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PREPARATION OF THIS DOCUMENT

The first edition of this manual was prepared by the FAO/DANIDA project
"Training in fish stock assessment and fisheries research planning" (GCP/
INT/392/DEN) for use in a series of regional and national training courses
on fish stock assessment organized by the project from 1983 to early 1989,

In 1984 the author Per Sparre, then employed by the Danish Institute of
Fisheries and Marine Research, Charlottenlund, Denmark, was asked to write
this manual on the basis of lecture notes and case studies prepared by the
following team of lecturers engaged in the courses:

Mr. Peder Agger of Roskilde University, Denmark, Dr. Ole Bagge, Dr. Jan
Beyer, Mr. J¢rgen Mgller Christensen, Mr. Poul Degnbol, Mr. Henrik Gisla-
son, Mr. Eskild Kirkegaard, Mr. Hans Lassen, Mr. Niels A. Nielsen, Mr. Per
Sparre and Dr. Erik Ursin of the Danish Institute for Fisheries and Ma-
rine Research, Dr. Daniel Pauly of the International Center for Living
Aquatic Resources Management and Mr. Siebren C. Venema of FAO.

The first edition was printed in July 1985 in Manila, Philippines, and
distributed by the project through the Network of Tropical Fisheries Sci-
entists of ICLARM and training courses.

The demand for copies of the manual turned out to be high and in 1986 an
FAO/DANIDA project evaluation team strongly recommended it to be edited,
reprinted and distributed widely.

In the mean time the project has organized three follow-up courses, where
participants were assisted in preparing a scientific paper based on their
own data sets, respectively in Hirtshals, Denmark (1986), Manila, the
Philippines (1987) and Cochin, India (1987). These courses exposed the
need for an expansion of the manual to cover assessments of migratory
stocks and gear selectivity and the modification of other subjects.

Further a large number of useful comments and suggestions were received
from various users of the first edition in particular the participants and
local staff of the courses organized between 1985 and 1989, Dr. E.L. Olsen
of the University of Papua New Guinea, Dr. S. Garcia, Chief of the Marine
Resources Service, FAO and many others.

Dr. Keith Brander (Fisheries Laboratory, Lowestoft, UK) and Mr. Niek van
Zalinge (FAO, Rome) were engaged by the project to review the manual,
including some of the additions and they also came up with many useful
suggestions and corrections.

Early 1989 it was decided to make a more thorough review of the manual and
to publish it as a FAO Fisheries Technical Paper. Dr. Erik Ursin (consul-
tant) and Siebren C. Venema (project manager) of the FAO/DANIDA project,
undertook this revision in close cooperation with Per Sparre (now Fishery
Resources Officer, Marine Resources Service, FAO, Rome). The figures, of
which the originals were all drawn by Per Sparre, were partly revised and
redrawn by Mr. Oliviero Lidonnici and a new cover was designed by Per
Sparre and Paolo Lastrico (FAO). The references were reviewed by Ms. Glo-
ria Soave and Siebren Venema and last, but not least, the text was com-
pletely retyped and rearranged by Ms. Jane Ugilt (Denmark).

Due to time constraints the text has not been reviewed by an English mo-
ther tongue editor, and we hope that you will forgive us for the occa-
sional odd wording. Translations into French (already partly completed on
the basis of the first edition by the International Center for Ocean Deve-
lopment, Canada), Spanish and Portuguese, are scheduled to appear in the
course of 1990 or early 1991.
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ABSTRACT

A selection of methods on fish stock assessment
is described in detail, with examples of calcu-
lations. Special emphasis is placed on methods
applicable to tropical fisheries, i.e. those
based on the analysis of length-frequencies.
After a short introduction to statistics, it
covers the estimation of growth parameters and
mortality rates, virtual population methods
(including length and age based methods), gear
selectivity, the yield per recruit model of
Beverton and Holt, the estimation of maximum
sustainable yield using surplus production mo-
dels, multispecies and multifleet problems, the
assessment of migratory stocks, a discussion on
the stock/recruitment relationship and the exe-
cution of demersal trawl surveys. The link be-
tween this manual and the Length Frequency Stock
Assessment (LFSA) package of microcomputer pro-
grams is explained. The manual is completed with
an extensive list of references (including mate-

with solutions.

