoss Figure 6.3 is more likely to apply to a stook that is
aslready intensively exploited. Clearly the higher the rate of exploltation and the closer
the equilibrivi point iz forced toward +he origin, the greater the ultimate danger of a stoock
collapse.

Figure 7 shous the effect of fishing whon the egg/reemitnmt relationship 18 of the
form shown in Pigure 4.,2; i.9., in the situsiion when populstion size ls limited at the stage
between recrultmont and subsequent egg production.

Flgure 7.1 shows the effect of fishing on the B curve. Curve Bi1 reprements the situa-
tionu where fishing effort is low. With "JI¥ reoruits, it is supposed that food is limiting to
such an extent that no ogg production ocours. Am Tishing effort is increased it is expected
that food energy should be released mo thal oven with "X¥ recrults, egg production ought to
be possible. The result is that an increese in fishing eoffert should move the B curve toward
the right (B2).

Flgures 7.2 and 7.3 show two posoible combinations of the A and B curves, In Figure 7.2
the effect of an inorease in fishimg offort should be to move the equilibriwe pomition from
C1 to 02 leading o an increase in Wwobth recruitment and egg produstion.

In Figure T.3,0on the other hand, an increase in fishing effort would move the equili-
briuwa position from €1 %o C2 lsading to & reduction 'in both ezg production snd recruiitment.

¥t is possible that Figure 7.2 iw more applicable to¢ a stock in the early sitages of ex-
ploitation whereas Figure 7.3 might be more applicable to a highly exploited mtock. 48 before,
the oloser the position of the equilibriume poimt C to the origin the greater the danger of
stock collapse.

2.3 Implications for management

The effect of fishing on levels of recruitment and egg production have imporsant impli-
cations for mamagemsnt. There are three principal situwalionss

(a) It may happen that over a& certain range of fishing effort, recruitment is approxi-
mately econstant. Within thie range it is expected thal yields ocould be maximized by maxi-
miging the yield per recruit. HNenagement moesurss intended %o msximize the yleld per recruit
would then be appropriate.

(b} In situations where reoruitment is likely to changs with chabges in fishing effort
it is more likely that maximum yields would be sa@sociated with a high level of recruiiment
rather than simply with high lewels of yleld per reoruit. Henagement policy would then have
to take recruitment, as well as yield per reoruit, into accoumt,

(c) In the situation where fishing effort is @o high $hat egg prodmotion is below some
critical level, thers is always the danger of a stock collepse. MHenagement should be pre-
pared for this possibility and if the situation warrants it, be prepared to sitop fishing en-
tirely until there has been an adequate recovery of the stook.

2.4 Direct evidence

Humerous attempts have been made to investigete the form of the "A curve® diresotly.
Host of these have beon based oa the relationship between the sisze of the spawning vtock
the subsequent number of recruits swrviving to a particular age. Results tend te fall ir

two groups.



(a) Scatter diagrams in which the relationship between the spawning stock and the subse—
quent recruitment is extremely poor and frequenmily not statistically significant.

(b) Relationships that appear to be quite good, but that may be associated with a time
Beries, i.e.;, both recruitment and spawniug 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 declined 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 inconclusive.

It should be noted that the relationship between the size of the spawning stock and the
gubsequent recruitment is not nocessarily the game as a relationship betweer asctual egg pro-
duction and subzequent recruitment. Large spawning stooks may be associated with low indivie
dual growth rates and feoundities, so that egg produotion need not necessarily be directly pro-
portional to spawning stock size. This is & factor that has not always beem $aken into accourt
and which might have contribubted to incomnclusive results in some instances.

2.5 Short-term variations

In practice, data relating spawning stock size (or egg produotion) to subsequent reorwit-
mont are necessarily collected on an ammval besis. Variations can then ocour due to shori—
term variations in the presumed underlying long-term relatiomships. Statistical variations in
the data are also to be expected. In practice, variatioms due {o one source or another have
tended to be very large. The vesult is that attempts to fit theoretical curves %o observed
data statistically have been largely wsuccessful,

3 Theoretical considerations

Because of thig, it is appropriate to consider from a theoretical standpoint how popula~
tion Bize may be regulated at differemt stages in the life history.

