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Foreword 

Fifteen years ago, in Jamaica, I purchased my first electronic calculator, a typewriter-sized 

affair which had four functions and no memory, and it revolutionized my life. The cheapest of the 

modem hand-held calculators do more, for less than one hundredth of the price that I paid in 1979. 

Around the same period, I was using a mainframe computer manned by an army of staff to perform 

yield-per-recruit computations. The reader will find that their hand-held programmable calculators 

will execute such computations in a few seconds, by the touch of a button. 

It is a feature of our times that new hardware becomes outmoded with remarkable speed. 

The reader who purchases this book will find that models of the calculators for which the programs 

were originally written are already difficult to acquire, as they have been replaced by faster and 

more sophisticated models (which will still run the programs presented here). Likewise, program

mable calculators are already being replaced by microcomputers and many readers will wish to trans

late the programs contained in this book into computer languages. 
The scientist working in a sophisticated fisheries laboratory will be aware that many of the 

routines incorpoiated in this book are already available in the memories of the mini- or mainframe 

computers to which they have access and for such individuals, the programs given here will be useful 

for on-the-spot calculations without moving to a terminal. Convenient yes, but not a remarkable 

benefit. However, fisheries scientists, particularly in the developing countries, who are working 

in small, modesily-equipped laboratories, remote from the advanced electronic gadgetry of this 

decade, will find that their lives and working abilities are radically changed by this book because it 

will now be possible to do complex analyses of data in the remotest field station or even at sea, and 

in places without regular power supplies, programmers and systems analysts. 
Doubtless, many disastrously erroneous analyses will emerge when inappropriate or poor 

sample data are used to generate estimates, and the dictum of "garbage in -+garbage out" will more 

frequently be seen in operation--but this will be a small price to pay for the real advances, improved 

scientific output and scientifically-based fisheries management decisions which will emerge as a 

result of the publication of this bock. 
Additionally, ecologists in fields other than fisheries will find that many of the routines given 

here are easily adapted to non-lisheries applications-which will hopefully help to overcome the 

needless dichotomy which has tended to separate fisheries science from the rest of ecology. 

This book is doubly welcome because, while there are numerous texts which give clear instruc

tions on how to collect data, there are remarkably few which give any instructions on how to analyze 

what has been collected. W.E. Ricker's Handbook of Computationsand InterpretationofBiological 

Statisticrof FishPopulationsand John Gulland's Manualof Fish Stock Assessment have been the 

mainstays of fish population dynamics for many years and both are sufficiently intimidating-in 

terms of their mathematics-to have cured many biologists of any inclination to pursue a career in 

the quantitative aspects of fisheries science. In contrast, readers will not fail to be impresssed by the 

lucidity and incisiveness which characterizes this manual and which will rightfully earn Dr. Pauly a 

permmient niche in the annals of fisheries science. 

J.L. Munro 
Manila

March 1984 

xv 



Acknowledgements 

I wish to express my gratitude to John Munro, Saul Saila and Erik Ursin for reading the entire 
draft of this book, and for suggesting various improvements, and to John Gulland and Jorge Csirke, 
who read and proposed changes for several draft chapters. 

Thanks are also due to Lourdes "Deng" Palomares for tracing the program listings by hand, 
and to Aye Pyo for checking the computational examples. 

I would like also to express my most sincere appreciation of the efforts of Per Sparre and John 
Hoenig. Per not only read the entire draft but also checked the derivation of each equation, spotting 
in the process a frighteningly large number of errors and ill-defined notions, and developing en pas
sant two new models that he was kind enough to let me incorporate into Chapter 5 of this book. 
John, on the other hand, accepted the dreary task of checking the galley proofs; his efforts led 
similarly to the identification of a number of errors of the most insidious kind, all of which would 
have been most deleterious; I would have hated to see them in the printed version. 

It must be stressed here that neither he, nor Per, nor the other reviewers agreed entirely with 
the selection of items presented here, or with my interpretation of them. Here, I bear full respon
sibility, as I do with regard to any remaining errors, typographical or other, which readers may spot. 

Daniel Pauly 
Manila 

March 1984 

xvi 



Abstract 

This manual is a selection, from the entire field of fish population dynamics, of methods which 

are applicable to tropical fish and fisheries and can be implemented with the help of programmable 

calculators. 
The methods selected cover the following areas: length-weight relationships, mesh selection, 

growth, mortality, population size estimation by various methods (e.g., tagging, virtual population 

analysis), yield-per-recruit assessments, stock-recruitment relationships, surplu.-yield models, the rate 

of increase of populations and aspects of multispecies stocks and fisheries. 

The program. listing and user instructions of thirty programs for use with HP 67/97 programmable 

are included; the translation of these programs for use with other types of calculators espe
calculators 
cially HP 41 and TI 59 is discussed. Sixty computational examples including complete keystroke se

quences are provided to illustrate the methods presented in the text. These examples are drawn ex.-iu

sively from subtropical and tropical stocks and fisheries. 
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1. How to Use this Manual 

Students of fishery biology in tropical developing countries generally find th-' textbooks 

replete with cod and haddock, salmon and trout. There is not even ore little example pertaining 

say, to the chub mackerels, the scads or the various demersal percoids, although these fish often 

support significant and well-documented fisheries throughout the tropics (Marr 1978). 

A manual, such as the one presented here, cannot alone compensate for this sad state of affairs. 

What this manual will do, however, is demonstrate that: 
i. 	 there are at present enough original publications on tropical fish and fisheries to exemplify 

most aspects of fish population dynamics and stock assessment, 
ii. 	 there is no further need, when investigating tropical stocks, to compare one's results with 

those obtained in temperate areas of the world-"lateral" comparisons, involving several 

similar tropical stocks being generally far more illuminating. 
At th s point, the question might arise as to what fish population dynamics are all about. A 

now classic axiom, formulated by Russel (1931) may be used to answer this question. This axiom 

states that 

B2 = B1 + (R* + G*) - (M* + Y) 	 ...1.1) 

where B1 and B2 are the total weights of the exploited phase of a fish stock (or population) at the 

beginning and end, respectively, of a given time period, while R denotes the recruitment (in weight) 

to the exploited phase, G* the growth of individuals in the exploited phase, M* the biomass of fish 

that died due to natural causes in the exploited phase, and Y the yield or catch (in weight) during the 
population (noaforementioned time period. In other words, the axiom states that in a "closed" 


emigration, no immigration), the primary factors responsible for weight increments to the stock are
 

recruitment and growth, while the factors responsible for weight loss are natural mortality and cap

ture by the fishery (see also Fig. 1.1).
 
Population dynamics now can be simply defined as the quantitative study of the four primary 

factors listed in Russel's axiom. Tropicalfish population dynamics, then, can be more specifically 

defined as the set of methods which can be used quantitatively to interpret data on: 1) stock sizes, 

2) recruitment, 3) growth and 4) natural mortality of tropical fish, such that potential catches can 

be predicted or such that existing fisheries can be knowledgeably managed. 

As will be seen, the dynamics of tropical fish are not very different from those of their tem

perate counterparts, the major differences being: 1) the ranges of sizes are generally smaller, 2) the 

time periods are shorter, 3) the intensity of seasonal phenomena is reduced. 
Accounting for the differences between tropical and temperate systems is therefore basically a 

question of adjusting one's scales, the "trick" with tropical fish being to turn what appears to be a 

liability (i.e., that they operate on scales different from those of temperate fish) into an asset. 

For example, the fact that many dpmersal stocks in tropical waters consist of short-lived 

fish sometimes prevents aging by means of annuli, but allows one to follow the growth and decay 

of a cohort within a period of 12 months. When there are well-defined spawning seasons (as is often 

the case), one can then: 
- determine growth from length-frequency data without encountering many of the problems 

of applying this method to long-lived temperate fishes, 
- estimate the age, in days, of individual fish, 

estimate absolute recruit numbers from the relationship of yield per recruit with the catch,-
and
 
neglect time-lag effects when fitting surplus-production models to catch-and-effort data.
-

Also, the extremely large number of species often encountered in the tropics (especially in 

demersal fisheries), which many authors have generally considered a major problem, may be viewed 

as a beautiful set of replicates from which not only one, but several sets of parameter estimates can 

I
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Fig. 1.1. Factors responsible for size increase and decrease in exploited and unexploited 
stocks (modified after Ricker 1975). 

be obtained, for example, to assess the impact of fishing on a multispecies stock (see Chapter 12). 
The next 10 chapters of this manual deal with single-species stocks, and only the last chapter 

deals explicitly with multispecies problems. This 10 to 1 ratio should not conceal the fact that most 
tropical stocks are part of a multispecies community, and that the other species inevitably affect the 
dynamics of the stocks under investigation. Chapter '2 is, therefore, very important. 

The thirty programs presented here are all original, although a few of them are built around, or 
incorporate routines written by other authors; the latLer are acknowledged in the program descrip
tions (Appendix II). 

The astute reader will note that many, if not all of the programs presented here could be 
written more elegantly, shortened or otherwise improved. It is only after writing these programs 
that the author came across such excellent books on calculator programming as Smith (1977), 
Ball (1978) and Green and Lewis (1979). 

Statistical problems perse are given little emphasis in this book, for two reasons. First, fish 
population dynamics, despite recent improvements, are still mainly based on deterministic models 
(i.e., on models which assume the input data are known perfectly, and which thus ignore the sto
chastic nature of the inputs). Second, statistics are best learnt from texts explicitly devoted to that 
subject. Such texts as Draper and Smith (1966), Snedecor and Cochran (1967), Gomez and Gomez 
(1976), Weber (1980) or Sokal and Rohlf (1981), include both the theoretical background to some 
of the approaches used for the programs presented here and methods by which these sometimes 
crude approaches could be refined. 
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Some possible improvements and refinements are as follows: 
the use of model II instead of model I regressions (or "GM" instead of "AM" regressions) in -
a number of cases where the former might be more appropriate (Ricker 1973; Laws and 

Archie 1981),
 
the correction of bias in cases where certain parameters are estimated via linear regression by
-
taking the inverse of the variables, 

- the correction of bias where a parameter is derived by taking the mitilog of a regression 

intercept (Sprugel 1983), 
- the computation of the standard error of parameter estimates where such routines are 

missing. 
Chatterjee and Price (1977) should be consulted for simple methods to deal with these biases, 

as well as for a detailed account of residual analysis, a method that is extremely useful whenever 

regression analysis is applied. 
Several programs included in this manual provide approximate estimates of standard error 

(s.e.) for a number of statistics. These were obta'ned from the squaie root of the variance in those 

cases where an equation was readily available whizh gave the variance of a given statistic, on the 

assumption that the statistic in question has a normal distribution. 
When equations for the estimation of the variance of a given statistic are missing, approximate 

values of the standard errors can be obtained using the "jackknife" method of Tukey (1977), which 

is presented in Appendix I. 
Confidence intervals are computed by multiplying the "t-statistic" by the standard error. When 

a large number of degrees of freedom are available, the confidence intervals of a given statistic, A, are 

thus computed from: 

A ± 1.96 . s.e.(A) = 95% confidence interval of A ... 1.2) 

or 

A ± 2.58 s.e.(A) = 99% confidence interval of A ... 1.3) 

For low numbers of degrees of freedom (d.f. t., 50), table values of the t-statistic must be used. 

It is recalled here, finally, that the term "standard error" is used for the square root of the 

variance of a given statistic,while the term "standard deviation" is used for the square root of the 

variance of a set of values of a given variable (see Sokal and Rohlf 1981). 

Two types of readers will make use of this manual: those who "believe" in fish population 

dynamics, and in whatever comes out of a computer (or calculator), and those who don't. 

For the latter, little instruction is needed since they already will know how to deal with the 

contents of this book. The "believer" readers are likely to be students or unfortunate colleagues 

who might think that given the equations in this book, and the programs to solve them, all they have 

to do is press the appropriate buttons of their calculator. Clearly, this would be a recipe for disaster. 

Fish population dynamics are at present in a state of flux and virtually all of the assumptions, 

approaches aid methods presented here have been challenged at least once by highly competent 

scientists. Furthermcre, the application of many of these methods to tropical stocks is rather new, 

and their overall applicability to all stocks in many cases still needs to be confirmed, especially the 

new methods presented in this manual. 
To give a "feel" of this, several equally legitimate methods and/or equations are usually pre

sented to solve a given problem; these methods generally give somewhat different results, for reasons 

that are not obvious in the majority of cases. This will help the "believers" appreciate that nothing 

can replace one's own thorough knowledge of the various aspects of a given problem. Also, it is 
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imperative when using any of the methods and approaches presented herein to read the original
literature;references are given throughout the text and in a special "recommended reading" section 
in each of the following chapters. 

The methods presented in this book are illustrated by at least one example, based in all cases 
on data obtained in the tropics or subtropics (Fig. 1.2). Altogether, 60 examples are provided. All 
include a full keystroke sequence for HP 67/97 calculators and results, to which a brief Zomment 
has generally been added. These examples can also be used for testing the programs numbered FB 1 
to FB 30 after they have been entered from the listings in Appendix II, into a calculator. The 
examples can be easily located in the colored pages at the end of Chapters 2-12. Holders for 30 HP 
67/97 (and HP 41C) program cards are provided at the end of this book. 

Tropicof Coricr r" 

Fig. 1.2. Geographic distribution of examples used in this book, ahowing that most examples are drawn from the 
intertropical belt. 

The user should follow the procedures below when using this manual and the programs it 
contains: 

1) always read the original literature on the models and approaches presented here, 
2) use (whenever possible) several methods to estimate the value of a given parameter and try 

to identify the sources of the differences in the estimates when such differences occur, 
3) estimate standard errors, using the jackknife where appropriate, and perform sensitivity 

analyses (see Appendix I), 
4) always check whether the results obtained make biological sense, 
5) try to identify possible sources of biases in the model used here and attempt to improve 

Programs FB 1 to FB 30, 
6) consider that more rigorous methods for estimating certain parameters are possible, and 
7) do not blame the author for the nonsensical results that may result from thoughtless ap

plications of the methods and programs given here. 



2. Length-Weight Relationships 

INTRODUCTION 

The relationship between the length (L) and the weight (W) of fish can generally be expressed 

by tho equation: 

= ... 2.1)W a- Lb 

where a is a factor discussed below and the exponent b lies between 2.5 and 3.5, usually close to 3. 

Carlander (1969, 1977) has demonstrated from an extraordinarily large number of length-weight 

data, stemming from a wide variety of fishes, that valurs of b < 2.5 or b > 3.5 are generally based 

on a very small range of sizes and/or that such values of 5 are most likE ly to be erroneous. When b = 3, 

weight growth is called isometric, meaning that it pro.eeds in the "same" dimension as the cube of 

3, weight growth is allornetric. meaning that it proceeds in a "different" dimenlength. When b * 
sion (differing from L3 ). Allometric growth can be ei4her positive (b > 3) or negative (b < 3). Another 

way of relating length and weight is to define a cordition factor (c.f.) such that 

... 2.2)c.f. = W -. OO/L 3 

When weight growth is isometric (b = 3), we also have 

... 2.3)c.f./100 = a 

where a is the multiplicative factor in equation (2.1). The reason for the multiplication by 100 in 

equation (2.2), it may be mentioned, is to bring the value of the condition factor of fishes with a 
"normal" shape close to unity when grams are used to express the weight, and centimeters to 

express the length. It must be emphasized, however, that the c.f. in a given fish species or stock can 

be compared to that of another species or stock only if the same units and definitions have been 

used (e.g., total length in cm and live or ungutted weight in g). The units and definitions must 

always be stated. 
In addition many factors, such as sex, time of year, stage of maturity, stomach contents and 

others influence the numerical magnitude of the condition factor. Comparisons should only be 

made when these factors are roughly equivalent among samples to be compared. 

The values of a in equation (2.1), on the other hand, cannot be used for interspecies or inter

stock comparisons, even when the same units and definitions are used, unless the values of b are 

exactly the same. The values of b, finally, are not affected by the units or definitions used. 