rial for further reading), a list of symbols
used, a subject index and a number of exercises
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LIST OF SYMBOLS USED

A: Mathematical notation (general)

* multiplication sign
/ division
1n natural logarithm (base e = 2.7182818)
log 10 based logarithm
exp exponential function, exp(x) = ex
i=n
L X(i) sum of all values of X(i), for i from 1 to n; the sum
i=1 X(1)+X(2)+...4X(n)
J or \Iﬁ square root
® infinity
/\x delta x, a small increment of the variable x

MAX { X(j) } ‘maximum value among the elements in the set

J { X(3) }» = { X(1),X(2),...X(3),...)

X mean value of x

x(1i,3) i,j indices of x (usually printed as X; j)

n pi = 3.14159

a<b a smaller than b

a>b a greater than b

a =>b a greater than or equal to b |

B. Statistical notation First introduced
Section

linear regression y = a + bx 2.4

a intercept -

b slope -

X independent variable -

Yy dependent variable -

r correlation coefficient -

a' intercept of functional regression 2.5

b' slope of functional regression -

n number of observations 2.1

iz mean value of x 2.1

s variance

s standard deviation 2.1

s/x relative standard deviation or coefficient of variation 2.1

s//n standard error 2.1

t(f) fractile of Student's t-distribution 2.3

£ degrees of freedom 2.3

€ (epsilon) maximum relative error 2.7
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C. Symbols used in formulas for fish stock assessment

a
ASP

F-array

L1-L2
L or Le
<

L!

Lc or L50%
L75% or L75

Lm

X3

Tm 50
T2

ts

swept area (effective path swept by a trawl)
available sum of peaks (ELEFAN) b
constant in length-weight relationship W = qL
biomass

virgin (unexploited) biomass

biomass per recruit

catch in numbers (VPA)

cumulated catch

amplitude (0-1) (ELEFAN)

catch per unit of effort

number of natural deaths (VPA)

deselection, length at which 50% is not caught
interval size of length

fishing effort

exploitation rate (F/Z)

explained sum of peaks (ELEFAN)

fishing effort (also as F)

fishing mortality coefficient or instantaneous rate
(per time unit)

maximum fishing mortality

array of F at age, fishing pattern
separation index

curvature parameter

length

length class

L infinity, asymptotic length

(mean length of very old fish)

some length for which all fish of that length
and larger are under full exploitation
(lower limit of corresponding length interval)
length at which 50% of the fish is retained
by the gear and 50% escape

length at which 75% of the fish is retained
in the gear

optimum length for being caught

= K/Z

natural mortality coefficient or instantaneous
rate of natural mortality or natural mortality
rate (per time unit)

Maximum Sustainable Economic Yield

Maximum Sustainable Yield

number of survivors (VPA)

number of survivors of a cohort attaining age t
number of recruits to the fishery

(phi prime), 1ln K + 2 * 1n L°°

condition factor, constant in length-weight
relationship

catchability coefficient

recruitment N(Tr)

selection curve

logistic curve

selection factor

stock recruitment relationship

time (usually in years)

ambient temperature in °C

age at first capture (start of exploited phase)
longevity (maximum age)

age of massive maturation (50% of population mature)
t-zero, initial condition parameter (in years)
recruitment age

summerpoint (0-1) (ELEFAN)
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winterpoint (0-1) (ELEFAN)

age at which 50% of the fish is retained

in the gear (Thompson and Bell)

1-Lc/L

value ?Thompson and Bell)

Vvirtual Population Analysis

weight infinity, asymptotic weight

(W infinity, mean weight of very old fish)
multiplication factor of F (Thompson and Bell)
yield

yield per recruit

relative yield per recruit

total mortality coefficient instantaneous rate
of total mortality, total mortality rate

(per time unit)

=

« s .