3.1 fThe larval stage

For some species, the larval period haes been regarded as the principal stage where popu~
lation size might be limited. Biologically, important factors ares

(a) larvae grow relatively rapidly. Their food requirements are therofore relatively
large for their sigze, yet, being small, their capacity for mearching for food is relatively
small. Food limitation is ftherefors likely to be more oritical for rapldly growing larvae
than for slowly growing plankion organisms of the same size. For oertain species CYY- N
haddock) it has been calculated that the average density of the young stages of copepods on
which the larvae feed is guch thet larval mortality could sasily occur due to food deprive-
tion. This species feeds om the young growing stages of copepods, the growth rate of the
larvae being approximately the same as that of the copepodite. The net result is that each
cobort of larvae tendz to be limited for the first 1-2 momths to about 3 wesks production of
copepods. Copepods borm earlier than this tend to be excluded as food as they tend to be too
large 4o eat, and copepods borm later tend not to be eaten, presumebly because they would be
so small that too many would be regquirsd to satisfy the food requirements of the larvac. A
situation such as this, where individuals grow rapidly for a period om a fixed food supply,
provides an effective way of limiting population size. Not all species of larvae grow at the
pame rate a8 their food however, mo that limitation of numbers at the larval stage ueed not
necessarily apply %o all species. Also, even for opscies such as haddoock where it may apply,
this does not preclude the possibility of limitation of numbers at other stages in the life
history.

Once haddook larvae are large euwough to eat fully grown copepods, they shouwld be able to
oxploit the entire production of copepods for the season, and the factors influencing survival
are likely to be different.



(v) Mortality rates are believed to be high, and death is probably due to predation.
It is mot certain however to what extent this is due to primary predation (i.e., consumption
of healthy as much as weskened individuals) or to secondary predation (i.e., consumption of
weakened individuals rather than healthy ones).

{(c) Many species of fish larvae appear to exploit food that occurs at a particular time
in the productive cycle and sometimes maimly at a particular geographical location. It is im-
portant for survival therefore that, at the commencement of feeding, the larvae heppen to be
at the right plece at the right {time.

3.2 The stage of maturity

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

(2) directly, because energy is used primarily to maintain growth and survival; or

(v) indirectly, becsuse of the reduction in growth and/or survival that would presum-
ably ocour if egg production were Yo be favoured in the short term.

In the lomg temm, food limitation in the mature stage ought therefore to limit egg pro-
duction.

Evidence shows that a number of spsclies have the capacity to limit egg production direct-
ly when food is scarce. For example, egg production can be redussd by a reductiom in the
mmber of ococytes starting vitellogenesis, or by the resorptiom of oocytes during the matura-
tion period. This is a factor, however, that might be more important in virgin stocks than
in stocks that are subject to high levels of exploitation.

3.3 Intermediate stages

In addition %o a larval food "niche” and an sdult food "niche" there may be cone or more
intermediate sources of food emergy. Some of these may be similar to the haddook larval stage,
1,004 they may represent transitory food sources only suitable for individuale of a certain
size, and only available for part of a year. As fish approach maturity, however, their growth
rate slows down and there may be an imtermediate food source that is suitable at all times of
the year. To a limited extenl, a large year class may then be able to improve its chances of
survival by growing more slowly than average. If growth is retarded too much,howsver, there
would be the danger of a following year class catching up in sise and ocompeting with it.

In the long temrm,therefore, intermediate food sources could be just as important as
other food sources for limiting population mize.

In addition to variations in growth rete with year class size, canmibalism also might
be an importent adaptation at an intermediate feeding stage,; i.e.:

(8) Tt would be one wey of reducing the competition from a following year class.

(b) At the mame time, it would be taking advantage of an additional source of food
onergy.