PARAMETER ESTIMATION 

The values of a and b in equation (2.1) are estimated in Program FB 1 by m9ans of a "linear

ized" form of that equation, namely
 

= ... 2.4)logW log a + b • log L 

that is by taking (base 10) logarithms on both sides and by estimating the values of log a and of b 

by means of a linear regression. 
This procedure of using ordinary least-square regression to estimate a and b only approximate 

s of the standard errors that are not very reliable; alternathese parameters, and results in estimat 
tive procedures, e.g., the use of non-linear least-squares estimations should be considered where 

possible. 

5 
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Progam FB 1 also calculates single values of c.f. when L/W data nze entered, computes an indi
vidual or mean c.f. value after one or several pairs of L/W values have been entered and estimates L 
from W and/or W from L when values of a and b, or an estimate of the condition factor are available. 

When expression (2.4) is fitted to data, the coefficient of determination (r2 . is also estimated 
by program FB1. This coefficient has the value of the correlation coefficient squared, and is used in 
all those programs that are presented here in which an estimator of the goodness of fit is given. It 
has the advantage over the correlation coefficient that it exprenses directly the proportion of the 
variance that is "explained" by the regression (e.g., of log W on log L). For example, r 2 = 0.92 
means that 92%of the variance in a set of values is accounted for, or explained, by a regression, 
while 100 - 92 = 8% remains "unexplained", that is, must be attributed to other cause(s), e.g., to 
-randomvariability. 

As will be seen in the following chapters, a number of models (= equations) used in fish popula
tion dynamics assume that the exponent of the length-weight relationship is equal to 3. Also some 
models can be considerably simplified when this exponent is actually equal to 3. For these reasons, 
Program FB I incorporates a routine which calculates the value of I that can be used to test whether 
a value of b calculated by this program is significantly different from 3. The equation used to com
pute the t-statistic is 

2sd. " 1 .'n- ... 2.5) 

where s.d.(x) is the standard deviation of the log L values, and s.d.(V) the standard deviation of the 
lo W values, n being the number of fish used in the computation. The value of b is different from 3 
if t is greater than the tabled value of t for n - 2 d.f. (see Example 2.1). 

Table 2.1 presents data which can be used for establhshing a length-weight relationship (see also 
Example 2.1). 

Table 2.1. Data for establishing a length.weight relationship for the threadfin bream (Nemipterus 
marginatus)from the southern tip of the South China Sea (live weight in g). 

# TL (cm) W (g) # TL (cm) W (g) 

1 8.1 6.3 9 16.6 65.5 
2 9.1 9.6 10 17.7 69.4 
3 10.2 11.6 11 18.7 76.4 
4 11.9 18.5 12 19.0 82.5 
5 12.2 26.2 13 20.6 106.6 
6 13.8 36.1 14 21.9 113.8 
7 14.8 40.1 15 22.9 1139.8 
8 15.7 47.3 16 23.5 1'3.3 

When large numbers of fish have been measured, entering the L/W data pairs can become quite 
tedious. In such cases, a common practice is to arrange the data by length groups, and to calculate 
the mean weight for each length class. The data should then look as in Table 2.2. 

Using Program FB 1, the length-weight relationship and/or the mean condition factor may be 
calculated with the 1./W data pairs having been "weighted" by the sample size. Example 2.2 shows 
how the data of Table 2.2 may be used in this context. Example 2.3, finally, shows how a single 
data pair (one value each of L and W) can be used to obtain a preliminary estimate of c.f. 
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140 	 Fig. 2.1. Length-weight relationship for the 

threadfin bream (Nemipterus marginatus) from 
the South China Sea (based on data In Table 

120 
L3 0 58 2.1 and Example 2.1).W 0.0107 
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Table 2.2. Data for establishing the length-weight relationship of Leiognathussplendens from the 

Eastern Java Sea (total length in cm, live weight in g). 

# 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
-

14 
-

15 
16 
17 

Class limits 
low high 

6.00-6.49 
6.50-6.99 
7.00-7.49 
7.50.7.99 
8.00-8.49 
8.50-8.99 
9.00-9.49 
9.50-9.99 

10.00.10.49 
10.50-10.99 
11.00-11.49 
11.50.11.99 
12.00-12.49 
12.50-12.99 
13.00-13.49 
13.50-13.99 
14.00-14.49 
14.50-14.99 
15.00.15.49 

Class 
midlength 

6.25 
6.75 
7.25 
7.75 
8.25 
8.75 
9.25 
9.75 

10.25 
10.75 
11.25 
11.75 
12.25 
12.75 
13.25 
13.75 
14.25 
14.75 
15.25 

Mean 
weight 

5.28 
4.07 
6.91 
8.46 

10.15 
11.88 
13.77 
17.13 
19.29 
22.57 
25.54 
28.66 
34.02 
-

46.73 
-

55.91 
65.63 
61.72 

n 

1 
1 

11 
26 
26 
23 
16 
2 
7 
9 
7 
J 
7 
0 
1 
0 
1 
1 
1 

Recommended reading: The following papers and books contain useful reviews of aspects of 

the length-weight relationships of fish: Kesteven (1947), Le Cren (1951), Carlander (1969, 1977), 

Weatherley (1972), Ricker (1973, 1975), Balon (1974). 

Suggested research topics: Estimating a and b in various commercially exploited fish stocks, 

plotting c.f. values of adults of similar sizes against month of the year to detect changes due to 

spawning, and comparing the c.f. values of fishes of similar sizes, both parasitized and unparasitized. 

http:15.00.15.49
http:14.50-14.99
http:14.00-14.49
http:13.50-13.99
http:13.00-13.49
http:12.50-12.99
http:12.00-12.49
http:11.50.11.99
http:11.00-11.49
http:10.50-10.99
http:10.00.10.49
http:9.50-9.99
http:9.00-9.49
http:8.50-8.99
http:8.00-8.49
http:7.50.7.99
http:7.00-7.49
http:6.50-6.99
http:6.00-6.49
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EXAMPLE 2.1 
Computation of a length-weight relationship in Nemip)it'rus marginatus. 

Data fronlTable 2.1 

Coilpu tations 

1) Read si(hes I and 2 )f Program FB 1. Th,, display should show: O.000. 

2) K(-vstroke . 

f a 8.1 1 6.3 A 9.1 1 9.6 A 10.2 111.6 A 11.9 18.5 A 12.2 t 26.2 A 13.8 t36.1 A 
1.1.8 l.L.l A 15.7 T17.3 A 16.6 G05.5 A 17.7 169.1 A 18.7 1 76.,4 A 19.0 1 82.5 A 
20.0G 106)(; A 21.9 119.8 A 22.9 1109.8 A 23.5 1 173.3 A 

3) Calculate r a and b 

Keystrokes Results 

E 	 0.993 (r2 
0.010674... (a) 
3.058 (b) 
0.821 It6 

Tables of the t-distribution 0e.g., Table Q in Rohlf and Sokal 19691 ive for II degrees of
 
freedom (n 21 a critical value of t (1fr 1)- 0.01) equal to 2.977. lhmevv 1h(. valh of b
 
calculated wre 1.058) does not significantly differ from 3.
 

1) Thus, oe call recalculaii th length-weight r(lationship using 3 as the expollt lit, and 
(f. 100 ii, the inew value of a, or 

Keystrokes Results 

C 1.251 (c.f.) 
100 ().013 
)SPI .1  0.1125 (new aI 

and the new length-weight relationship is W : 0.0125 L'. 



Computation of a length-weight relationship in Leiognathus splendens (data 

weighted by sample size). 

Data from Table 2.2 

Computations 

1) Read sides 1 and 2 of Program FB 1. 

2) Keystrokes 

fa 6.25 t5.28 f 1 B 6.75 t4.07 1 B 7.25 16.91 t 11 B 7.75 18.46 t26 B 8.25 t 
10.15 T 26 B 8.75 1 11.88 t 23 B 9.25 1 13.77 1 16 B 9.75 1 17.13 t 2 B 10.25 1 
19.29 1 7 B 10.75 1 22.57 t 9 B 11.25 1 25.54 1 7 B 11.75 1 28.66 1 3 B 12.25 1 
34.02 t 7 B 13.25 1 46.73 t 1 B 14.25 t 55.91 t 1 B 14.75 1 65.63 1 1 B 15.25 
161.72T1 B 

3) Calculate r2 , a and b 

Keystrokes Results 

E 0.995 
0.01680... 
3.031 
1.683 

(r 2 ) 
(a) 
(b) 
(Z) 

4) Calculate the mean condition factor C 1.799 (F.f.) 

5) To estimatt weight for length, enter the length, and press D (or fc). 

6) To estimate -,ngthfor weight, enter the weight, and press fd (or fe). 

EXAMPLE 	 Calculating the condition factor in a stock of fish when only one length-weight 

data pair is available. 

Prabhu (1952) gives for the Indian Wolf-herring (Chirocentrusdorab) a weight if 800 g for 
a length of 56 cm (LF). 	What is the condition factor? 

Computation 

1) Read sides 1 and 2 of Program FB 1. 

2) Keystrokes 

fa56 t800A 

Keystrokes Results 

3) Calculate the condition factor (c.f.) C 0.456 (c.f.) 

4) Calculate the weight corresponding to 20 cm (FL): 20 fc 36.443 (W) 

5) Calculate the length (FL) corresponding to 500 g: 500 fe 47.879 (L) 

Obviously, a c.f. value obtained from only one fish is not too reliable; the method, thus 
should be used only when comprehensive data are not available. Incidentally: is C. dorab 

a slender fish? 



3. Mesh Selection 

INTRODUCTION
 

Generally, fishing gears, whether used by fishermen or by a fishery biologist are "selective" i.e., 
they catch fish only within a certain range of sizes. Thus, if one wishes to know the true size structure 
of a fish population (e.g., to assess whether there has been a reduction of mean size over a period of 
time) it is necessary to account for the effect of selection. 

This can be achieved by assessing, for each size class of fish sampled, the probability of capture 

by the gear in question, then dividing, for each length class, the numbers actually caught by the prob

ability of capture. 
Two methods are presented below to estimate the probability of capture (=fraction retained) 

of different size groups of fish caught by fishing gears. The first of these methods pertains to trawl 
selection, the second is a simple method applied to gillnets (but also applicable to fishing hooks and 
some other gears). 

TRAWL MESH SELECTION 

The selectivity of trawl meshes is generally determined through trawl selection experiments. 
Such experiments consist of covering the cod end whose selectivity is to be assessed with a fine-mesh 
cover. After fishing, in each length group, a certain fraction of the total number of fish caught will 
be retained in the cod end, and this fraction (the probability of capture) will ten( to increase with 
increasing fish length (Table 3.1). 

From such data, the probability of capture can be obtained from a plot of the fractions re
tained against the corresponding length. A smooth curve can then be drawn (e.g., by eye) from 
which the probability of capture can be read for each length class (Fig. 3.1). 

Table 3.1. Trawl selection data for Leiognathus equulus obtained with 7.8-cir meshed nets in 
Mombasa Harbour, Kenya.a 

Fishes Fishes P = fishes in cod end 
Lower class in cover in cod end Total as fraction of total 
limit (cm) (No.) (No.) fish caught (= fraction retainaed) 

8- Lmin 4 0 4 0.000 
9 35 2 37 0.054 

10 198 22 220 0.100 
11 170 56 226 0.248 
12 76 42 118 0.356 
13 45 34 79 0.430 
14 25 19 44 0.432 
15 7 21 28 0.750 
16 0 12 12 1.000 
17 1 3 4 0.750 
18 0 5 5 1.000 
19 0 5 5 1.000 
20 0 3 3 1.000 
21 0 1 1 1.000 
22 0 1 1 1.000 
23- Ln 0 1 1 1.000 
24 - L.a. - - - YP1 -10.120 

aBased on selection experiments conducted during the FAO/DANIDA Trsining Course on the 

Methodology of Fisheries Sciences (Biology), held in Mombasa, Kenya, 19 May-14 June 1980. 
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Several of the models discussed in the following chapters of this manual require estimates of 
the mean size at first capture, that is the length at which 50%of the fish entering a trawl net are 
retained by the gear (Lc). 

The parameter Lc is particularly interesting in that it is the length at which the numbers of 
smaller fish caught retained by the cod end compensate for the number of larger fish not yet re
tained by the cod end (see shaded areas in Fig. 3.1). 

While Lc can be estimated graphically, a more precise method is to order the catch data as in 
Table 3.1 and to estimate Lc from 

Lc = Ln + 1 -... 3.1) 

where Ln is the lower limit of the highest length class considered (when this equation is used the fish 
must be grouped in classes of width equal to unity, e.g., 1 cm), while Zp is the sum of the fractions 
retained, as shown in Table 3.1 (see also Example 3.1).

Another method to estimate Lc is to fit the retention data with a logistic curve of the form 

P = 1/(1+erm (LLc)) . .. 3.2) 

where P is the probability of capture, L the midpoint of a length closs and rm is a constant whose 
value increases with the steepness of the selection curve; both equations (3.1) and (3.2) assume the 
selection curve to be symmetrical or nearly so. 

A program is provided bere (FB 29) which can be used to fit a logistic curve to data obtained 
by a trawl selection experiment (Example 3.2). However, this approach gives best results when the 
selection curve is symmetrical about the Lc value, and it is thus necessary to first plot the data to 
check if the requirement for symmetry is at least reasonably met (see Example 3.2 and Fig. 3.1). 

In general, Lc can be considered proportional to the mesh size of the cod-end meshes; the pro
portionality constant is called the selection factor (S.F.). When known, it can be used to estimate 
Lc from the relationship 

Lc = S.F. x mesh size ... 3.3) 

It has been demonstrated by several authors that the selection factor of fishes is generally related to 
their overall shape, i.e., slender fishes have high selection factors while bulky fishes have low selection 
factors. This property has been used by the author to derive a nomogram (Fig. 3.2), based on a 
large number of published results of selection experimeilts, and which can be used to estimate 
approximate values of selection factors of fishes, given their "girth factor" (maximum girth/total 
length) or their "depth ratio" (standard length/maximum body depth). (See Table 3.2 and Example 
3.3). 

GILLNET SELECTION 

Whereas trawl selection is essentially a one-sided affair (with only smaller fish having a reduced 
probability of capture), gillnets tend to select negatively both small and large fish. The former simply 
go through the mesh without getting caught, while the latter are too big to insert themselves into a 
mesh. Thus, when the fish are actually "gilled" (that is caught with their head in the mesh, with the 
net's twine retaining the fish by their operculum I, the resulting selection curve has the shape of a 
normal distribution, and the length at optimum efficiency (optimum length) will be proportional to 
mesh size. The selection curve of gillnets can be estimated, when the fish are "gilled" as described 
above, by using two gillnets of different mesh sizes, if the following applies: 

- both selection curves are normally distributed, 
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Table 3.2. Morphometric data for Leiognathusequulus for rapid estimation of mean length at first 
capture (Le).a 

Total length Standard length Maximum girth Maximum body depth 
(cm) (cm) (cm) 	 (cm) 

10.2 8.2 9.9 	 4.5 
10.5 8.6 10.6 	 5.0 
11.3 9.0 11.1 	 4.8 

6.314.0 11.5 	 14.2 
14.3 11.8 14.0 	 6.1 
14.4 11.8 13.7 	 6.0 

7.616.4 13.2 	 16.3 
16.7 13.2 16.5 	 7.4 

8.418.4 14.2 	 18.3 
10.522.1 17.8 22.8 

Z 148.3 120.0 147.4 66.6 
6.6614.83 12.00 	 14.74 

aBased on samples from Mombasa Harbour, obtained during the FAO/DANIDA Training Course 

on the Methodology of Fisheries Sciences (Biology), held in Mombasa, Kenya, 19 May-14 June 

1980. 

- th, two selection curves have the same standard deviation,
 

- optimum length is proportional to mesh size,
 
- the two nets have overlapping selection ranges.
 