@Oy wnmag o [ N}

NENDWW WOoWwh



PART 1

MANUAL

1 INTRODUCTION

The primary objective of fish stock assessment
The stock concept
Models

1.3.1 Analytical models
1.3.2 Holistic models

Assessment of stocks in tropical waters
Definitions of body length

Age and recruitment

The underlying assumption of random samples
The organization of the manual

Further reading

2 BIOSTATISTICS

2.1
2.2
2.3
2.4
2.5

2.6

2.7

2.8

Mean value and variance

The normal distribution

Confidence limits

Ordinary linear regression analysis

The correlation coefficient and functional regression
Linearizing transformations

Simple random sampling

Stratified random sampling

3 ESTIMATION OF GROWTH PARAMETERS

3.1

3.3

The von Bertalanffy growth equation
3.1.1 Variability and applicability of growth parameters
Input data for the von Bertalanffy growth eqguation

3.2.1 Data from age readings and length measurements
3.2.2 Length composition data (without age compositions)

3.2.2.1 Commercial catches
Estimation of growth parameters from length at age data

3.3.1 The Gulland and Holt plot
3.3.2 The Ford-Walford plot

g
[v}]
o

10
12
13
14
15

19

20
20
23
28
32
37
41
47
51

57
57
61

62

63
67

68
68

68
71




- vi -

3.3.3 The von Bertalanffy plot

3.3.4 The least squares method

3.3.5 The use of age/length keys

3.3.6 The weight converted von Bertalanffy growth
equation

Estimation of age composition from length frequencies
3.4.1 Bhattacharya's method

3.4.1.1 Basis of the computation procedure of
the Bhattacharya method

3.4.1.2 The computation procedure of the
Bhattacharya method

3.4.1.3 More features of the Bhattacharya
analysis

2 Modal progression analysis
.3 The probability paper method and the parabola
method

3.4,
3.4

Computer based length frequency analysis

3.5.1 ELEFAN I

3.5.2 The seasonalized von Bertalanffy growth equation
3.5.3 Maximum likelihood methods

3.5.4 Limitations of length frequency analysis

The use of data on gonadal maturity

Comparison of growth curves, Munro's phi prime

ESTIMATION OF MORTALITY RATES

4.1

4.2

4.3

The concept of a cohort and some basic notation
The dynamics of a cohort

Estimating Z from CPUE data and the concept of the
catchability coefficient

4.3.1 Heincke's method

Estimation of Z from a linearized catch curve

4.4.1 The constant parameter system

4.4.2 The linearized catch equation

4.4.3 The linearized catch curve based on age
composition data

4.4.4 The linearized catch curve based on age
compositions with variable time intervals

4.4.5 The linearized catch curve based on length

compostion data

4.4.6 The cumulated catch curve based on length
composition data. (The Jones and van Zalinge
method)

4.4.7 Summary of the linearized catch curve methods

Beverton and Holt's Z-equations
4.5.1 Beverton and Holt's Z-equation based on length

data
4.5.2 Beverton and Holt's Z-equation based on age data

Page
73
75
75
77
79

84

84
85
97
98
107
109
109
115
115
119

122

122

124
124

126

132
136
137

137
139

141
142
144
148
150
150

153
154



- vii -

4.5.3 Beverton and Holt's Z-equation based on length at

first capture
4.5.4 The Wetherall et al. method

A plot of Z on effort for separate estimates of F and M
Natural mortality
Natural mortality and longevity

4.7.1
4.7.2 Pauly's empirical formula
4.7.3 Rikhter and Efanov's formula

VIRTUAL POPULATION METHODS

Virtual population analysis (VPA)

Age based cohort analysis (Pope's cohort analysis)
A predictive age based model (Thompson and Bell)
Jones' length based cohort analysis

A predictive length based model (Thompson and Bell)