3.4 Evolutionary considervations
A detailed examination of the stomach contents of Noxth Sea gadoids shows not only that

these oat different imdividusls throughowt the course of life, but that they do mo in a way
that appears to minimize direct compotition either with other gwdoids or with other species
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in general. This may be done by feeding om particular organisms either in differemt geo-
graphical locations or at differem$ times of the year or by feeding om differemt life stages
of a partioular species (i.e., possibly on the same species but on individuale of different
sizes), It appears likely that at each stage in its life history,; a gadoid is able to occupy
an independent "niche" in the sense that competition with other species is avolded or reduced.

It might then be argued that in a perfeotly stable enviremment, relationships such as
those indicated in Figures 4.1 and 4.2 shonld not occur, Figure 4.1 for exsmple represents
the situation in which thers is more than enough food for the adulte whereas Figure 4.2 repre~
sents the situation where there is more than emough food for the juveniles, During the course
of evolutionary time one might have expected so meny sequences of feeding "niches" to have
hesn tried by diffevemt genotypes that not only would all possible energy sources be fully
utilized but that each spescies would fully cocupy a niche at each point im its life history.
This argument appears to favour relatiomships such as those in Plgures 3.3 and 5 as the ulti-
mate equilibrium form for all species.

In practice however it seems more probable that the ecosystem is not in a state of per—
fect equilibriuvm in this sense, but cyclical changes can oceccwr, causing some groups of species
to inorease whilst others decrease; i.¢.; there appears to be pufficient flexibility to permit
variations in the energy flow to each feeding "niche". There sesms no reason in principle
therefore why in the "short® term (i.¢., periods possibly of the oxder of decades) individual
species might not oscillate between altsrmatives such as those shown in Figures 4.1 and 4.2,

If this were Bo it would hely 4o oxplain the lack of success go far encountered in Tinde
ing a mingle populstion comtrol proeese for the marine televets.

4, Theoxgtioal curves
Several theoretical reletionships that have been used for relating egg production to sub-

sequent recruitment are described below. Of these, the best lnown and methematically the
simplest are due to Riocker, amd Bevericm and Holb, 4

401 The Ricker curve
The Ricker curve iz given by the eguation:
R« a Xl exp - (H/Nm)
Where R = the nmumber of recrults
¥ = the nuwmber of individusle at the begimning of the peried

Hmm +he initial number of individuals for which the subsequent
recrultment i a maximum

& = the proportion surviving due to density-independent factors

The Ricker curve is based omn the assumption that the insgtantansous mortality rate is
proportional to the mumber of individusls presemt initially. Thus if one is dealing with the
larval stage, the initial number, (m‘) is the number of eggs produced (or the number of larvae
at the commencement of foeding). The instantaneous mortality rate is then assumed to be pro—
portional to this initial number,

An oxample of a Ricker curve im given in Table 1 and Figure 8, It is characteristically
dome shaped, rising to o maximuwm at an intermediate value of M, and then declinming.

The biclogical implicetions of the Ricker curve smtem from the assvwmption that the insten~
taneous mortality rate ig proportional to the number of individuals presemt imitially. It has
been suggestod that this might happer if predation were primarily due to canmibalism by the
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adults that bad been responsible for producing the eggs in the first place. A difficulty with
this suggestion is that the larvee and juveniles of many species tend to be loceted separately
from the mature adults, In individwal cases other possibilities may be biologiecally plawsible.

Characteristic of the Ricker ourve i the fact that the mewimum number surviving ocours
when E’/Nm is sgual to 1,0. The proportion surviving is them 0.37. Smaller proporiions sur-
viving are poeslble, but only when ¥ is greaier than Nmn The gignificance of this is thai
in practice the proportion surviving during the first year of 1life in even moderately fecund
species is very much lower than 0.37. To account for an e&gg/r@orui’b relationship with a
Ricker curve 1t is therefors necessary to cssume either:

() that the equilibriwm position is located well down the descending right-hand limb
of the curve; or

(b) that the probability of survivel is amall because the coefficient “a® iz small,
This is equivalent $o saying that mortality is primarily due to demsity-independent factors.
In this case the Ricker curve, though possibly playing a part in setiing an upper limit to popu~
lation size, would play a relatively small part im accountimg for the total mortality during
the first year of life.