In such cases, given catches obtained by the smaller mesh of size A and the larger mesh of size B, the 

optimum length corresponding to A (LA) and th optimum length corresponding to B (LB) can be 

estimated from the catch by length class of each mesh (CA, C B ) through a linear regression of the 
form y = a + bx, where 

y = In 	 CBB- ... 3.4)
GA 

x = L (class midpoint) 	 ... 3.5) 

The ratio CA / C B is called the catch ratio. 
The intercept and slope of this regression can then be used to estimate the optimum lengths from 

LA....-2a. A	 3.6)
LA b (A + B) 

and 

-B-2a B ... 3.7) 
b (A + B) 

while the standard deviation of both selection curves is estimated from 

s.d. 	 2a (A - B) . 3.8) 
b 2 (A + B) 
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Once LA, LB and s.d. have been estimated, the probability of capture (P) at a given length (L) is 
given for mesh A b3 

(L - LA) 2 

=PA exp ( -2 - ... 3.9)2 s.d.2 

and for mesh B by 

(L - LB) 2 

PB = exp (- ) . . 3.10) 
2 s.d.2 

The derivation of these equations may be found in Gulland (1969, p. 90-92); this method was 
proposed by Holt (1963) on the basis of pioneering work by Baranov (1914). 

Although the method gives reasonable results in the case of the example provided here (Exam
ple 3.4, Table 3.3, Figs. 3.3 and 3.4), various authors have shown that gillnet selection curves fre
quently have shapes other than normal (= bell-shaped). This applies especially to large, spiny fishes, 
which, in addition to being gilled often entangle themselves, which results in asymmetrical selection 
curves. In such cases, it may be necessary to use more elaborate methods to estimate the selectivity 
of the net(s) under investigation, e.g., those of Gulland and Harding (1961), or Hamley (1975). 

'When the selection curves for a given fish species are only slightly asymmetrical and drawn to 
the right, it is still possible to apply the Baranov/Holt method outlined above using the logarithm 

Table 3.3. Catch by length of two gillnets to estimate their selection for Tilapia esculenta in Lake 
Victoria. Simplified from Table 1 in Garrod (1961). 

Midpoint of 
length grout Mesh sizes (cm) 

(in cm) 8.1 9. 1 a 

18.5 7 - not used, no catch with 9.1-cm meshes 
19.5 90 1 
20.5 199 9 
21.5 182 53 used, n = 5 
22.5 119 290 
23.5 29 357 
24.5 17 225 
25.5 3 82 not used, see Fig. 3.3 
26.5 
27.5 

-
-

19 
10 j not used, no catch with 8.1-cm meshes 

aNote that, when comparing two nets, only those lengths can be used for which there are non

zero catch data on both sides. 

of the lengths (and of the mesh sizes) instead of the lengths (and mesh sizes) in all computations. 
This approach is illustrated in Example 3.5, which is based on the data pertaining to Tilapia gali
laea caught in Volta Lake, Ghana (Table 3.4). As might be seen in Fig. 3.5A, the plot of the natural 
logarithm of catch ratio against length is not linear (thus suggesting that the simple Baranov/Holt 
model is inapproprice). The plot of the natural logarithm of catch ratio against that of length 
(Fig. 3.5B) is linear however, and provides parameters from which asymmetrical selection curves can 
be drawn (Fig. 3.6). 
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Fig. 3.3. Logarithm of catch ratios plotted for length in Tilapia esculenta 
caught with gillnets of two different mesh sizes (based on data in Table 3.3 
and Example 3.4). (Note that one could also argue that the logarithmic 
model in Fig. 3.5 would fit the data better than the simpler model used 
here.) 

Net A Net B 

mesh size MA =8.1 cm mesh size MB =9.1cm 
1.00 

0.75 
C0
 

" 0.50 
4

o00.25

15 16 I 18 19 20 21 22 23 24 25 26 27 28 29 30 

Total length of Tilapia esculenta (cm) 

Fig. 3.4. Selection curves fco Tilapia esculenta caught with gillnets of two different 
mesh sizes (based on Example 3.4). 
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ig. 3.5. Plot of natural logarithms of catch ratios against length (A) and In length (B) to show effect of logarithmic 
transformation oL"length. Based on data of Table 3.4. Note non-linearity of relationship A (dotted line drawn by eye); 
see also Example 3.5 and text. 

A B 

1.00 

M 0.75 
.4
0L 

0.50 

o 0.25 
0 

15 20 25 30 35 

Length (cm) 

Fig. 3.6. Selection curve of Tilapiagalilaea caught with gillnets of two r.iesh sizes (A = 7.6 cm, B = 10.2 cm). Based 
on data in Table 3.4 and Example 3.5. 
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Table 3.4. Catch by length of two gillnets for estimation of their selection fo7- Tilapia galilaea in 
Volta Lake, Ghana.a 

Midpoint Mesh sizes (cm) Probability of capture 
of length 7.6 10.2 at mesh sizes 

class (cm)b No. of fish caught 7.6 cm 10.2 cm 

17.5 75 1 0.803 0.016 
19.5 95 7 0.994 0.068 
21.5 36 15 0.929 0.190 
23.5 14 6 0.705 0.391 
25.5 5 10 0.457 0.633 

2 4 0.262 0.84927.5 

aData read off Fig. 1 in Lelek and Wuddah (1969), including only those lengths for which both 

meh sizes had non-zero catches.
 
0 Data regrouped in 2-cm classes to reduce number of classes with zero catches.
 

USING A SELECTION CURVE 
TO ADJUST CATCH SAMPLES 

Conducting and interpreting selection experiments, e.g., with the models proposed above, re

present only half of the work that must be done to obtain catch samples that are representative 
curvesof a given fish population. The other half of the work, obviously, is to use the selection 

obtained to adjust the available samples. Such adjustment is done by simply dividing the number of 

fish caught, for each length class, by the probability of capture of that length class, i.e., using the 

relationship 

true relative abundance = relative abundance in sample 3.11) 
in the population probability of capture 

Fig. 3.7 shows, as an example, the catch sample of Tiapia galilaeain Table 3.4 (7.6-cm meshes) and 

the computed true (relative) abundances in the population. 

40 

C.2 Original sample 

0 ' 30 

E
0.
o0

1; Aduteoaml 
o10 

1A7.-5 1 9 5 2 1.5 23.5 25. 5 27.5 

Length (cm) 

Fig. 3.7. Difference between a gillnet sample and the same sample, adjusted for mesh selection 
(based on data of Table 3.4, 7.6-cm meshes and Example 3.5). The difference between the two 
samples is relatively small in this example, but can be quite dramatic when large ranges of sizes are 
represented in the catch. 
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Recommended reading: Mesh selection for both trawl and gillnets is discussed in Gulland 
(1969, p. 84-95) who derives the various equations presented in this chapter. For trawl selection, 
further details may be found in Beverton and Holt (1957, p. 221-233) and Pope et al. (1975), while 
McCombie and Fry (1960), Gulland and Harding (1961) and Hamley (1975) describe methods for 
assessing the selectivity of gillnets when the assumptions of the models presented above are not met, 
e.g., when the selection curves are strongly asymmetrical. 

It is extremely important for fishery biologists to have a good knowledge of the gears used in a 
given fishery, and of the properties of such gears. Brandt (1972) and Baranov (1976) may be con
sulted for gear descriptions and the study of gear properties, respectively. 

Passive gears, such as traps, longlines, gillnets, etc. tend to interfere with each other and to 
become saturated. These and related problems are reviewed in Munro (1974) and Eggers et al. 
(1982). 

Suggested research topics: Estimate selection ogives, L., and selection factors of important 
commercial species. In multispecies fisheries, use the knowledge gained in the fashion of Sinoda et 
al. (1979). 
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selection factor ofEXAMAPLE 3.1 Estimation of tile mean length at first capture (L) and 

by means of a trawl selection experimntr.l.ciognathm.s c(/ iiu,s 

Iul i~m 'ai, 8.1 

('omIpuI atioIllI 

1I iad slhes I ald 2 of Program F13 2
 

2) Kevt rokes
 

22A 170 156A 76 1 12A.5 1 34A 25 19A 7Sf a I IOA35 1 2A 198 
3A 0 1A 0 T1A0 1 1A21. ( 12A I1 3A 0 5A0 5A 0 

Keystrokes Results 

1:3.88 1L,):3)Calculate LC f 

1)(ahulhte thi slection factor IS. F.) 7.88 

e., div,' I Ii'Il(i-m /"hv ' d): '1.7) S. . 

i estillat S.F.. alo)applied It) L ioIIalitUs cq tilt.. 
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EXAMPLE 3.2 
Fitting the logistic curve toi trawl selectioni data. 

Data fru Tahi 3. I hut note that nidiuis are used instead of the lower class limits) 

1 fIvtI >ide I l tlroitrmin FB 2) 

2) lVt r es 

1 fa.. t1.5 A.1 t 10.5A.2.18 1 11.5A.356 t 12.5A..13 I 13.5 A.132 1 
11.5 A .75 1 15.5 :\
 
note that inidhlngh alv, 15.5 were skipped: see helow)
 

) H"stnah, goiditiss if fit aid I,, 

IKexislroke Izesulh; 

F 0.938 (r2) 
0.501 Ir 

1..002 (Y 

1) T(' drav curve' as in Fig. 3.2 enter class nidpoint, and oWtain fraction retained, as follows 

Keystrokes 1esul is 

.5 C (1.1021 (frac. retainid) 
8.5 ( 1.037 (frac. retaine(dj 
vtc. 

and 11.002 C 0.50) (a; 1xl.p1'etdI 

, D)tivide L, ly the mesh size used (her 7.18 nin lltinale the seclin factor. 

Kevstrokeis Results 

1	1.)02 
7.SS : 1.777 S.1'., 

Thle vIu of 1,. ohtaiined here t1.1 cm) is ver, chiti, (IIhl, vaHowomtaind earlir (113.9 i). 
I-Iowever, tis was achieved hy minilting all value asmciated with lengths higlher han 15.5 
cm. Tihis stil ) was necessary because tie prorlit uwd hen s allow fop tttry (ofM4otg Wl 
1.0(0 as a fraction retained. [he selective rvlin al Ca ll sint' lhcs. om fth (oilierhand, v'ld 
cause a bias in the cumv estinatim. Ihis, t h;0 sllii lore wa1 to) nil all Ilngths front 
the firsi which co uldn't hi enlirekd. A, ;I.' ,i w. Hit reiutii,, curvei a rid fit 
to the data. 

http:10.5A.2.18
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8.81 	 Estimation of the selection factor of Leiognathus equulus by means of mor

(Fig. 3.2).Fhometric data and a nomogram 

Data from Table 3.2 

1) Calculate the "girth factor" (maximum girth/total length) 
Keystrokes: 14.74 t 14.83 
girth factor - 0.99 

2) Calculate the "depth ratio" (standard length/maximum body depth) 
Keystrokes: 12 t6.66 " 
depth ratio - 1.80 

factor" and "depth ratio" to estimate two values of S.F. via3) Use the calculated "girth 
estimate of S.F. of : 1.8 which comthe nomoeram in Fig. 3.2. This results in a mean 

pares well with the values of 1.76 and 1.78 estimated in Examples 3.1 and 3.2, respec

tively. 

EXAMPLE 3'.4 
for Tilapia esculenta caught with gillnets ofEstimation oi the selection curves 

two different mesh sizes. 

Data from Table 3.3 

Computation 

1) Read sides I and 2 of Program FB 2 

2) Keystrokes 

8.1 19.1 fe 90 t1 t 19.5 C 199 t 9 1 20.5 C 182 t 53 1 21.5 C 119 t290 t 22.5 C 

29 1357 T23.5 C 

3) Calculate parameters of selection curves 
Keystrokes Results 

E 0.996 (r2 ) 
-39.801 (a) 

1.801 (b) 
20.818 (1,A) 
23.388 

1.195 
(,B )
(s.d.) 

4) Obtain P-values to draw selection curves 
Keystrokes Results 

17 D 0.006 (P) 
18 D 0.062 (P) 
etc. 

Step 4 allows the quick estimation of values of P (- probability of capture) for any length, 

using mesh A; to obtain values pertaining to mesh B, enter the length value and press fd (see 
for selecting the curves pertaining to this 

Users' Instruction for Program FB 2 and Fig. 3.4 

example). 
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EXAMPLE 3.5 
Esthnation of asymmetrical selection curves for Tilapiagalihwa caught with gill
nets of tvo different sizes. 

l)ata from Tablh 3. 1 

ConUpiutaiti
 

I iRead'1(h(s I and 2 of Program F13 2 

2) lKev(st rokes 

f5T1' 7.; 10.2 fe75 1 1 t 17.5 C95 1 7 t19.5C36 t15 t21.5C14 16 t23.5 
C , !10 ! 25.5 C2 I I 127.5C 

3) (alculate parameters of selectioni curves 

Keystrokes Results 

E 0.9-11 (r2 ) 
--36.02.1 ta) 

11.22.1 (h) 
19.936 (I"\0 
:30.77.1 1 (1.1

0).197-1 f .d.i 

(but note that s.d. is expressed in log, inits) 

1) Obtain P-values to draw selection curve for mesh A 

Keystrokes lhSults 

17.5 1) 0.803 I11) 
I 1.5 ) 0.99.1 (P) 
et(. (.SetTable 3. 1 alld Fig. 3.6) 

For m1sh I, elitr midpoints aid press fd instetad of I) reno-ml)tr that all c()tpu tations il 
this exalplh iiem isthe )perf'orndwith flag I ,t. an that it sh)uld he citlred to get hack 
ttt lint-ar plott< of In catch ratio on length mrird to s'n tii rieal sidetim) crti . 



4. Fish Growth 

INTRODUCTION
 

Growth may be defined as the change over time of the body mass (t- body weight) of a fish, 
being the net result of two processes with opposite tendencies, one building-up body substances 
(anabolism) and the other breaking these substances down (catabolism) or 

dw/dt = HWd - kW ... 4.1) 

where dw/dt is the change in body weight per unt time, H is the coefficient of anabolism and k is 
the coefficient of catabolism. The process of anabolism is here viewed as being proportional to a 
certain power (d) of the fish weight (W), while catabolism is proportional to weight itself (von 
Bertalanffy 1938; Pauly 1981). 

Equation (4.1) is a differential equation which may be integrated in two ways: 
a) by setting the value of d at 2/3. This leads to what is widely know: as the Von Bertalanffy 

Growth Formula (VBGF), which is here called special VBGF. 
b) by allowing d to take a certain range of values, including 2/3. This leads to what will be 

called the generalized VBGF (Pauly 1981). 
Most growth-related programs in this manual allow the use of both torms of the VBGF, and 

there is no need to fear that the use of a "new" growth equation will complicate things. The reason 
why the generalized VBGF is introduced here is that this form of the growth equ-,tion allows smaller 
deviations when fitting growth data and a biological interpretation of the equation parameters, s 

intended by von Bertalanffy (1951) (see Pauly 1981). 
Details on the integration of expression (4.1) to a growth curve have been presented in Taylor 

(1962) and Pauly (1979a). It suffices to mention here that, in the course of this integration, the 
weights in expression (4.1) are replaced by length such that 

HW d = . .. 4.2a) 

and 

W =qLb ... 4.2b) 

Also a "surface factor D" is defined such that 

D=b-a b(1-d) ... 4.3) 

The integration for length growth yields the equation 

-LtD =Lo.D (1 - e KD (t - to)) ... 4.4) 

or 

Lt = L,, (1 - e - K D (t - to))l/D . .. 4.5) 

where 

L. is the asymptotic length, that is the mean length the fish of a given stock would reach if 
they were to grow indefinitely.
 

K is a growth constant which may be conceived as a "stress factor", with K = k/3
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1.00 (_i;o;oe_% 	 0.00 
giant sharks 

0.90 	 lag ua-0.30 

0.80 	 most commercially - 0.60 
exploited species 

0.75 

0.70 	 0.90 

0.6674 - - --	 Isometric gill growth----- ies assumption of 	 1.00 

al,goblesci 

0.60 -	 1.2 

III 	 I I I I I I I 

-2 -1 0 I 2 3 4 5 6 7 8 

logo of maximum body weight ( g) 

Fig. 4.1. Relationship between the maximum body weight reached in different groups of fish and 
the power linking their weight to their metabolic rate or gill surface area (d); see text for definition 
of D (based on Pauly 1981, 1982a, 1982c). 

to is the "age of the fish at zero length" if they had always grown in the manner described 
by the equation (note that to is generally negative) and 

D is a "surface factor" (Pauly 1981). 
Expression (4.5) is the "generalized" version of the VBGF. It can easily be reduced to its 

f'special" form by setting d = 2/3 in equation (4.1). When weight growth is isometric this would 
correspond to a = 2 in equation (4.2a) and b = 3 in equation (4.2b); from equation (4.3) this gives 

D =1 	 ... 4.6) 

and 

-
Lt=L (1 -" e K (t - to)) 	 ... 4.7) 

which is the original or "special" VBGF. (It is here called "special" because it is based on the special 
case: D = 1). 