GEAR SELECTIVITY

6.1

Trawl selection

6.1.1 A mathematical model for the selection ogive

6.1.2 Estimation of the selection ogive from a catch
curve

6.1.3 Mesh selection experiments

Estimation of gill net selection
Discussion of selection by other gears
Estimation of selection curves from cohort analysis

Using a selection curve to adjust catch samples

SAMPLING COMMERCIAL CATCHES

7.1
7.2

7.3

An example of data collection
Estimation of total catch in weight

Estimation of total length composition

THE YIELD PER RECRUIT MODEL OF BEVERTON AND HOLT

8.1

The exponential decay model behind the Beverton and
Holt model

Yield per recruit
Biomass per recruit

Beverton and Holt's relative Y/R concept

155
156

158
160
161

162
163

164
164
169
173
179

185

192
192
i95
198
202
204
213
215

215

219
219
221

223
231

233
234
239

241



10

11

12

8.5

- viii -

Yield per recruit from length data

ESTIMATION OF MAXIMUM SUSTAINABLE YIELD USING SURPLUS
PRODUCTION MODELS

The Schaefer model and the Fox model

The assumptions behind the surplus production models
Gulland's empirical formula

Cadima's formula

MSY estimates based on the surplus production model
Validation of MSY-estimates based on empirical formulas
Munro and Thompsons's plot

Standardization of effort

The Deriso/Schnute delay difference model

MULTISPECIES/MULTIFLEET PROBLEMS

10.1

10.2
10.3

10.4

Surplus production models applied to a
multispecies/multifleet system

Biological interaction

Economic interaction

Technical interaction

10.4.1 A yield per recruit model for mixed fisheries
10.4.2 Assessment of mixed fisheries based on length

frequency data
10.4.3 Multifleet mixed fisheries

ASSESSMENT OF MIGRATORY STOCKS

11.1

11.2

11.3

11.4

11.5

11.6

The concept and study of migration
Bias caused by migration
The annual-return matched samples method

11.3.1 Growth parameters estimated by the annual-return
matched samples method

The general matched samples method
Assessment based on tagging data

Estimation of the growth parameters of a migratory stock:
the Atlantic mackerel

THE STOCK/RECRUITMENT RELATIONSHIP

12.1

Classical S/R considerations

243
243
248
249
250
252
253
254
255
259

261

261
263
264
264

264

265
267

271

271
274
280

280
284
286

287

290

293



13

14

15

16

- ix -

Page

12.2 The stability of recruitment 532‘
12.3 Towards modeling recruitment
DEMERSAL TRAWL SURVEYS 297
13.1 The bottom trawl 297
13.2 Planning a demersal trawl survey 298
13.3 Data recording 299
13.4 Deck sampling and catch recording procedures 300
13.5 The swept area 302
13.6 Biomass estimation by the swept area method 303
13.7 Precision of the estimate of biomass 304
13.8 Estimation of maximum sustainable yield 306
LFSA PACKAGE OF MICROCOMPUTER PROGRAMS 307
14.1 Length frequency (LF) programs 307
14.2 Age/length (AL) analysis: estimation of growth parameters

from age/length data 310
14.3 Various other programs 311
REFERENCES 312
SUBJECT INDEX 333




1 INTRODUCTION

There are several excellent textbooks and manuals dealing with fish stock
assessment wherein the theory behind the various models and methods is
well explained, including the mathematical derivation of formulas (see for
example Gulland, 1969 and 1983 and Csirke, 1980a). The problem is that
from such manuals the beginning fishery scientists can usually not derive
the precise instructions needed to perform each analysis. Where experi-
enced scientists are around such instructions can easily be provided on-
the-job and through participation in working group meetings. However,
there are still many countries where such a transfer is not possible. This
manual is in particular intended to assist the beginning fishery scien-
tists. It is an attempt to put down in writing that part of the instruc-
tions that is usually transferred through on-the-job training. It concen-
trates on the application of methods, while less attention is given to
detailed explanations of the theory behind them.