4.2 The Beverton and Hplt curve

A rather different curve for relating egg productlion to subsequent recruliment has been
proposed by Beverfom and Holt (1957). Their formula iss

R=1/(a + b/E)
where E is the number of eggs produced

in example ie given in Table 2 and Figure 9. The chavacterigbtic of this ocurve is thet as egg
production is increased, recruitment rises ftoward an asymptotic level equal to 1 /'a.m

The derivation of this curve is bazed on the assumpbion that the instantaneous mortality
rate is proporbional to the actual number of individuvals present at any momenty 1.8., it ism
asgumed that the instawbaneous mortality rate declines continuvously as the number of indivie
duals declines. This type of curve might arise if predation occurred so long as the density
of the prey was above some oritical level. The rate of predation might then be supposed to
decline continuvouvsly as the density of prey declined.

403 Simwletion models

Move recewtly, alttenmpis have been mede o simulate the blological processes al work in
the larval stage. One model (due to Jomes 1973) simulates the situation in which a cohort of
fish larvae grazes on & cohort of food orgenisms. The probability of a larve surviving is made
a function of its probability of encowmier with food. The modsl produces eurves superficially
gimilar in shape to Ricker curves in that survivel at the end of the larval siege is a maximum
at an intermediaste level of egy production (or more precisely of the number of larvae at the
commencemert of feeding) (Figure 10).

imother wodel, due to Cushing and Herris, 1973, simulates the situation where larval
mortality is due o the greszing of predators.

Ad.4 4 'flat topped® stock recruiiment curve
Tor thome species which exploit & meries of food sources, before "recruitment™, the

Wm«)ck/memm“ relationship can be expected to be the result of more than just ome biologi-
cal Process.



- 87 -

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.

Se An example of the relationship betwsen recruitment and subsequent egg production

Consider the situation in which there happen to be 2.81 thousands of eggs produced by each
one year-old recruit. The simplest possible recruit to egg relationship that can be drawn isa
gtraight line and this can be done on thiz information alone as shown in Table 3, Thus, givena
thousand recruits there would be 2.8 million eggs produced. Given 5000 recruits there would be
2 810 x 5 000 = 14 million eggs, and s0 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 lewvel of
recruitment provided one also knows the relationship between egg production and subsequent
recruitment.

Some hypothetical 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 estimates of the egg production per recruit and an "eggto
recruit” relationship, It illuastrates the minimum amount of information needed for assessing
the equilibrium level of recruitment in a stock in a situatiom where food for mature fish is
not limiting. ‘

6. Egsential 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. o

Cushing, D.H,, The dependence of recruitment on parent stock in different groups of fishes,
1971 JoCons.CIEM, 33(3):340-62

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

6.1 Recent symposia

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

CIEM, Fish stocks and recruitment. Rapp.Po=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 Proceedings 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, T65 Do
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Table 1
Determination of Ricker curve

Ruanxp-E/Em

Enl = 25 x 106 a = 0,002
No. of Eggs E/Em exp - (E/E ) E exp - (E/Em) R (thousands)
E (millioms)
0.1 0.04 0.96 0.10 0.20
0.5 0.2 0,82 0041 0.82
1.0 0.4 0.67 0.67 1.34
1.5 0.6 0.55 0,82 1064
2.0 0.8 0.45 0.90 1,80
2,5 1.0 0.37 0,92 1,84
3.0 1.2 0.30 0.90 1.80
5.0 2,0 . 0.14 0.70 1.40
7.0 2,8 0,061 0.43 0.86
10.0 4.0 0,018 0,18 0,36
15.0 6.0 0.0025 0,04 0.08
ITable 2
Determination of egg/recruit curve from
Beverton & Holt formula
R= 1/(a + b/E)
a8 = 0.2 b = 0. 1 X 103
No. of Eggs R
E (thousends) b/E a + b/E (thousands) R/E
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 3.7 205
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




ZTable 3
Hypothetical values of recruitment and

subsequent egg production

Number of recruits () 1 600 5 000 10 000
Subsequent number of eggs (millions) 0 2.8 14.0 28.1
Table 4
Hypothetical egg to recruit relationship‘
Number of eggs (millions) 0 5 10 15 20 25
Subsequent number of recruits 0O 14500 ] 6 400 |6 3007 48001 1400
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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 explci-~
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 whcse respective importance vary according
tc 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-guantative methods of assessment are invaluable, espe-
cially 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.