There aze at present few straightforward methods to determine directly the value of d as used 
in equation (4.1). However, since the anabolic processes of fish generally must be linked with energy
supplying oxidative reactions, the assumption can be made that the power of weight in proportion 
of which metabolism (=oxygen consumption) increases should be equal to d. 

Similarly, the power in proportion of which the surface area of the gills of fish grow should 
also provide an estimate of d, if the assumption is made that the gill surface area of fish is the surface 
which limits their growth (Pauly 1981). 
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Small fish such as the Cyprinodontidae have "metabolic" values of d of about 2/3 (von Ber
talanffy 1934, 1938) or lower, down to d = 0.5 (Winberg 1960, 1961), while the study of gill surface 
areas of tuna revealed that these generally large fish have values of d as high as 0.90 (Muir 1969). In 
fact, it can be demonstrated that an approximate value of d in a given fish species can be estimated 
on the basis of a plot of d values in different fish species (as compiled from the literature) against 
logarithms of their maximum weight (Fig. 4.1). 

The relationship between d and Wm. (in g) can be expressed by the relationship (Pauly 1981): 

d = 0.674 + 0.0357 log Wmax ... 4.8) 

The definition of a in equation (4.2a), of b in (4.2b) and of D in (4.3) implies, when weight 
growth is isometric, that 

D=3(1--d) ... 4.9) 

Substituting (4.8) into (4.9) gives for the direct estimation of D the empirical relationship: 

D - 3 • {1 - (0.674 + 0.0357 • log Wmax ) } ... 4.10) 

when Wmax, the maximum weight reached by the fish of a given stock, is expressed in grams. (See 
Fig. 4.1 and Program FB 9). 

Expression (4.8) and Fig. 4.1 show that d 2/3 only in very small fish (weighing about 1 g) 
while d > 2/3 in larger fish. This implies that the spr cial VBGF, which assumes that D = 1 (and con
sequently d = 2/3) is biologically justifiable only in the case of these very small fish, while values of 
D < 1 (hence, d > 2/3) should be used for all other fish, especially for large fish such as sharks and 
tuna. 

Since the programs in this manual allow in most cases the use of both special and generalized 
VBGF, it is suggested that growth parameters be generally computed twice, once with the special 
VBGF to compare new growth parameter estimates with those already available in the literature, 
and again with the generalized VBGF and an appropriate value of D, for consistency with the biology 
of fish growth. 

The special VBGF for weight is 

Wt-W(1-eK (t- to)) 3 ... 4.11) 

where W., is the asymptotic weight and all other parameters are as in equations (4.5) and (4.7). It 
will be noted that the equation, as written here, implies isometric weight growth. 

The generalized version of the VBGF for weight growth is 
--KD 3 

Wt - (t - to) )b-D ... 4.12) 

which reduces, when growth is isometric (b = 3) to 

Wt = W. (1 -eKD (t - to))3/D .. 4.13) 

It will be noted that equation (4.13) reduces to (4.11) when D = 1. 
When weight growth is isometric, as in (4.11) and (4.13), fitting the equation to weight growth 

data is the same as fitting length-growth data except that the cubic root of all weight values is taken 
prior to all calculations, these cubic root values being then treated exactly as if they were length 
values. This is justified because, when weight growth is isometric: 

L VW ... 4.14) 

More generally, weights can be rendered proportional to length by raising them to the inverse of the 
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power of the length-weight relationship (b), or 

L iw/b 	 ...4.15) 

which can be used when weight growth is either isometric or allometric to obtain growth parameters 
(K, t )generally equivalent to those that would be obtained by fitting the corresponding length data.*o
 

This is illustrated here by the set of constructed data in Table 4.1 in which values of Loo, Woo, 
5 0K and to were obtained for data with the length-weight relationships W = aL 2. , W = aL 3" ard W = 

aL 3"5 . This property is used in most growth programs described here to fit weight data with he 
same programs that fit length data, the sole difference being that a value of b has to be entered when 
weight growth data are used. 

Table 4.1. Data (A) for and results (B) of the comparison of growth parameters obtained from 
length- and from weight-at-age data. (All computations with D -1).a 

Weight (in arbitrary units)
 
Age Length (cm) b = 2.5 b = 3.0 b - 3.5
 

1 15 871.4 3,375 13,071
 
A 18 1,375 5,832 24,743
 

20 1,789 8,000 35,777
 
21 2,021 	 9,261 42,439 

0- 2,450 	 11,669 55,572 
22.68 22.68 (W..1 /2 "5) 22.68 (W.,1 3 "0 ) 22.68 (W 1 3 

B K 	 0.511 0.511 0.511 0.511 
-1.116 -1.116

to -1.116 -1.116 
R2 
 0.999 0.V99 	 0.999 0.999 

aThe fitting of the data in (A) was performed by means of the computer program described in 

GaschUtz et al. (1980). The length-weight relationship used was of the form W= a •Lb, with "a" 
set equal to unity. 

DATA NEEDED FOR PARAMETER ESTIMATION 

Growth, as defined above relates weight and time. "Growth data" are therefore such data which 
connect, directly or indirectly, weight and time such as the growth process expressed by equation 
(4.1) or by the various forms of the VBGF for weight which can be reconstructed from them. 
Growth being defined as a process involving mainly body weight (or mass), only those data should 
be considered "growth data" which pertain to weight. On the other hand, wherever a linear dimen
sion (such as body length) remains in a reasonably constant relationship with body mass, changes in 
length with time obviously also express growth as defined above-if only indirectly. 

In the present manual, the word "size" is used wherever weight or length may be used inter
changeably to express the basic growth process. 

There are two basic types of growth data-size-at-age data and data on size increase in time. 
Table 4.2 gives an example of size-at-age data; from such data, given a value of D, the para

meters L. or Woo, K and to of the VBGF can be easily estimated, given one of the methods out
lined below. Such data may be called "size-at-(absolute) age". (See also Fig. 4.2.) 

There is however, a closely related type of data, the character of which prevents the estima
tion of one of the VBGF's parameters. These data pertain to sizes at successiue "ages" or "size-at

*When empirical data are used, slight differences might still occur between values of K and to computed from 
weight and length data, depending on sample size and method of fitting. 
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Table 4.2. A set of length.a.t-(absolute) age data, pertaining to millet-seed butterflyfish (Chaetodon 
miliaris)from Oahu, Hawaii.' 

Specimen 	 Standard length (mm) No. of daily rings 

1 27 35 
2 29 71 
3 32 51 
4 35 108 
5 42 133 
6 44 118 
7 50 115 
8 52 138 
9 56 147 

10 66 169 
11 70 227 
12 71 228 

22113 	 71 
86 32214 

37515 	 87 

aFrom Table 1 in Ralston (1976). 
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Fig. 4.2. Growth curve of millet-seed butterflyfish (Chaetodon miliaris) off 
Oahu, Hawaii (based on data in Table 4.2 and Example 4.1). 
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(relative) age". Table 4.3 gives an example of such data. From such data, L.,, (or W.) and K may
be estimated, but not to, which is due to the fact that what is really known are age differences, not 
actual ages. To obtain estimates of to, a knowledge of the absolute age of fish of given size is neces
sary, as might be obtained, e.g., from aging by means of daily otolith rings (Pannella 1971) or 
from a detailed knowledge of the life-history of a fish, inclusive of the exact spawning season. 

Table 4.3. A set of length-at-(relative) age data, pertaining to male Nile carps (Labeo niloticus) 
from a freshwater body near Alexandria (Egypt).' 

Age group Length (cm) N 
(relative age, in years) 

I 19.6 184
 
II 37.4 73
 

II 45.7 11
 
IV 51.0 3
 

aFrom Hashem (1972). 

Throughout most of this manual, I have used the term size-at-age both for data on size at 
absolute and at relative age, and distinguished between the two only when the distinction was essen
tial to the point being made. 

Size-at-age data (in the wider sense) are required in this manual for Programs FB 3 (von Berta
lanffy Plot), FB 4 (Ford-Walford Plot) and FB 7 (seasonal length growth). 

Data on size increase in time may be typically represented by the tagging-recapture data of 
Table 4.4. With this type of data, we do not know the age of any fish, nor do we even have a series 
of sizes at relative ages. Still, it is possible to derive from data of this type an estimate of asymptotic 
size and K, given values of D, by means of Program FB 5 (Gulland and Holt Plot) or Program FB 6 
(Munro Plot). 

This manual, it must be stressed here, shows how to interpret growth data, not how to obtain 
them. Introductions into the literature on fish aging, including validation techniques applicable to 
tropical fish, are given by Mohr (1927, 1930 and 1934), Graham (1929), Suvorov (1959), Menon 
(1950), Bagenal (1974), Pauly (1978), by Brothers (1980), who also reviews techniques for aging 
tropical fish by means of daily otolith rings, and most recently by Beamish and McFarlane (1983). 

METHODS FOR PARAMETER ESTIMATION 

A method for obtaining first estimates of asymptotic size 

Various authors, notably Beverton (1963) and Taylor (1958), have noted that there is generally 
a good agreement in various fish stocks, between Lmax,the largest length recorded from a given stock 
and L.., the asymptotic length estimated for that stock. 

Taylor (1958) in fact suggested the rule of thumb 

Lmax/0.95 z L(.) ... 4.16) 

which for weight becomes 
Wmax/0.86 , W(.) ... 4.17) 

and where L(.) and W(,,) are used (instead of L. and W.o) to distinguish such preliminary estimates 
from values of asymptotic size obtained from growth data, e.g., by means of a Ford-Walford plot 
(see below). 

http:Wmax/0.86
http:Lmax/0.95
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Two problems are associated with this method to obtain preliminary estimates of asymptotic 

size. The first problem is that of properly defining Lma x (or Wmax); S. Garcia, FAO (pers. comm.) 

suggests Lmax and Wma x should be derived by averaging the sizes of several large specimens from a 

well-sampled stock, whenever possible, rather than using only one single value. In either case, it is 

important to distinguish Lmax (and Wmax) from Lmx. ever (and Wmax. ever), i.e., to distinguish the 

maximum size on record from a given stock from the maximum size recorded from a given species 

of fish (see e.g., Intern. Game Fish Assn. 1978). Obviously, values of LmX. ever, or Wmaxwever Will 

not do for use with equation (4.16) or (4.17), because the "record" fish will most probably have 

grown under environmental conditions different from those applying to the stock under investigation. 

The second problem as3ociated with the use of expression (4.16) or (4.17) to obtain prelimi

nary estimates of asymptotic size lies in the fact that in fish capable of reaching very large sizes, the 

use of the special VBGF implies that Loo > Lmax (and W > Wmax), as shown in Pauly (1981) (see 

also Example 4.9 and Fig. 4.5). The reason for this is that the assumption embedded in the special 

VBGF that D = 1, which is more or less erroneous in most fish, is most erroneous in those fish 

that are capable of reaching large sizes (see Fig. 4.1). Using D = 1, instead )f the appropriate value 

of D has in these fish the effect of generating values of asymptotic sizes much larger than the 

maximum known from the stocks in question (Pauly 1981). Thus, in fish capable of reaching large 

sizes (> 50 cm) it is imperative, when using expression (4.16) or (4.17) to compute and use the 
appropriate value of D. 

The von Bertalanffy plot 

Historically, the first method for estimating the parameters of the VBGF was that proposed by 

von Bertalanffy (1934). The method requires the use of a set value for the asymptotic size (L(.), or 

The generalized VBGF 

LtD = L(0D). ( eKD (t °)to) ... 4.18) 

can also be written 

to) ... 4.19)-(Lt/L(.))D = 1 - e-KD (t 

and 

1-- (Lt/L())D e-KD (t - to) .4.20) 

or 

... 4.21)-In [1 - (Lt/L(oo))D] = -KDto + KDt 

= 
Expression (4.21) has the form of a linear regression, y a + bx, 

where 

... 4.22)y = -1r, [I - (Lt/L(.))D] 

and 

... 4.23)x = t 
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which, given a set of length-at-age data, a value of D and an estimate of L(.), provides values of 
intercept (a) and slope (b) which can be used to obtain K and to through 

K b/D ... 4.24) 

and 

t o --a/b ... 4.25) 

Also, a value of r 2 is generated which estimates the goodness of fit and which can be used to test 
whether the use of a different value of L(-) improves the linearity of the regression. The latter 
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Fig. 4.3. Relationship between the goodnem of fit of a von 
Bertalanffy plot (expressed by the coefficient of determination)
and the selected value of L(.) (based on data in Table 4.3 
and Example 4.2). 

feature, therefore, can be used to obtain by trial and error the value of L(.) which brings r2 to 
its maximum. See Example 4.2 and Fig. 4.3. 

The use of a von Bertalanffy plot has the following advantages: 
a) the values of t (ages) do not need to be equidistant (see Example 4.1) 
b) the mean length values used in the regressioi, can be weighed by sample size (as in Example 

4.2) 
c) the value of to is estimated directly when absolute ages are provided (as in Example 4.1)
d) the use of a forcing value of L(,) help.- in obtaining (rough) estimates of K even when the 

growth data are not asymptotic. 



31 

The Ford-Walford plot 

Of all methods used for estimating the parameters of the VBGF, the Ford-Walford plot (Ford 

1933; Walford 1946) is the most commonly used. The method is based on a rewritten version of the 

VBGF: 

Lt + 1 D= a + bLtD ...4.26) 

from which is derived 

L. =K(,-ab lD ... 4.27) 

and 

K-- lnb ... 4.28)D 

Here, Lt D and Lt + 1D pertain to length separated by a constant time interval (1 = year, month or 

week, etc.). Table 4.4 shows how size-at-age data need to be rearranged for use in a Ford-Walford 

plot. 
A point must be mentioned which pertains to the regression model used in conjunction with 

the Ford-Walford plot. The linear regression models normally used in this manual (as well as in the 
HP 67/97 Standard PAC) are arithmetic mean (AM) regressions, also called type I, or predictive 

.regressions. In this regression type, it is implied that the ordinate (y) values are measured with 

error, or have natural variability, while the abscissa value (x are measured without error or not to 

have natural variability. This assumption applies in the case of the von Bertalanffy plot. In the case 

of the Ford-Walford plot, however, the use of an AM regression introduces a bias, due to the fact 

that both the y values (= Lt + 1 D) and the x values (= Lt D ) are measured with the same error (they 

are indeed the same data, used twice!). In such a case, a geometric mean (GM) regression (also called 

type II, or functional regression) has to be used (Ricker 1973; Laws and Archie 1981).
 

In practice this consists in calculating the a, b and r 2 values of an AM regression, then cal

culating the GM slope (b') from
 

=b' b/r ... 4.29) 

and the GM intercept (a') from 

a' = y - (b'x) ...4.30) 

where i is the mean of the LtD values and y the mean of the Lt , D values. The values of a' and b' 

are then inserted into equation (4.27) and equation (4.28) instead of the values of a and b. 

Table 4.4. Length-at-age data for the Atlantic yellowfin (Thunnus albacares)a off Senegal for use 
with a Ford-Walfora plot. 