With the help of this manual the fishery scientist should be able to make
a start with data analyses and building up the necessary skills and in-
sight in solving stock assessment problems. After this initial step it
should be easier to access more complex textbooks.

Stock assessment of tropical resources has developed rapidly in the last
decade in particular through the work of Pauly (1979, 1980), saila and
Roedel (1980), Pauly and David (1981), Garcia and Le Reste (1981) and
Munro (1983), but also because of the rapid development of microcomputer
hard- and software. This manual is intended to further contribute to this
development and for that reason emphasis has been placed on those methods
which are particularly useful in tropical areas, while most of the ex-
amples given are based on tropical stocks.

The rapid introduction of special software for fish stock assessment, in
particular that based on length frequency data, such as the packages COM-
PLEAT ELEFAN (Gayanilo, Soriano and Pauly, 1988) and LFSA (Sparre, 1987)
also means that inexperienced fishery scientists may be placed in a posi-
tion where they are using methods and models without fully realising the
limitations of each method. The present manual. should provide the necessa-
ry background knowledge on the methods to the users of the software men-
tioned above, in particular the LFSA package. This does not mean that this
manual is directly related to computers. On the contrary, every method and
exercise can be applied with the help of a good, programmable scientific
pocket calculator. Further details on the use of this manual in training
courses can be found in Venema, Christensen and Pauly (1988a).

1.1 The primary objective of fish stock assessment

The basic purpose of fish stock assessment is to provide advice on the
optimum exploitation of aquatic living resources such as fish and shrimp.
Living resources are limited but renewable, and fish stock assessment may
be described as the search for the exploitation level which in the long
run gives the maximum yield in weight from the fishery.

Fig. 1.1.1 illustrates this basic objective of fish stock assessment. On
the horizontal axis is the fishing effort measured, for example, in number
of boat days fished. On the other axis is the yield, i.e. the landings in
weight. (If the landings consist of different groups of animals, for ex-
ample shrimp, finfish and squid, it may be more appropriate to express
the yield in terms of value). It shows that up to a certain level we gain
by increasing the fishing effort, but after that level the renewal of the
resource (the reproduction and the body growth) cannot keep pace with the
removal caused by fishery, and a further increase in exploitation level
leads to a reduction in vyield.

S




The fishing effort level which in the long term gives the highest yield is
indicated by F(MSY) and the corresponding yield is indicated by "MSY",
which stands for "Maximum Sustainable Yield". The phrase "in the long
term" is used because one may achieve a high yield in one year by suddenly
increasing the effort, but then meager years will follow, because the
resource has been fished down. Normally, we are not aiming at such single
years with maximum yield, but at a fishing strategy which gives the high-
est steady yield year after year.

Avieto
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Fig. 1.1.1 The basic objective of fish stock assessment

1.2 The stock concept

When describing the dynamics of an exploited aquatic resource a fundamen-
tal concept is that of the "stock". By a "stock" we mean a group of orga-
nisms of one "species", having the same "stock parameters", and inhabi-
ting a particular geographical area. The "stock parameters" are indicators
of mortality and physiological features, for example, body growth.

A stock is a subset of a "species", which is generally considered as the
basic taxonomic unit. A prerequisite for the identification of stocks is
the ability to distinguish between different species. Because of the great
number of different, but often similar species observed in tropical fish-
eries their identification can be problematic. The fisheries biologist,
however, must master the technique of species identification if any mea-
ningful fish stock assessment is to come out of the data collected. An aid
to solve problems in species identification is provided by the so-called
"FAO species identification sheets for fisheries purposes", (Fischer,
1978; Fischer and Bianchi, 1984; Fischer, Bianchi and Scott, 1984; Fischer
and Hureau, 1986; Fischer, Schneider and Bauchot, 1987; Fischer and White-
head, 1974) and in the "FAO species catalogues" (Allen, 1985; Colette and
Nauen, 1983; Compagno, 1984 and 1984a;: Holthuis, 1980; Roper, Sweeney and
Nauen, 1984; Whitehead, 1985 and Whitehead, Nelson and Wongratana, 1988).