20 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 already 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 extrapoclations.

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 BExtrapolations

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 ¥ = 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 on 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 (gulland, 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,
various 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:

/
total weight of dissolved solid matterjf

e = 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(mE)®

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.
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Fig. 1 = Theoretical production of 5 groups of natural lakes corresponding to

different climatic conditions:

= production curve of Northern temperate lakes in North America,
biomass curve of temperate reservoirs in Southern USA,

= yield curve for the same reservoirs,

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 matters

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 fors

- 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 chaing

- the ease of exploitation as the shallower areas 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 with 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:

(a) 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, etco)}

(b) the biotic capacity or natural productivity of the exploitable species in an
ecosystem,
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Furthermore, quite apart from fishing, stocks and environment show, over the course of
time:

(c) 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
documenteds

(d) 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 gcience 1s 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 formulate 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.

3 Transfer of Energy in the Food Web

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 approach, 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 Stodks), the
lower limit of the levels utilizable by man depends on artificial factors (available techno-
logyy market conditions, 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 Cushing (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), Cushing estimated the total annual carbon fixation. He
considered that this phytoplankton production 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

Perus Primary production and anchovy stock potential

- 3 Annual yield
Fixed carbon . Conversion
Auth 2 Area Energy yield of
uihor (t/kz /y) (1O3km2) (al1 transfers) (livefzgzgit/C) anchogy stock
(10° tons)
Cushing (1969) 236 x 479 «x ( 0.01 ) x 17.9 = 20,2
2 levels
Ryther (1969) 300 x 60 x 0.12 x 10 = 21.6
(1% level)

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 remarkasble extent with those cbtained 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 Cushing 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 Cushing. 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 ncted 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, shales, etc.));
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(b) surveys of eggs and larvae from which the number of spawming females can be dedu-
ced and thus the size of the parent stock;

(c) trawling surveys, to the extent that one can learn the true efficiency of the
gear, i.e. the proportion (F) of the biomass present in the ares swept by the
trawl, that is oanght by it}

(a) quantative acoustic surveys (especially for coastal pelagic species).

4.1 Relationship 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 epproximate formula as follows:

.

- If Bo is the kmown biomass of a virgin stock

- and Y . the maximum potential of catch,

- then %max LS : (Fm ax an; B, are unknown)
' . = o
Schaefer's model immediately gives: Bmax = = .

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

Yox = o.5m§o (1)

This equation can be written in the more general form:

Y. . = XM 3B, (2)

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

X = Yma:x - Fmaxﬁma.x = Fmax . Bmax ( 3)
M.B M.B M B
(o) © o

With this formule 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 Y', where Y' is defined as follows:

RW Y
B = __Oﬁ_?f__ © T (see the description of the yield tables)

y If one assumes that the biological production of a stock remeins more or less constant
no matier what the level of explolitation may be, we get: M Eo = ZB. If one also takes
it from Schaefer's model that Bm ax & %ﬁo, we gets

M = Z = M+F From which we gets M = F
max max max
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With these tables we can then directly calculate:

B . (31."/1:“)Em]c
5. (/. “

where the index Emax denotes the rate of exploitation corresponding to gmax' To get X we

only have to multiply this relationship by (§)max . Two cases have to be considereds

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

(b) 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 tables IV,

But in both cases we find that in practice, i.e. for the combinations ¢ 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 wsing 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 = D+ ¢
D = 3,P
C « E.)  from which E = %

where D is the total number of deaths and /\ and C, respectively, the number of natural
deaths and {the number caughi.