Age (years) FL (em) Rearrangement for Ford-Walford plot 

1 35 Lt (= x) Lt+ 1 (-Y) 
2 55 35 55 
3 75 5s 75
 

4 90 75 90 
5 105 90 105 
6 115 105 115 

'From Postel (1955), who also gives Lmax - 146.5, corresponding to a value of Wmn : 60 kg. 
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The computations outlined here are all performed by Program FB 4 and data are provided in 
Table 4.4 for calculating Example 4.3 (see also Figs. 4.4 and 4.5). The Ford-Walford plot has a few 
advantages over the von Bertalanffy plot-an estimate of L.. is obtained immediately, and it is rela
tively easy to compute. 
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Fig. 4.4. Two Ford-Walford plots for Atlantic yellowfin (Thunnus albacares), based on the special and generalized 
VBGF (based 'onTable 4.4 and Example 4.3). 
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Fig. 4.5. Differences between the special and generalized VBGF as applied to growth 
data for Atlantic yellowfin (Thunnus albacares)(based on Example 4.3). 
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These advantages, as it seems, are outweighed by the disadvantages of this method, namely: 

" The plot requires that the data are equidistant in time (the time between size values being 

years, months, weeks, etc.). 
The points are unevenly spaced along the plot (see Fig. 4.4) which introduces a slight bias 

when calculating the regression parameters. 
" 

* 	 The points, being combined from two values of size-at-age cannot be readily weighed by 

sample size. 
" One value of size-at-age is always lost (because it has no corresponding value of Lt + 1). 

" The value of to must be estimated separately. 
Variants of the basic Ford-Walford plot have been published (e.g., Gulland 1969; Hohendorf 

1966), but the negative features of this plot can hardly be compensated for; it would appear that 

the Ford-Walford plot is in fact inferior to the original von Bertalanffy plot. 

The Gulland and Holt plot 

Another method for estimating L., and K from growth data is provided by the feature that a 

plot of size increments per unit time against mean size (for the increment in question) gives a straight 

line, whose slope-with sign changed-closely corresponds to the value of K, or including the para

meter D: 

2a - KDLD 	 ... 4.31) 
-t 2 t1 

where ED = (L 1 D + L2 D)/2, and where L1 and L2 are successive lengths, pertaining to times t 1 and 

t 2 , respectively (Gulland and Holt 1959). 
Table 4.5 gives an example of data of this kind, which are typically obtained from tagging stud

ies or from Jength-frequency data. The method uses normal size-at-age data, at equal or unequal 

Table 4.5. Length at tagging (L1 ), length at recapture (L2 ) and time at large for tagged ocean 
surgeon fish (Acanthurus bahianus) from the Virgin Islands.' 

Mean temp.' 
No. L1 (cm) L2 Days out Annual Kb (in 0 C) 

1 9.7 10.2 53 0.370 27.48 
2 10.5 10.9 33 0.518 28.61 
3 10.9 11.8 108 0.385 27.79 
4 11.1 12.0 102 0.419 29.29 
5 12.4 15.5 272 0.808 28.37 
6 12.8 13.6 48 1.007 28.89 
7 14.0 14.3 53 0.405 27.55 
8 16.1 16.4 73 0.500 27.99 
9 16.3 16.5 63 0.407 27.54 

10 17.0 17.2 106 0.321 28.00 
11 17.7 18.0 111 0.707 28.30 

S- 0.532 

C.V. - 0.408 

aAdapted from Table 3 of Randall (1962). Data included pertain to fishes which grew at least 

2 mm while at large, which accounts for small measurement errors and cases of no-growth due to 
tagging wounds. 

As calculated from a Munro plot (see Example 4.6) with L(.) - 19.25 cm and D - 1 (Fig. 4.9). 
cAs computed from the mean monthly temperatures and the dates at tagging and recapture 

in Randall (1962), who also gives 29.40C as highest mean monthly temperature (T.), 27.2 C as 
lowest mean monthly temperature (Tw) and 218.50C as annual mean (T). 
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intervals, granted that the values of (t 2 - t 1 ) stay small in relation to the longevity of the fish (Gul
land and Holt 1959). 

Equation (4.31), it will be noted, has the form of a linear regression y = a + bx with 

=X ;D ... 4.32) 

and 

Y= L2
D - L 1D 

... 4.33)- tlt 2 

the intercept (a) and slope (b) of which provide values of K and L.. through the relationships 

K =-b/D ... 4.34) 

and 

L. =( ) I/D ...4.35) 
KD-D 

Sometimes, the method does not provide reasonable parameter estimates, when the LD data are too 
close to each other (Table 4.6, Fig. 4.6). In such a case, a set value of L(.,) may be used in connec-

Table 4.6. Length at tagging (L1), length at recapture (L2) and days at large of tagged Queen 
parrot fish (Scarus vetula) from the Virgin Islands.a 

No. L1 (cm) L2 Days out L cm/day 

1 14.0 16.9 48 15.45 0.0604 
2 20.8 27.6 189 24.2 0.0360 
3 24.8 26.5 48 25.65 0.0354 

x- 21.77; y - 0.0439 

'Adapted from Table 17 in Randall (1962). IAtandall (1968) gives for this stock a value of 

L.. "20 inches", hence L(-) - 20 2.54/0.95 - 53.5 cm. 
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surgeon fish (Acanthurus bahianus) off the Virgin Islands 
by means of A Gulland and Holt plot (based on data in 
Table 4.5 and Example 4.4). 
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tion with the means of all 1L values (f) and of al L2D - L1D values (9) to obtain an estimate of 
K through ti 

K ....4.36) 
(L. D Y)) D 

This method, called a "forced" Gulland and Holt plot, allows the estimation of K even when only 
one pair of x and y values is available. 

Program FB 5 provides estimation of L. and K, or W.. and K given appropriate data (as 
exemplified in Tables 4.5 and 4.6 and Fig. 4.8). When values of L(O), or of W(.) are supplied, only 
K is estimated (Examples 4.4 and 4.5). 

Care should be taken, when using tagging data in conjunction with a Gulland and Holt plot, to 
identify and reject those data pertaining to fish whose growth was severely reduced or halted, e.g., 
as a result of tagging wounds. It is generally necessary to draw a scattergram prior to all calculations 
to identify such values of x and y (see Fig. 4.7 for an example). For this purpose, Program FB 5 has 
been given a routine which provides for the output of the x and y values. 

The Munro plot 

Munro (1982) suggested that 
=loge (L.o-- La) -- loge (L.o-- Lb) K (b -- a) ... 4.37) 

which becomes, in the notation used here, and in terms of the generalized VBGF 

In (L(-,)D -L 1 D)lr. (1,()D -L 2 D) = KD (t 2 -tl) ... 4.38) 

Given a value of D and trial values of L(o), this equation can be used to calculate single values of K 
(one for each triplet of L 1, L 2 and time values). The calculated values of K are close to each other 
when an optimal value of L(-) has been selected, and differ widely from each other when the 
selected value of L(-o) is too high or too low. 
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Thus, by calculating, for a given value of L(.), the coefficient of variation of the K-values(C.. f -standard deviation of the K-values ~ n ,tecefceto 	 aito fteKvle 
(C.V. of K = stad mean value of K ), one may select by trial and error the value of L( )
which produces the lowest coefficient of variation for a given set of data. Program FB 6 (Munro 
plot) can be used for this purpose (see Table 4.5, Example 4.6, Fig. 4.9). 

This method resembles the (forced) Gulland and Holt plot in that data for unequal time 
intervals can be used, e.g., tagging data. It has, however, the distinct advantage over the Gulland 
and Holt plot of providing accurate solutions (K values) irrespective of the length of the time inter
val(s) (t2 -t I values). 
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Alternatively, when a v~due of L. is reliably know 	 (e.g., as obtained by the procedure out
1.5) which can be compared and/or plottedlined above), single values of K can be output (see Tabk 

against any variable likely to affect the growth of individual fish (e.g., mean water temperature 
during time at large). 

Fitting seasonally oscillating length-growth data 

In sub-tropical waters, and even more so in temperate waters, the growth of fish is fastest in 

summer time when temperatures are highest, and slowest in winter time when temperatures are 

lowest, the growth oscillation roughly following a sine wave curve of period one year (Fig. 4.10). 

The inclusion of a sinusoid element of period one year into the VBGF has, therefore, the effect 

of considerably improving the fit of a growth curve and the accuracy of estimated values of the 

growth parameters in cases of growth seasonality (Pauly and Gaschiitz 1979; Gaschiitz et al. 1980). 
The "seasonalized" version of the generalized VBGF has the form 

- + C -sin 27r (t - ts)]) ... 4.39)LtD = L~,D (1 -- e [ KD(t - to) 
KD 

Where Lo,, D, K and to are parameters of the "unseasonalized" VBGF while C expresses the ampli

tude of the growth oscillations and t, the start of the sinusoid growth oscillations with respect to 

t=0. 
The value of C is defined such that, if C = 1, the growth rate (dl/dt) is zero exactly once a 

year.a Values of 0 < C < 1 indicate a slowing down of the growth rate in winter time without 
dl/dt ever reaching zero, while C = 0, finally corresponds to the unseasonalized VBGF. The para

aValues of C > 1 do not imply that the length of fish is reduced in winter, but rather that the period of no

growth lasts over several weeks or months. This case should not occur in the tropics, however.
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meter t s is defined such that ta + 0.5 = "winter point", i.e., the time of the year when growth is
 
slowest.
 

Given values of L(v,), D and a set of seasonally oscillating length-at-age data, the parameters
 
K, C, to and ts of equation (4.39) can be easily estimated from a multiple linear regression of the
 
form
 

y = a + bjx 1 + b 2 x 2 + b 3 x 3 ... 4.40) 

where y = In (1 - LtD/LooD) ... 4.41) 

x, = t (age must be always expressed in years) ... 4.42) 

X2 = sin 27rt ... 4.43) 

and = cos 27rtx3 ... 4.44) 

and where the parameters K, to, C and t s are estimated from the relationships 

a = KDt o ... 4.45) 

b, =-KD ...4.46) 

b 2 = -KD C cos2rt ... 4.47) 

b3 = KD C sin 27rt s ... 4.48) 

and t s = { arc tan (-b 3 /b 2 ) }/21r 4.49)... 

The only parameters which cannot be estimated directly from the seasonally oscillating growth data 
are L(o.) and D. The input value of L(-,), however, can be improved by means of the same trial and 
error techniques suggested for the von Bertalanffy and the Munro plots, because Program FB 7 has 
a routine for computing R 2 (multiple coefficient of determination, analogous to r 2 ) the value of 
which may be maximized by means of a few plots with different estimates of L(.,) (see Table 4.7, 
Example 4.7 and Fig. 4.11). Hoenig and Choudary (1983) give a method to derive standard errors 
of the parameters of equation (4.39). 

C J 
.r 0.988

0 

o 0.987 

2 

U0
o 

: 0.986 , I I ,
550 31 32 33 34 

Trial values of L(co) (cm) 
Fig. 4.11. Graph showing how an optimal value of 
L(oo) can be selected when fitting seasonally oscillating
length-growth data (based on data in Table 4.7 and 
Example 4.7). 
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Table 4.7. Seasonal growth of halfbeak (Hemirhamphus brasiliensis) off Western Florida, U.S.A.' 

Relative age Relative age 
in months FL (cm) in months FL (cm) 

22.23 16.8 12 
13 22.54 18.9 

5 19.4 14 23.2 

6 20.0 15 23.6 
16 25.07 19.8 

8 21.0 18 25.5 
21 26.4 

10 21.5 24 26.4 
9 20.8 

--21.511 

'As read off Fig. 5 in Berkeley and Houde (1978), who also give 31 cm for FLm, . 

Program FB 7, as opposed to the other programs for estimating the parameters of the VBGF, 

cannot be used to fit weight growth data, even after conversion of W to Wi/b, because weight oscil

a structure different from that of length oscillations (see Shul'man 1974).lations have in fish 

Extended Gulland and Holt plot 

evenThe seasonally oscillating growth model presented above (equation 4.39) is very sensitive, 

to small seasonal oscillations. Using this model, growth oscillations have been demonstrated using 

data previously thought to depict growth patterns unaffected by the relatively small oscillations of 

environmental factors that occur in the tropics (Pauly and Ingles 1981). For this reason, it becomes 

necessary to consider growth oscillations not only with regard to size-at-age data, but also with 

regard to size increment data (i.e., tagging data), which have been frequently used to estimate the 

growth parameters of tropicai fish. 
The method proposed here is a modification of the Gulland and Holt plot, discussed earlier in 

this chapter. The new method may be called "extended Gulland and Holt plot"; it consists of ex

tending the earlier method 

L2 D _ LID 
... 4.50) 

- = a + bX 

where b = -KD and x = (L 1 D + L2 D)/2 into a multiple regression of the form 

y = a + b1 + b2 x) ... 4.51)x1 

where y (L 2 D - L D)/(t 2 - tY), and x1 = (L 1 D + L 2 D)/2, as in the Gulland and Holt plot, and 

where x 2 is the value, during the time tj - t 2 , of the environmental factor most likely to affect the 

growth of the fish while at large. (Obviously, the expression may be extended to any number of 

additional terms, up to b n X n , but this will not be investigated here.) 

As shown in Fig. 4.12, the amplitude of seasonal growth oscillations in different fishes is 

extremely well correlated with the difference between annual minimum and maximum temperature 

of the water masses they inhabit, for which reason the most meaningful factor to insert for X 2 in 

expression (4.51) is the average temperature encountered by the fishes while at large (between 

times tj and t 2 ). 
Thus, the model becomes 

D L 1 D + L2 DL 2 - L1 D 
) +b 2 T ... 4.52)ta+b 1 ( 
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Fig. 4.12. Relationship between the amplitude of seasonal growth oscillations 
(C) of fish and shrimps and the difference between highest and lowest mean 
monthly temperature of their habitats (AT). Adapted from Pauly et al. (in 
press). 

where T is the mean environmental temperature in 'C during an interval t1 to t 2. From this, the 
value of Lo. corresponding to the mean annual temperature (T) (hence, to a value of Lo, unaf
fected by temperature fluctuations) can be estimated as: 

a+(b 2 Tm) )I/D 

while K and C can be estimated from 

K = -bl/D ... 4.54) 

and 
b 2 (Ts - Tw) ... 4.55) 

2 [a + (b 2T)] 

respectively, T. ("summer") being the highest and Tw ("winter") the lowest mean monthly tem
perature of the water body in question. 

The method, as might be seen from Example 4.8, is extremely sensitive and can detect and 
quantify temperature effects that are extremely slight. 

In analogy to the "forced Gulland and Holt plot", the method can also be used to estimate K 
(while accounting for seasonal growth oscillations) with a forcing value of L(,,), using 

K [a + (b 2 Tm)]/L(-)D ... 4.56) 

(See Example 4.8.). 
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GROWTH: A CONCLUDING PROGRAM 

More methods suitable to estimate growth parameters by means of HP 67/97 calculators are 

available, especially from the HP "Users Iibrary". The six methods proposed here are quite suffi

cient, however, for most problems and this chapter concludes with a straightforward, but hope

fully helpful program. 
Program FB 9 siriply gives solutions for the generalized versions of the VBGF and their deri

vatives and also estimates the par.rneters d and D from equations (4.8) and (4.9). Table 4.8 gives an 

overview of thp various output values that are calculated, given an appropriate set of values for the 

parameters needed for the calculation (see Examples 4.9 and 4.10). 

Table 4.8. Constants to be stored for each of the solutions of the generalized von Bertalanffy 
Growth Formula (see Program FB 9). 

Constants required in stores 
Label Vaflues estimated Loo W.o K D to b Input Output 

A 
B 
C 
c 
E 

length atagiven age 
weight at agivenage 
age at a given length 
age at a given weight 
to for given length and agea 

X 
-
X 
-
X 

-
X 
-
X 
-

X 
X 
X 
X 
X 

X 
X 
X 
X 
X 

X 
X 
X 
X 

-
X 
-
X 

t 
t 
Lt 
Wt 
Lt, t 

Lt 
Wt 
t 
t 
to 

e to for given weight and age" X X X - X Wt t to 

a 
b 
D 
d 
7 

length at inflexion point of curveb 

weight at inflexion point of curve 
growth ra e at a given length 
growth rate at a given weight 
values of d and D 

X 
-
X 

--

-
X 
-
X 
--

X 
X 
X 
X 

X 
X 
X 
X 

-
-

X 
X 
X 

-

- L, 
-" WI 

t dl/dt
't - /dt 

cW- d, D 

Stores: A B 1 D 0 E 

"The values of to may be summed up (2;+), then averaged (x-).
 
bApplicable only when D < 1.
 