To the definition given above we can add that "stocks" are discrete groups
of animals which show little mixing with the adjacent groups. One essen-
tial feature is that the population parameters remain constant over the
distribution area of the stock, so that we can operate with the "stock
parameters".



This definition may be too superficial for the taste of many biologists,
and in the following a few more aspects of the stock concept are mention-
ed. A group of animals for which the geographical limits can be defined
and therefore also the fisheries (the fishing fleets) which exploit this
group of fish may be considered "a stock" in terms of fish stock assess-
ment. Such a group of animals should belong to the same race within the
species, i.e. be a group of animals which share a common gene pool. For
species showing little migratory behaviour (mainly demersal species) it is
easier to identify a stock than for highly migratory species, such as
tunas.

Cushing (1968) defines a fish stock as one that has a single spawning
ground to which the adults return year after year. Larkin (1972) defines a
stock as "a population of organisms which, sharing a common gene pool, is
sufficiently discrete to warrant consideration as a self-perpetuating
system which can be managed", while Ihssen et al. (1981) define a stock as
"an intraspecific group of randomly mating individuals with temporal or
spatial integrity".

Perhaps, the most suitable definition in the context of fish stock assess-
ment was given by Gulland (1983) who stated that for fisheries management
purposes the definition of a "unit stock" is an operational matter, i.e. a
group of organisms can be treated as a stock if possible differences with-
in the group and interchanges with other groups can be ignored without
making the conclusions reached invalid.

A definition of the term "stock" acceptable to everyone with an interest
in intraspecific groupings may be unattainable. For reviews of the stock
concept, see Booke (1981), Ihssen et al. (1981) and MacLean and Evans
(1981).

Fish stock assessments should be made for each stock separately. The re-
sults may (or may not) subsequently be pooled into an assessment of a
multispecies fishery. Therefore, the input data must be available for each
species considered. The stock concept is closely related to the concept of
"population parameters", of which the so-called "growth parameters" are
an example. The latter are numerical values in an equation by which we can
predict the body size of a fish when it reaches a certain age. Other popu-
lation parameters are the "mortality coefficients", which reflect the
rate at which the animals die, i.e. the number of deaths per time unit.
The mortality rates considered in this manual are the "fishing mortality",
which- reflects the deaths created by fishing and the "natural mortality",
which accounts for all other causes of death (predation, disease etc.).

An essential characteristic of a stock is that its'population parameters
remain constant throughout its area of distribution. Let us, as an ex-
ample, partition that area into two parts, sub-areas A and B:

Sub-area —— Sub-area
A ——> B

The population parameters must be the same in sub-areas A and B, or in
other words:

1) The animals in sub-area A must have the same body growth rate as
the animals in sub-area B

2) The animals in sub-area A must have the same probability of death
as the animals in sub-area B
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1f, for example, fishing takes place only in sub-area A, it is assumed
that each individual fish in the stock has the same probability of being
encountered in sub-area A and thereby also that it has the same probabili-
ty of being caught. The individuals are supposed to move freely between
the two sub-areas.

In order to determine whether a species forms one or more distinct stocks,
we should examine its spawning areas, population parameters and morpholo-
gical and genetic characteristics. We should also compare the fishing
patterns in various areas and carry out tagging studies. The process is
complicated, and often it is not possible with the knowledge in hand to
determine whether there are several stocks of that species or not. There
are two main reasons for failing to define a stock properly:

1) The full distribution area of the stock is not covered, so that
only a part of the stock is considered, or the opposite

2) Several independent stocks are lumped together, for example be-
cause their areas of distribution overlap

Several countries may exploit the same stock. This is the case for many
migratory stocks, e.g. tunas. It sometimes happens that a country assesses
such a "shared" stock as if it were a national stock only exploited by
that country. On the other hand, a fishery of a single country may exploit
several independent stocks. Coral reef fish stocks may fall in this cate-
gory.
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Fig. 1.2.1 Distributions of stocks related to management problems