Likewise lets

= M,B (5)

~ 1in the virgin state: D = Z .
(¢] o 0 (o]

~ &t maximun equilibrium production: ¢ . = E__.D___ (6)

From the equation D = Ro (in equilibrium; Rc = annual recruitment to the fishery)

we get: D . = D_ = R, n
From the equations (5), (6) and (7) we get: Coax = Epax P (8)
Using the weight equations Y = C.w and B = P.w, we get:
ﬁma.x £
Yo = B el U8, (9)
o]

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

that X = B _, —maX
max W
(o]




- 107 -

4.2 Application to Assessments

To estimate a potential maximum catch by knowing the virgin biomass, it is thus suffi-
cient to kmow 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 = 2 ).
Otherwise we take an approximate value for M by analogy with other stocks of the same 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 ¢ = 1C/La> for the stock under consideration.

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

w 1 < Wo
;’max ;’max
E o E 3 hand
max - max -
w
1 o)
Z2 > WM
B1 < Bo

Lacking anything better we can substitute M with Z in equation (2), which leads back
to the assumption that the biological production of a stock (MB_ or ZB) remains more or
less constant for all values f§;> B /2, an approximation that gs justified if we accept
the Schaefer's model (Fmax = M) and constant recruitment.
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6. Exercises

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

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

Country Production (tons) Area (kmz)

Florida (from Keys to

Mississipi 10400 16 000
Madagascar 3 200 4 000
Senegal (Cap Roxo) 1 500 1 700
Ivory Coast 1 100 1 300

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

(b) The total area of the penaeid shrimp gréunds 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.

] 3 o e
6.2 Qulland's approximate formulas: Ymax = X.,M.B0

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

5% (Y'/F)y
B, (x+/7),
for various combinations of cf= _,E_) and M/K and different exploitation rates E.

@

Knowing that the value of (a) marked with an asterisk in the ¥ield tables corresponds
to the exploitation rates producing the highest yield (Yﬁax) for the corresponding value,
calculate:

B
X = ( F ) . max
Mma,x §

o
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for the following (c, M/K) combinationss

M/K

[+

7

0.25 10,751 1.25| 1,75 | 2,50

\
\

N

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 ¢ is between 0.3 and 0.77

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 sqg. 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.

(a) estimate the biomass of the exploitable stock;

(b) wusing 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 & 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 ORGANTZATION OF DATA COLLECTION AND
ASSESSMENT OF STOCKS

by

J=P. Troadec
FAO, Rome

1. The need to exchange 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 drawm 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 parameters,including
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 orgenization and coordination between the competent institutions
for the various components of the fishery., Obviously the intermational fisheries are a case
in point and that is 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 wvhere
catches from a particular stock may be landed,

Progress in collecting information 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 catches 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 own 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.

20 Data of common interest

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

(a) Catches (yearly totals at least) made by the various fleets — usually identified
by flag and gear ~ fishing the same stocksy
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(b) Catch per unit effort — or better, the different measures of fishing effort -nd
the corresponding catches = at least yearly, for all homogeneous groups of vessels
(in terms of fishing power) for which such data can be gathered,

(c¢) Length frequency distributions (yearly summaries at least) of catches by the ma jor
fleets,

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

While the data mentioned under {d)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 tctal 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), ag 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 gemeral rule, industrial
fisheries should be monitored more closely than artisanal fisheries.

3, The formulation of a common 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
ig 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 committees should consult each other periodically to make sure
that the regional systems are mutually compatible. For example, this task is done for the
Atlantic regions by an interagency working party (CWP)! whose secretariat is provided by FAO.

1/ Coordinati- 'rking Party on Atlantic Fishery Statistics, FAO
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The need to develop compatible regiomal and dational statistical systems goes well
beyond the adoption of lists of species for which efforts will be made to collect data on
total catches and only this. For the statistics on each species to be referred to definite
stocks, it is essential to know the geographic origin of the catches (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.ga,

10 by 1°). 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,

Bvery fishery commission tries to get all countg}es that fish the stocks or geographic
areas within its competence, to collect and transmit=/ data on ?atches, effort and corres-
ponding catch as well as the size composition of their catchesz, according to the regulations
adopted by the member countries when the regional statistical system was set up.

Purthermore, it is necessary to gather complementary information ong

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

(b) the mesh used, or better the selection curves corresponding to the catches of the
various fleetes 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 commen 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 measurements, 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 the form used for repor—
ting catch per unit of effort data is given in Ammex 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 s

(a) the collection of basic data, its compilation and distribution,

(b) 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,

(d) implementing the regulations adopted in stage (c).