CWmax must be expressed in grams.
 

This program, although consisting of very simple steps, can help save a considerable amount of 

time to whomever has to draw various growth and related curves. 

Recommendcd reading: The literature on fish growth is immense, and a list of recommended 

reading on this subject is necessarily highly subjective. Nevertheless, here are some useful references: 

von Bertalanffy (1938), Beverton and Holt (1959), Cushing (1981), Taylor (1962), Pannella (1971), 

Fryer and Iles (1972), Weatherley (1972), Bagenal (1974), Shul'man (1974), Ricker (1975, Chapter 

9), Lowe-McConnall (1975, Chapter 9), Jones (1976a), Ricker (1979), Brothers (1980) and even 

Pauly (1981). 
Suggested research topics: Estimate growth parameters of commercially exploited Ashes, 

and of little-investigated groups (e.g., coral reef fish). Compare growth curves obtained with the 

special VBGF with growth curves obtained using the generalized VBGF, especially in tuna. Estimate 

the age of fish by means of daily rings in their otoliths (see Brothers 1980). Assess the intensity of 

seasonal growth oscillations in tropical fish, and establish the cause for these oscillations. 

Reanalyze previously published length-frequency data (or data on file somewhere) by new 

methods (see, e.g., Pauly and David 1981) and use the resulting growth prameters to derive growth

related parameters (e.g., mortality rates; see next chapter). 
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Cdculating values of 1. ,K and to in the millet-seed butterflyfish (Chaetodon EXAMPLE 4.1 
miliaris)by means of a von Bertalanffy plot. 

Data from Table 1.2 

Co In IIta IinnI 

1) Retad sidi-,- and 2 otfProgram F13 3. 

2) Tin ker (1978, p. 5t) gfives "about 5 inches" for the maximum length reached by ('hartodon 
=
miliaris in Hawaii, thu. . -- 127 mm. We set 1) 1. 

3) Keystrokes 

127 1 1 fa 27 ' 35 A 29 1 71 A 32 t 51A35 1108A42 t 133 A.14t 1l18A 50 t
 
115 A 52 138 A 56 1 1-17A66 t169A 1 70 1227A71 I 228A71 1221 A86 t
 
322 A 87 375 A
 

1 Calculate r2,K atnd t, 

Keystrokes Results 

E 0.953 (r 2) 

0.003 (K) 
-33.403 (t") 

5i Repeat step -)with 6 digits DSP 6 E 0.952513 (r 
0.0030-13 (K) 

--33.4I02913 (t,)) 

6) Put 1Kand ton an annual basis: 	 365 : --0.091515 
DSP 3 - 0.092 (t,,) 

0.0030,;3 (0.003 
365x 1.111 (K) 

s.Tsingthe relationship :1,K -tma\ (sep. 75) we mav thus infer, among other things, that 
Chaetodon miliaris has a longevity (tax ) of about 3 years. 
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EXAMPLE 4.2 	 Calculating a value of K, and improving a first trial value of L(.) for Nile carps 

(Labco nziloticns) by means of the von Bertalanffy plot. 

I)ata lrom I'ahlh1.3 

COIn)utatio1l 

1) Itoad sidvs I and 2 of Program F11 I, and perform: DSP 4. 
2) .elect first att of I through 11 -51 54- 5. 

2) firt of1(0.95 -. 0.95 -1,with 1) 1. 

3)Ke\Kstrokvs 

5t 1I fa 19.6 11 181 C 37.A 1 2 t 73 C4t5.7 13 1 11C 5 14 t3 C 

Keystrokes Results 

1 0.9967 (rI I.alculate r
2 and K 	

2 ) 

0.7117 (K)(remember, with rclaio', age, the third output 
0.3970 (not t,1is n1ol a value of 1,,'.l 

53, 55, 56. 57, 58, 59 and 60 (m and note the values5) Repeat steps 2 and 	3 with l.) 
2	 Of r2 ointhe trial values of L -..las in Fig. .1.3). You

of r . phl th)lo values'[,l1 o 

will llote that the valn Of'5hi('1ll the highest value )fr- ( 0.9990) . hence(Tproduc( s 

the hest fit to the growih curve. At this stage, our l)reliminal ahle of . turns into 

a full-fledged value of ,, m.iatched hy a value of K ,,655. 
. .. .. ..... .. . . .. ... . . .... . . .. . . .. . . . .... .. . . .. .. .. . . .. . .. . . .. . .
 

http:of1(0.95
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I 

Estimation of I,.and K for ihunnus albacaresoff Senegal by means of a Ford- EXAMPLE 4.3 
Walford plot, special and generalized VBG F. 

Data from Iabit I.. 

Case I, i I) 1 

1)Rvla >des I ad 2 of Program FB -1 

2) Keystrokes 

15 1 i fa 55 A 75 A 90 A 105 A 115 A 

Keystrokes Results 

E 0.996 (r2 )
:3)Compute r 2, K and , 

0.150 (K) 
186.6 (L..) 

Case II. with 1) - 0.17" 

Ke%-trokes 

3.51.17 f 55 A 75 A 90 A 105 A 115 A 

E 0.998 (r )5) Compute r2,K and L, 
0.583 (K) 

153.9 (l,) 

Note the slitlht improvienmt of the goodness of fit (0.998> 0.996), the higher value of K 

and the lower valu of' l_, (::1,1, 1.16.5 in Postel 1955) resulting from the use of thex 

generalized V See .1.5 for a view the differences hetweten special 

generalized V'I(F. 
See;F.Fig. of the and 

x,,, .i 1(quation l1. 10 l.t9).*Obtained from fIo and sce Fig. 1.1and I'rogra 
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EXAMPLE 4.4 	 Using a Gulland and 1Holt plot to estimate 1, and K for ocean surgeon fish 

(Acanthurus bathianus) from tLe,Virgin Islands. 

Data fromn Tait 1.5 

Coniputation 

1) Read sides I and 2 of Program I"|5. 

2) Keystrokes 

112 1 102 A1 fa 9.7 1 10.2 1 53 A 10.5 1 10.9 ! 33 A 10.9 1 11.8 1 108 A 11.1 

12.1 1 15.5 1 272 A 12.8 1 13.6 1 18 A 141 1 .1.3 	 1 53 A 16.1 16. 1 73 A 16.3 

1 16.5 * 63 A 17 ! 17.2 I() A 17.7 18 ' 111 A 

3) Calculate r . K an(d 	1. 

Keystrokes Results 

E 0.496 	 (r 2) 
0.001 (K) 

20.336 (IL) 

.1) Putting K Om an annual basis 	 X Y 0.001 
365 x 0.132 (K) 

-
lhence, the growth parameters are I, : 20.1 and K 0.432 Fig. 4.6). For plotting the 

data and results on a Lraph (such as FiHts. 4.6, .1.7) press (: thv procedur, is then as follows 

(data ofTable 1.6): 

Keystrokes: 	 Output: 1, "lt i 

1I 16.9 1.18 A 	 15.45 0.060 1 

20.8 1 27.6 I 1119 A 	 24.20 0.036 2 

2 1.8 ! 2G.5 1 18 A 25.I5 0.035 3 

et(......... ...
 

regression line are in ST() \ and STO B,respectively, andThe intercvpt and Slope of the 

may he recalled to tra'e tle line.
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Using a "forced" Gulland and Holt plot to estimate K when a value of Lma x EXAMPLE 4.5 

and gro wth increment data are available. 

Tagging data frc)tl 1.6 Randall 8 for tli. inI qutestionlahih \Iko., I 1 ) gkvs fish a value o)f 

~tio"n)ll'hCo t 

I) .',ad;ide; I and 2 of Program FB 5. 

2) l' tim atin ()f I ,, in ('In 

Keystrokes Results 

20 1 
0.95 21.053 
2.51 x 5:3.47-1 IL ,)) 

3) Estimatioii of K 

Keystrokes: Resu lts 

Ifa1l.1 16.9 ' 18 A 20.8 27.6 T 0.001 (K)
 

189 A 21.8 ' 26.5 A 53.5 f c (rounded tip)
S.11 


)1Putting tKm an anIijal basis: 165 x 0.505 (K} 

lence, the growth parameters are ,. -53.5 cm and K z 0.505. Set' Example I. on how 

to draw the graph. 
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EXAMPLE 4.6 	 Calculating vdues of K, and using these to improve a first trid value of L(,.) 
for ocean surgeon fish (Acanthurus bahianus) by means of a Munro plot. 

I)ata from Tntah, Ij. 

Colinptation> 

1) Read sih I of trogram FB G. 

2) .ele( trial value of I, . ,> e.g., as obtained from a Gulland and Iolt plot; try I,(,.) 20 cm. 

3) 	lKeytro ke> 

) 1 f a 9.7 10.2 1 53 A 10.5 1 10,9 :13 A 10.9 1 11.8 1 108 A 11.1 12 T 
I102 A 12.1 1 15.5 272 A 12.8 1 13.6 .8A 1.1 11.3 1 53A 10.1 110.1 1 73 
A IG.:; ' I0.5 63 A 17 17.2 1 106 A 17.7 H I I 111 A 

I) Cal'ulat, mean vahe 	 (f 1Kand CV. 

Keystrokes Results 

E 0.418 	 (R) 
0.125 (C.V.) 

51) 	 C(obpute K and CV. for I.,-), 18.5, 19.0, 19.5, 20.5 and plot (. V. valuens. The results 
shlould look as in Fig. 1.9. whi(h allows for an estimate of best , hence, I) - 19.25, 
corresponding to K 0,5:12 and C.V. 0.108. 

G) I() obtain >inh' value,; tf K. ilet agood valu (f LO-) and performi: 

Kevstrok'e-, 	 Results 

19.25 1 fa l'lFJ * 9.? 10.2 1 53A 	 0.370 (K) 
10.5 110.9 1 33 A 	 0.518 (K, I 
10.9 ,11.8 1 108 A 0.385 (K3.) 
I,,o e i lh I. ,-. I'itht roliII) 

Ilh e>ti K na\ then h4, plotted against variahles likely to infltiee irowth rate(,at,k" 
leg.. atr temperatur, 	 whiil at large). 



Determination of growth parameters from seasonally oscillating length-at-age 
-data for the halfbeak (Hemirhamphusbrasiliensis). 

Data from Table 4.7 (and using D =1) 

Computations 

1) Read sides 1 and 2 of Program FB 7 (a). 
2) Compute preliminary value of L from Lmn = 31 cm. 

Keystrokes Results 

31 t
 
.95 32.6 (L(,))
 

3) Initialize and enter length-at-age data 

Keystrokes 

10 t5yx fa3 f12- 16.8 t3'.6 A 4 12- 18.9 f32.6 A E 12-: 19.4 f32.6
 
A6 1 12 - 20 1 32.6A7'12" 19.81 32.6 A 8 12 21t32.6A9t12" 20.8
 
1 32.6 A 10 1 12 21.5 132.6 A 11 1 12 21.5 t32.6 A 12 t12 + 22.2 t32.6 A 
13 112 - 22.5 t32.6 A 14 112 23.2 132.6 A 15t12 23,6 132.6 A 16 t12
 

25 32.6 A 18 12 25.5 32.6 A 21 12 26.4 132.6 A 24 12- 26.4
 
32.6 A 

4) Read sides 1 and 2 of Program FB 7 (b). 

5)Perform:
 

Keystrokes Results 

A 0.98783 (R2 ) 
E 0.58094 (K - D) 

-1.03386 (to) 
-0.27326 (old t,) 
--0.68498 (-C) 

6) Adjust t, and Cvaiues (see User's Instruction FB 7 (b)) 

Keystrokes Results 

CHS 0.68498 (C) 
0.273 CHS -0.273 (old t) 
0.5 + 0.227 (new t) 

7) Repeat steps 3.6 with different values of Lw,) and plot resulting R2 values against the 
A figure similar to Fig. 4.11 should emerge from which the best value of L, 

can be selected. (The best value of L( 0 ) happens to 32.6 cm.) 

8) To trace the growth curve follow User's Instruction FB 7 (b). 

'-A

4
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LE~48,;J 	 Estimating the growth parameters and the seasonal growth oscillations of 
-Acanthurus-bahianusfrom the Virgin Islands. 

Data from Table 4.5 

1) Read sides 1 and 2 of Program FB 8. 

2) D is set equal to unity. 

3) Keystrokes 

1 f a 9.7 110.2 1 53 1 27.48 A 10.5 t 10.9 133 t 28.61 A 10.9 11.8 t108t 
27.79 A 11.1 t 12 1 102 1 29.29 A 12.4 t 15.5 t 272 t28.37 A 12.8 1 13.6 it48 
t28.89 A 14 f 14.3 t 53 1 27.55 A 16.1 T 16.4 t 73 t27.99 A 16.3 1 16.5 t63 t 
27.54 A 17 t17.2 t106 T28 A 17.7 18 11 1 28.3 A 

4) Estimate R2, intercept and slopes 

Keystrokes 	 Results 

2 )
 E 0.6,18 (11


-0.065 	 (a) 
0.001 (bi )
0.003 (b 2 ) 

5) Calculate value of L,, corresponding to the mean annual temperature (T)and K 

Keystrokes 	 Results 

28.5 C(T) 22.079 (L.)
0.001 (Kd)

to put value of K on annual basis do: 365 x 0.387 (Ky) 

6) To estimate value of C,enter T8, Tw andT 

Keystrokes 	 Results 

29.41 
27.21 
28.5 f c 	 0.146 (C) 

A 7) To estimate value of Kbased on a forcing value of asymptotic length do 

Keystrokes 	 Results 

(value of L(-) in Example 4.4 = ) 20.4 1 
(Tm - ) 28.5 f e 0.001 (Kd) 

to put value of K on an annual basis do: 365 x 0.419 (KY) 
This last result (K - 0.419) corresponds well with that obtained with the same data used 

In conjunction with a simple Gulland and Holt plot (see Example 4.4, where a value of 
K - 0.432 was estimated for L. - 20.4.) 

' 
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Solutions of tile generalized VBGF. EXAMPLE 4.9 

Case I 

eorrespoldiit to a given a(e t. 

1) t'ad i(he> I and 2 of Proiramn FB 9. 

calotlat the lugth i L.,) 

2) II'titer (oililitm. as reqUired (here: I,, K, to and I), see Table .1.8) 

31)4.aleulate hength-for-ae 

Keystrokes Results 

Age, A liength 

(ase II
 

Calculate the growth rate corresponding to a given weight.
 

E.iter constants as require(d (here: W,. K, 1) and b,see Table .1.8)I L 

2) CahUlate growth rate at weight 

Keystrokes Results 

Weight, fd dwidt 

Case Ill
 

Calculate t,, corrvsponding to agiven length-at-age.
 

l) I% ter constants as required (here: L., K ald D, see T2ble ,4.8) 

2) Cal(ulatV t 

Keystrokes Results 

t E t 

For other cases, see Table .1.8 and User's Instructionl to Program FB 9. 



I of parameters d and in Atlantic yellowfin 
EXAMPLE 4.10 Pr)ogran FI1 9. 

Estimation the I) by means of 

1 are-lowhI'hitmims ahacar's) reaches about Table it.1). W.at 
the ,o)rrcsi)twi(ill valute; ot ( and )? 
TlI . AtlaIn c ' 60 k (Se 

()ll ' ld OIl S1, 

I Read sides I and 2 of Program FB 9. 

2) Perform: 

Keystrokes Results 

60000
 
GTO 7 0.8-1 (d)
 
RS 0.47 (I))
 

The valto of D, although approximate, can be used in conjurnetion with the generalized 

VB( F, for the stock in question and will generate growth paralmieters, more realistic than 

obtained with D - 1, as implied in the special VBGF. 