1/ Collection and transmission are two different actionss the first is necessary, but it is
not, in itself, sufficient

g/ For the selected species
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Table 1 briefly analiyses the division of responsibilities belween regional and national
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

(1) Up to now, for practical reasons, the collection and analyses of data have been
considered as essentially a national responsibility. All countries engaged in
exploiting the resources of a 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 dig-
semination of all the data so collected to national institutes.

(2) Original work on assesement is besically the responsibility of the national research
institutes. In general, the committess 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
gtate of the stocks and the probable consequences of taking various possible mea—
sures. These working partiee alsc provide research workers with the opportunity
to exchange views and compare notes, something which is essential to ensure the
smooth operation and coordination of national efforts.

(3) 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 than one national sector, that a common plan for exploi=-
tation be agreed upon among all the coastal states involved.

(4) 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
noncoagtal states with whom the riparian country has joined to exploit resources
belonging to it.

It is clear 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 recreaticnal fisheries). From this it follows that not every country
will be able to participate with the same intensity im 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). FEven among countries that have good research
facilities, there are very few that are in a position to carry out all the biologieal and
environmental studies that might some day be useful in developing fisheries on the resources
that they possess. In the majority of cases, some specialization is inevitable, Nevertheless,
the exchanges which take place, especilally at meetings orgenized 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
which every couwntry should undertakes

() collecting basic data (as defined in paragraph 2) and reporting it to the regional
body,

(b) 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 knowledge 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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5e 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
much 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 humen 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)

1o

20

3e

4.

a) collect and
b) compile the
information

agsessment of
stocks and formula-
ting advice on the
state of stocks

selection of mea~
sures for stock
management

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

All 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-
dards, 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 chcice by the coun~
tries of the measures to
be taken for stock
management
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EASTERN CENTRAL ATLANTIC ANNEX 1
STATLANT FORM 34B - 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,

12 TOTAL

13 Tonguefishes = Cynoglossidae

14

15 Flatfishes unspecified

16 European hake = Merluccius merluccius
17 Mauritanian and Senegalese hakes - M, cadenati, M. senegalensis
18 Hakes unspecified = Merluccius spp.
19

20 Sea breams -~ Dentex macrophthalmus

21 Sea breams -~ Dentex spp.

22 Sea breams - Pagellus acarne

23 Sea breams - P, coupei (= bellotti)
24 Sea breams = Po erythrinus

25 Sea breams - Pagellus spp.

26 Sea breams = Spondyliosoma cantharus
27 .

28 Sea breams unspecified = Sparidae

29 Croaker - Fonticulus elongatus

30 Croaker - Pseudotolithus senegalensis
31 Croaker - P, typus |

32 '

33 Croakers unspecified = Sciaenidae

34 Bigeye grunter ~ Brachydeuterus auritus
35 Grunters — Pomadasys Spp.

36

37 Grunters unspecified = Pomadasydae
38 Jacks - Caranx ronchus, Decapterus punctatus, ...
39 Jack mackerels - Trachurus trachurus, T. trecae
40

41 Jacks unspecified = Carangidae

42 European sardine = Sardina pilchardus
43 Mat sardinella - Sardinella eba

44 Round sardinella - S, aurita

45 Sardinellas unspecified

46 Bonga - BEthmalosa fimbriata

47

48 Clupeids unspecified = Clupeidae

49 Bluefish - Pomatomus saltatrix

50 Chub mackerel = Scomber japonicus

51

52

53
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ANNEX 1 (continued)

TOTAL
54 Cutlassfish - Trichiurus lepturus x
05
56
57 Rays unspecified = Rajidae
58
”9 Pink shrimp =~ Penaeus duararum x
60
61 Shrimps unspecified
62 Crabs unspecified
63 Lobgters wunspecified
64 Squids - Loligo spp.; Ommastirephes spp. b'e
65 Cuttlefishes — Sepia spp. X
66 Octopuses ~ Octopus spp. x
67
68 Cephalopods unspecified
69 Other unspecified species
70
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