5. Total, Natural and Fishing Mortalities 

INTRODUCTION 

In fishery biology, the most useful manner of expressing the decay (= decre'-se) through time 
of a group of fish born at the same time (a cohort) is by means of "instantaneous" rates. These 
rates, of which there are three (Z, M, F), are defined by the following two expressions: 

Nt = N o • e -Zt . .. 5.1) 

where No is the (initial) number of fish at time zero, and Nt is the number of remaining fish at 
the end of time t; Z is the instantaneous rate of total mortality. An advantage of such decay rates is 
that they can be added or subtracted. Thus we have 

Z=M+F ... 5.2) 

where Mis the instantaneous rate of natural mortality and F the instantaneous rate of fishing mor
tality. Obviously, when F = 0, Z = M,which means that natural and total mortality have the same 
value when there is no fishing, i.e., in an unexploited stock (Fig. 5.1). 

100 

80 - transition (fish reach Lc) 

in 60 
4- Z =M +F=2.0 

Z 40 

Z= 2.0 
20 -. 

20 

0.5 1.0 '1.5 

Time (years) 
Fig. 5.1. Decrease of a cohort of 100 fish (initially), subjected to different 
levels of mortality;Lc = mean length at first capture. 

Instantaneous rates (i.e., "exponential" rates) of mortality can be converted to the fraction 
surviving through equations such as 

Nts =N- ... 5.3) 

where S is the fraction surviving after time t, while 

. .. 5.4)A=I-S 

52 
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Although used by a number of authors, percentgeis the fraction of the stock dead after time t. 


mortalities are not further discussed in this book, because they are too cumbersome to handle in
 

comparison with instantaneous rates (see Beverton and Holt 1956, p. 68 for reasons).
 

Mortalities, whether expressed as instantaneous rates or as fractions, always refer to a certain 

period of time. Throughout this book, the year is used as the conventional unit, unless mentioned 

otherwise. 
Fishery biologists have two main jobs as far as mortalities are concerned: 

a) to estimate total mortality;
 
b) to split their estimates of total mortality where appropriate into separate estimates of
 

natural and fishing mortalities. 

A number of methods are proposed here by which these aims can be achieved, given suitable inputs. 

Ecologists, on the other hand, will be pleased to know that Z, as defined here, is equivalent to 

the inverse of the mean age of the animals in a population (computed from the age when Z is 

more or less constant) and, hence, as shown by Allen (1971) equal to their "turnover rate", i.e., to 

the production/biomass ratio (P/B ratio) that is so difficult to estimate reliably using the various 

methods described in the ecological literature (e.g., Chapman 1968; Winberg 1971). 

ESTIMATING TOTAL MORTALITY 

Total mortality from the oldest animal in the catch 

Following a number of earlier authors who had demonstrated the existence of a strong relation

ship between the longevity of fish (in the wild) and their mortality, Hoenig (1984) assembled data 

on a large number of aquatic animals (molluscs, fish and cetaceans) from which he derived the 

relationship 

... 5.5)In Z = 1.44 - 0.984 In tmax 

where tm. is the maximum age (in years) observed in a given stock, and Z is defined as above. 
=Although the "fit" of equation (5.5) is ratt;er good (r 2 0.82 for 130 data pairs), it should 

be realized, when using this equation, that the estimates of Z thus obtained are very approximate, 

possibly biased downward (J.M. Hoenig, pers. comm.) and should therefore be revised as additional 

information becomes available. Table 5.1 gives examples of the application of equation (5.5) which, 

given its simplicity, needs not be illustrated by a computational example. 

the size of the sample (n) from which trax was determinedWhen, in addition to tmax and tc 

is also known, it becomes possible to estimate Z and its standard error (s.e.(z)) from the relationships 

derived by Hoenig and Lawing (1982), 

Z --- C1 
1*(treex ' te) ... 5.6) 

and 

s.e.(Z) = /c 2 .Z . . . 5.7) 

where c1 and c2 are coefficients whose values depend on n (see Table 5.2). 

Hoenig and Lawing (1982), whose paper should be consulted for the derivation of equations 

and of Table 5.2, stress that "fast growing, short-lived species with minimal variability in
(5.6), (5.7) 
length about age are best suited for this method". This is so because in such cases, n, the sample size, 

is not the number of fish actually aged, but the number of fish from which a subsample, consisting 

of the largest fish was taken. Thus, if say, 200 fish have been inspected, from which the 20 largest 

were selected for aging, then the value of n will be 200, not 20 (this assumes, obviously that the 

oldest fish of the sample of 200 will be among the 20 largest). This feature appears particularly 

valuable in all those cases where fish must be aged by the tedious procedure of counting daily ringa 

(Hoenig and Lawing 1982). 
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Table 5.1. Maximum observed size (Lm1 , Wm=), maximum observed age (tm,1 ) and estimated 
mortality (Z) for 12 .o-al reef fish of New Caledonia.a 

Lm. (standard Wma x (live tmaxFamily Species length, in cm) weight, in g) (in years) Zb 

Holocentridae 
Adioryx spinifer 25.8 572 13 0.34 

Serranidae 
Epinephelussummana 20.8 263 16 0.28 

Carangidae 
Caranxignobilis 76.4 10,765 9 0.49 

Lutjanidae 
Lutjanus argent.maculatus 60.7 5,870 18 0.25 
Lutjanus gibbus 37.0 1,735 18 0.25 
Lutjanus sebae 69.5 13,810 35 0.13 

Pomadasyidae 
Plectorhynchuschaetodonoides 43.1 2,715 21 0.21 
Plectorhynchuspictus 39.2 1,970 11 0.40 
Pomadasyshasta 31.8 87.3 12 0.37 

Lethrinidae 
Lethrinusharak 24.3 450 15 0.29 
Lethrinusobsoletus 25.0 501 14 0.31 
Monotarisgrandoculis 39.2 2,730 11 0.40 

aSize and age data adapted from Loubens (1980, Table VI); the values of tmax are based on 
limited samples (sample sizes not given) which, however contained large.sized adults. 

bEstimated from Equation (5.r). 

Table 5.2. Table of coefficients for estimating Z and its standard error using equations (5.6) and 
(5.7) (from Hoenig and Lawing 1982). 

na c1 c2 na c2c1 


5 0.583 0.416 110 0.200 0.050 
10 0.405 0.196 120 0.196 0.048 
15 0.344 0.142 140 0.190 0.045 
20 0.311 0.117 160 0.185 0.043 
25 0.290 0.102 180 0.181 0.041 
30 0.274 0.091 200 0.178 0.040 
35 0.263 0.084 250 0.171 0.037 
40 0.253 0.07b 300 0.165 0.035 
45 0.245 0.074 350 0.161 0.033 
50 0.239 0.070 400 0.157 0.032 
55 0.233 0.067 450 0.155 0.031 
60 0.228 0.064 500 0.152 0.030 
65 0.224 0.062 600 0.148 0.028 
70 0.220 0.060 700 0.144 0.027 
75 0.217 0.058 800 0.142 0.026 
80 0.214 0.057 900 0.139 0.025 
90 0.208 0.054 1,000 0.137 0.025 

100 0.204 0.052 

aInterpolate for intermediaue values of n. 
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Table 5.3 gives values of Z and its standard error as obtained by application of equations (5.6) 
and (5.7); the method is also illustrated in Example 5.1. 

Table 5.3. Maximum reported age and estimated total mortality of selected Brazilian freshwater (F) and marine 
fish (M).a 

t Location, Estimated 
Family Species n sampling data(s) Author(s) Z s.e.(z ) 

Auchenipteridas 
Trachychorystesgaleatus 9 3.5 83 Banabuiu Reservoir Nomura 1.35 0.32 
Trachychoryste. galeatus d 3.5 99 Caera State, 1971 (F) et al. (1976) 1.40 0.32 

Characidac 
Prochlodus scrofa 9 13 451 Mosa Guaau River, Godoy 0.50 0.09 
Prochilodus scrofa C 9 485 } Sao Paulo State, 1947 (1959) 0.73 0.13 

(F) 

Sciaenidae 
Plaglosclonsquamoislmus9 6 103 Amanari Reservoir, Nomura and 0.82 0.19 
PlagioscionsquamosiAmus ( 7 134 	 Caere State, 1960-2 (F) Ol/viera (1976) 0.74 0.16 
Micropogon furnferi'Y 6 229 	 Off Iguape, Caere Rodrlgues 0.96 0.19 
Micropogon furnieri 65 7 116 	 State,1 9 6 6-7 

(M) (1968) 0.72 0.16 
Macrodon ancylodon 9 & d 11 9,947 	 Off Sao Paulo, Lara (1951) 0.66 0.11 

1975-6 (M) 

aTotal mortality and its standard error estimated from equations (5.6) and (5.7), with tc set at zero because 

very small fish were included in the catch samples. 

Total mortality from the mean size in the catch 

The following expression (Beverton and Holt 1957; Gulland 1969) can be used to estimate Z 
from the mean weight (W) of fish in the catch from a given population: 

w= w. , i - 3Z exp (-a)+ 3Z exp (-2a) Z exp (-3a) ...5.8)Z+K Z+2K Z+3K 

where a = K • (t c - to ), with K and W. pertaining to the special VBGF (i.e., when D = 1) and where 
tc is the mean age at first capture (corresponding to Lc as defined in Chapter 2) obtained by a given 
gear. Equation (5.8) it will be noted, can be solved for Z only iteratively (Program FB 10, Example 
5.2). Also, the equation requires an estimate of to, which may sometimes be difficult to obtain. 

Another equation, proposed by Beverton and Holt (1956), is more generally used to estimate 
Z from the mean size in the catch. When used in conjunction with the generalized VBGF, it has the 
form 

D 
f KD (Loo - L )Z D 	 ... 5.9)

D - LID 

where L is the mean length of all fish > L', the latter being (a length not smaller than) the smallest 
length of fish fully represented in the length-frequency data at hand. L' is always > LC, as defined 
in Chapter 2, except in true cases of "knife-edge selection", where L' = Lc . [A method is given 
further below in connection with a discussion of length-converted catch curves to obtain reasonable 
estimates of L' from a set of length-frequency data.] 

A sensitivity analysis of this widely-used equation is given in Appendix I; on the average, 
equation (5.9) gives results (values of Z) which are equal to those obtained with length-converted 
catch curves (see below). 
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Occasionally, data are available in the literature where the mean length has been computed 
from the whole range of length in the catch rather than from L' upward. In such cases, minimum 
estimates of Z can still be obtained, using 

KD(LD rD) 5.10)
Zmin = D... 

where L is the overall mean length and Lc is the 50%retention length. See Chapter 2 for various 
methods to compute Lc . 

Another type of widely available datf. is mean weights of fish, as obtained by simply weighing 
ing a haul, counting the fish caught and dividing the weight by the number-caught. Such values of 

W,however, do not represent the weight corresponding to a given value of L; rather, they are biased 
upward. This effect should partly offset the negative bias in equation (5.10) such that 

yCD (WooD/3 _ D/3) 
D/3 - W. .5.11) 

where W. and Wc are the weights corresponding to L. and Lc, respectively. It will be realized that 
this equation gives quite approximate results, and that, as in the case of equation (5.5), every effort 
should be made to revise the estimates of Z based on it as soon as additional information become 
available. 

Example 5.3 presents applications of equations (5.9), (5.10) and (5.11). 
Although computationally convenient, simple equations such as (5.9 to 5.11) have two disad

vantages, one of them major. Equations (5.9 to 5.11) require estimates of Lc or L'; the first of these 
parameters involves either conducting selection experiments, or using shape measurements and the 
nomogram presented in Chapter 2. The second of these parameters, on the other hand, can be 
estimated from length-frequency data; this, however, involves plotting the data in a form akin to a 
length-cxiverted catch curve, at which point it will be more appropriate to estimate Z from the 
catch curve itself (see below). 

The major objection to the use of mean size data for estimating Z is, however, that one quite 
literally doesn't see what one is doing. While computation of one single value of Z from the mean of 
a wide range of sizes implies that mortality is constant, the assumption itself cannot be verified. 
The semi-graphical methods presented further below, particularly the length-converted catch curves, 
do allow verification of this assumption. Also, they allow the selection of data points to use in the 
estimation of Z, and hence the estimation of values of Z applying only to certain ranges of size 
something which cannot be done using summary statistics, such as mean lengths or mean weights. 
(Mean sizes can be used directly to draw inferences on the status of a stock or fishery without being 
expressed in terms of Z. Henderson (1972) provides a theoretical background for this approach 
which was applied to tropical fish by Ita (1980), but won't be discussed here.] 

Estimatioin of Z from cumulative plots 

When length-frequency data or catch-at-length data are available which were obtained over a 
period during which conditions can be considered constant, several methods can be used. to estimate 
Z which are less crude than the ones presented above. The first of these was proposed b Jones 
(1981) to estimate Z/K; it is presented here, however, among methods for the estimation of Z 
because it led to another method, developed by Sparre (MS) vhich is closely related to Jones' 
method, but allows direct estimation of Z. 

The basic equation inJones' .mathod, expressed in terms of the generalized VBGF, has the form 
of a linear regression, 

n C (Li, oo) = a + Z •n (LD - LD?) ... 5.12) 
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where C (Li, .) is the cumulative catch (computed from the highest length clan with non-zero 
catch) corresponding to a given length class, and Li is the lower limit of that length clas, the co 
symbol expressing that the catch considers a range from Li to all larger sizes. 

However, as shown in Fig. 5.2, the plot of the In C (Li, co) values on the In (LG - LD) values 
is linear only over the central part of its range and deviates markedly from linearity when very large 
and very small fish are considered. 
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Fig. 5.2. Jones' cumulative plot for the estimation of Z/K 
(or Z), as applied to the data of Table 5.4. The points to be 
included in the regression are selected after transformation and 
plotting of the data (see Example 5.4). 

Thus, when applying this method, it is necessary to draw a scattergram of the computed values 
and to select Visually the points belonging to the straight segment of the plot (see Example 5.4). 
Sparre's modification of equation (5.12) resembles a catch curve (see below for definition) in that 
the ages (or relative ages) are used for the i-.s and that Z (or Z/K) is estimated from the slope of 
a descending series of points. The equation used has the form 

In C (Li, co) = a + bt' ...5.13) 

where In C (Li, o-) is defined as above and t' is the (relative) age corresponding to Li, while b, with 
sign changed, provides an estimate of Z (the relative ages are estimated through conversion from 
length to age) based on the straight par' of the plot. A routine has been incorporated in Program 
FB 11 which produces values of C (Li, oo) and t' such that a scattergram can be drawn, from which 
the values usable in the estimation of Z can be selected (see Fig. 5.3 and Example 5.5). 

When K is not known, Sparre's method can still be used; in this case, a value of one (unity) has 
to be used instead of K, which results in the relative ages being defined as 

tP = (t - t0 ) . K ... 5.14) 

The slope (b in equation 5.13) will then be equal to Z/K. 
Both Jores' and Sparre's methods are extremely ingenious methods which lead to exact values 

of Z or Z/K, given suitable data and appropriate selection of data points to be included in the regres
sion. However, both methods give results which, because of the cumulation of the catches, are 
extremely sensitive to the values of the catches in the largest size groups, even when they are not 
included in the linear regression. Thus, these methods should not be used when the catch composi
tion data used were obtained from gears that markedly select for or against very large fish. 
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Fig. 5.3. Sparre's cumulative plot for the estimation of Z (or Z/K), 
as applied to the data of Table 5.4 (see Example 5.5). 

Catch curves and length-converted catch curves 

One of the methods most commonly applied in temperate waters to estimate the total mortal
ity of fish is the "catch curve" method, which has been reviewed in Beverton and Holt (1956), Chap
man and Robson (1960), Robson and Chapman (1961) and Ricker (1975, Chapter 2). 

Essentially, the method consists of a plot of the natural logarithm of the number of fish in 
various age groups (Nt) against their corresponding age (t), or 

In N t = a + bt 	 ... 5.15) 

Z being estimated from the slope b, with sign changed, or the descending, right arm of the plot 
(Fig. 5.4). 

The following assumptions are involved here: 
1) Z is the same in all age groups used in the plot, 
2) all age groups used in the plot were recruited with the same abundance (or the recruitment 

fluctuations have been small and of random character), 
3) all age groups used in the plot are equally vulnerable to the gear used for sampling, 
4) the sample used is large enough and covers enough age groups to effectively represent the 

average population structure over the period of time considered. 
The authors of this method should be consulted for more detailed treatment of the assumptions 

involved in catch curves. 
Often, in order to broaden the data base from which inferences are drawn (i.e., in order to meet 

assumption 4 above), the samples used for catch-curve analysis are constructed in three steps, as 
follows: 

i) record the lengths of very large samples of fish, 
ii) age a subsample of fish, and construct an "age-length key", and 
iii) separate the large length-frequency sample into an age-frequency sample by means of the 

age-length key obtained in (ii). 
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Fig. 5.4. Catch curve for red porgy (Pagrus pagrus) caught uff North and South 
Carolina, U.S.A. The curve is based on 13,120 measured specimens, of which 
222 were actually aged. Note slight non-linearity of curve which, ou the average, 
suggests a value of Z = 0.65 (adapted, with modifications, from Manooch and 
Huntsman 1977, Fig. 3). 

This indirect procedure was introduced by Fridrikson (1934) and is discussed in detail in Gul
land (1966) and Allen (1966), and was applied by Manooch and Huntsman (1977) in their study 
of red porgy mortality (see Fig. 5.4). However, it has hardly ever been used in tropical waters, where 
the very few authors who have used catch curves have tended to construct them directly, based on 
relatively small samples of aged fish. As shown by Kimura (1977), there are several cases where 
this procedure is indeed more appropriate. 

A major disadvantage of the age-structured catch curves represented by equation (5.15) is that 
they cannot be used in conjunction with animals that presently cannot be aged individually, such 
as shrimps, lobsters and some molluscs. 

"Length-converted catch curves", as will be shown below, allow the use of catch curves with 
animals that cannot be aged; moreover, the method, being based solely on length-hrequency samples, 
allows the use of large samples without construction of age-length keys. 

The estimation of Z from a length-converted catch curve involves the following steps: 
i) pooling of length-frequency samples to obtain a single, large length-frequency sample 

representative of the population for the period under consideration; 
ii) construction of the catch curve proper, using the large sample in (i) and a set of growth 

parameters (see below); 
iii) estimation of Z from the descending right arm of the catch curve. 
Pooling of length-frequency samples (e.g., of monthly samples) over a longer period of time (at 

least one year) is particularly needed in short-lived fish and shrimps, because their whole population 
structure is affected by seasonal "pulses" of recruitment, generally one or two per year (Pauly and 
Navaluna 1983). Also, to prevent a single, larger (monthly) sample from unduly affecting the total 
(annual) sample, the various samples may be given the same weight, by conversion to percentages 
prior to adding to obtain a single overall sample. 

There are many alternatives to a scheme where each sample 4s given the same weight. For 
example, it might be more appropriate to weigh the samples by the square root of their size when 
the fishery catch is not known, or by the catch when it is known. However, empirical studies concern
ing appropriate sample sizes and weighing factors for length-converted catch curves are still lacking. 
Table 5.5 is given here to suggest sample sizes which at present seem appropriate. 
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Table 5.4. Data for the estimation of Z/K and Z for the banded grouper (Epinephelussexfasciatus) 
of the Visaycn Sea, Philippines (from Pauly and Ingles 1981).a 

Lower class Midpoint 
limit (cm) of class (cm) Nb 

4 5 5 
6 7 29 
8 9 114 

10 11 161 
12 13 140 
14 15 118 
16 17 61 
18 19 50 
20 21 32 
22 23 17 
24 25 4 
26 27 4 

aTo be used in conjunction with Lo,, - 30.9, K - 0.51 and D - 1. 
bAs obtained by pooling a number of samples representing a whole year. 

Table 5.5. Criteria for assessing the suitability of length-frequency samples for estimating Z (modi
fied from Munro and Thompson 1973). 

Total sample 
Time (in months) over which data for total sample were accumulatedasize (no. fish) 

1 2 4 6 12 

1- 99 0 0 0 0 0 
100 - 499 0 0 1 2 2 
500 - 999 1 1 2 3 4 

1,000 - 1,499 
1,500 - 00 

1 
2 

2 
3 

3 
4 

4 
5 

5 
5+ 

0 - not usable 2 - fair 4 - very good 

1 - poor 3 - good 5  excellent 

"Itis here assumed (1) that the samples cover a wide range of lengths, (2) that gear selection 

Isaccounted for and (3) that the sizes of the monthly samples are more or less equal if the total 
sample isaccumulated over more than one month. 

There are also several methods by which a length-converted catch curve may be constructed. 
However, they all must account for the fact that fish growth in length is not linear, but slows down 
as length and age increase. This slowing down has the effect that older size groups contain more age 
groups than do younger size groups. In other words, it takes larger fishes longer to "leave" a certain 
size group, they "pile-up" (Baranov 1918), or "stack-up" (van Sickle 1977) in the size classes per
taining to old, large, slow-growing fish. Correcting for this effect is rather straightforward, and three 
methods by which this can be achieved here will be discussed here. 

The first approach, analogous to but improved upon those discussed in Ricker (197ur, p. 33 ai~d 
p. 60-64) and van Sickle (1977), consists of multiplyhig the number in each length class by the 
growth rate of the fish in that class. This results in a catch curve equation of the form 

log N i •(dli/dt) = a + bt i ' ...5.16) 
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where dli/dt is the growth rate and t i' the relative age corresponding to length class (i), respectively. 
In practice (dli /dt) can be estimated from the VBGF as the growth rate pertaining to the median length, 
or "midlength" of length class (i), while t' can be estimated as the relative age corresponding to the 
median of class (i) as estimated, using the appropriate growth parameters, through conversion using 
the VBGF. "Relative" ages are used here because using to (which leads to absoluteages) is not neces
sary in conjunction with catch curves, where Z is estimated from a slope. 

Fig. 5.5 gives an example of such catch curve, constructed from the data in Table 5.4 and using 
Program FB 9 with which values of dli/dt and t' can be computed (see Example 5.6). 

Equation (5.16) allows ready estimation of the bias caused by not accounting for the "pile-up" 
effect mentioned above. This is done by first rewriting equation (5.16) as 

In N - In (dl/dt) = a + bt' ... 5.17) 

or 

In N = a + bt' - In (dl/dt) ... 5.18) 

Now, in terms of the generalized VBGF, the growth rate can be expressed as 

dl/dt = In (K.D.LD ) + KD (t' -t 0 ) ... 5.19) 

where K, D, L,, and to are parameters of the generalized VBGF, and relative t' is the age correspond
ing to a given midlength. Inserting (5.19) in (5.13) gives 

n N = In (KDLo) K0(' -t) ... 5.20)a + bt'- 00 

or 

n N = a + bt'- In (KDL D )- KDt' + KDt o ... 5.21) 
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Fig. 5.5. A length-converted catch curve, based on the data of Table 
5.4. The first point to be included in the estimation of Z (P1 ) is clearly 
defined (see text). Note that each point is independent of all others 
and thus could be deleted singly from the computation of Z. 
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Equation (5.21), it will be noted, has 3 constant terms with regard to the variable N and t', 

namely a, In (KDLD) and KDt O . Since Z in equation (5.16) is estimated as a slope, these 3 constant 

terms can be grouped into one single new terr. (a') which becomes the intercept of a new equation 

of the form 

In N = a'+ bt' - KDt' 	 ... 5.22) 

which gives, rearranged 

In N = a' + (b - KD) t' 	 ... 5.23) 

as a new equation for a length-converted catch curve. Therefore, 

-b 	 + KD = Z ... 5.24) 

It follows from this that the bias resulting from the non-consideration of the "pile-up" effect (i.e., 

resulting from using In N instead of In (N dl/dt) as ordinate of a length-converted catch curve) is 

equal to KD, or to K when the special VBGF is used (i.e., when D = 1). (See Example 5.7.) 

Two practical applications of this finding come to mind: 
(i) 	 It becomes possible to correct biased values of Z obtained by various authors who didn't 

account for the "pile-up" effect (by simply adding K times D to their (biased) estimate of 

Z) (see e.g., Berry 1970; Nzioka 1983). 
(ii) 	The estimation of Z from a length-converted catch curve becomes simpler, since one can 

first ignore the "pile-up" effect then compensate for it by addking K ' D to the absolute 

value of the curve's slope (see Example 5.7). 

When K is not known, equations such as (5.16) and (5.24) can still be used; in such cases, a value of 

unity (one) should be used instead of K when computing the relative ages, which are then defined 

by equation (5.14). The slope of the catch curve, with sign changed, will then be equal to (Z/K)--1. 

Another type of length-converted catch curve is defined by the equation 

In Ni/At i = a + bt 	 ... 5.25) 

where N i and t'i are defined as in equation (5.16), and where At i is the time needed, on the average 

by the fish to grow through length class i. This equation accounts for the "piling-up" effect through 

division of the Ni-values by Ati, the inverse of the growth rates by which the N i values are multiplied 

in equation (5.16). Hence, equation (5.25) it a slightly modified version of (5.16), and its properties, 

e.g., with regard to not accounting for the "piling-up" effect are the same. 
Since equations (5.16) and (5.25) are equivalent, only one Program (FB 12) is given here for 

the computation of length-converted catch curves. This program implements equation (5.25) 

rather than (5.16) because the former has already been presented and discussed elsewhere (Pauly 

1980a, 1982a, 1983; Pauly and Ingles 1981; Gulland 1983). 

ExamTle 5.8 shows the application of equation (5.25) and Program FB 12 to the data of 

Table 5.4. It will be noted that as in the earlier models, the points of a length-converted catch curve 

must be drawn for selection of the values to include in the regression equation. This selection must 

account for two features of a length-converted catch curve: 

-	 as in age-structured catch curves, the points belonging to th6 ascending, left arm of the 

curve must not be included because they represent incompletely selected and/or incom

pletely recruited animals, and 

- the conversion of length to (relative) ages by means of the VBGF, when involving fish 

whose length is very close to L., generates unrealistically high "ages" which cannot be 

included either. 
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Suggested criteria for the selection of points to be included in the computation of Z are: 

the first point to be included (P 1 on Figs. 5.5, 5.6 and 5.7) should be the point immediately1) 
to the right of the highest point. The latter may still be affected by incomplete selection 

and/or recruitment and is considered to be part of the ascending, left part of the curve; 

2) points should be deleted that were obtained through conversion from lengths within 5% 

of L. (see Fig. 5.6 for an example of such points); 
3) the points selected should fit along, or close to, a straight line, and one single outlier may 

be excluded, particularly when it is based on few fish only. 
corresponds to the lengthConcerning the first of these criteria, it might be added that point P1 

class whose lower class limit represents an estimate of L' as required for equation (5.9). The third of 

these criteria must not be misunderstood to provide an e;.cuse for the wholesale deletion of points 

until one's preconceived notion of linearity is achieved; rather it allows deletion of one point. When 
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Fig. 5.6. Length-converted catch curve for yellow striped goatfish 

(Upeneus vittatus) from Manila Bay, Philippines, showing a point 

pertaining to a length close to L. which should not be used in the 

computation of Z (from Pauly 1982a). 
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catch curve, based on equationFig. 5.7. Length-converted 

(5.25) and the data of Table 5.4. The broken line, which 

parallels the catch curve, was obtained using equation (5.28). 
Example 5.9, the two lines provide virtuallyAs shown in 


identicl estimates of Z.
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the curve as a whole seems to deviate from linearity, the appropriate approach should be to test 
whether this deviation is significant or not, using any of the statistical tests available for this purpose 
(e.g., Guilford and Fruchter 1978, p. 277-280). 

Non-linearity of length-converted catch curves (see e.g., Fig. 5.4), that is their response to 
systematic changes in fishing effort or recruitment are akin to those of age-structured catch curves. 
The exhaustive discussions of the general properties of catch curves in Beverton and Holt (1956) and 
Ricker (1975) also apply to length-converted catch curves. 

When reviewing the draft of this book, P. Sparre (pers. comm.) derived a form of a length-con
verted catch curve which involves none of the approximations in (5.16) and (5.25), by defining 

- N (t1 , t2 ) = number of fish caught between ages t1 and t 2 , with At = t 2 -t
 
- tL' = the age corresponding to L' (see above for definition of L')
 
- E = F/Z (see below for a more detailed definition)
 

from which
 

N (t1 , t 2 ) = Nt , ez (tl - tL• E (1 -eZAt) ... 5.26) 

or 

- Z A t )nN(t 1 ,t 2 )=-Zt l +ZtL'+ In {Nt , . E(1 -e ... 5.27) 

which leads, with some rearrangement, to a new equation for a length-converted catch curve of the 
form 

Ni
 
In - a - Zt' i ... rG.28) 

(1-e-ZAti) 

where Ni is the number of fish in a given length class i; Ati the time needed to growth through class i 
and t'i the relative age corresponding to the lower limit of class i. 

Equation (5.28), although it can be solved only iteratively, has the definite advantage that no 
approximation is involved, as opposed to equation (5.25) where both the division of Ni by Ati and 
the use of relative ages corresponding to the midlengths of the length classes involve approximations. 

Thus, equation (5.28) can be used to test the accuracy of the results obtained through equa
tion (5.16) or (5.25). Example 5.8, which is typical of the many cases investigated so far, shows that 
equation (5.25) (and consequently 5.16 also) provide values of Z which differ only by a small 
fraction (less than 1%) from those obtained iteratively from equation (5.28). Therefore, the simpler 
model (5.25) generates results which are estimites of Z, and not only "proportional to Z", as sug
gested in Gulland (1983). 

Further inferences from length-converted catch curves 

Length-converted catch curves, in addition to allowing for the direct estimation of Z from 
length-frequency data, have the added advantage over "age-structured" catch curves of allowing a 
number of inferences to be drawn through detailed examination of the left, ascending arm of the 
curve, which is generally ignored in catch-curve analysis. 

When the selection curve of the gear used to sample the data at hand is known, M can be 
estimated from the left side of a catch curve (Munro 1984). Conversely, when natural mortality 
is known, the selection curve of the gear can be inferred from the shape of the ascending arm of a 
length-converted catch curve. Only the latter of these two methods will be discussed here, as Munro's 
method, although quite elegant, has data requirements which limit its applicability. 
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Table 5.6 illustrates the derivation of selection data (probabilities of capture, by length) based 

on the left side of a selection curve and an estimate of M. The computational steps involved here 

are as follows: 
(i) 	 Set up a table which draws together all information needed for further analysis (these 

values are in square brackets in Table 5.6). 

(ii) 	 Compute times to grow from one class midpoint to the next and write At values as in 

Table 5.6. 
(iii) 	 Interpolate mortalities (Mortality I in Table 5.6) between Z and M (whose values should 

pertain to the highest length class with zero catch; see Table 5.6). The step size for the 

- M)/(n + 1) where n is the number of classes for whichinterpolations is estimated from (Z 

mortality must be interpolated (here, n = 4).
 

(iv) 	 The mortalities estimated in (iii) are estimates of the mortality within a given length class. 

The mortality between adjacent iength classes (Mortality II) are estimated by taking means 

between adjacent length classes (see Table 5.6). 
(v) 	 Compute numbers available from equation given in Table 5.6, starting with number of fish 

in the first class where the probability of capture is equal to unity (i.e., corresponding to 

point P1 ). 
(vi) 	 Obtain probabilities of capture by dividing, for each length class, the number caught (Ci) 

by the number available (Ni). 
The method as outlined here is extremely useful in that it derives quantities which are normally 

obtained from costly selection experiments from readily obtained length-frequency samples and 

a reasonable estimate of M, which is easy to obtain when growth parameters are available (see below). 

In stocks that are unexploited, the estimate of Z obtained from the catch curve can serve as 

the estimate of M; otherwise, the computations remain the same except, obviously that the inter
= 

polations between Z and M are superfluous because the same value of Z M is used throughout. 

The special case, Z = M, formed the basis of the approach of Pauly et al. (in press) to estimate 

approximate selection curves from the backward projection of the straight segment of a length-con

from the left side of a length-converted catch curve (all
Table 5.6. Derivation of a selection curve 

values in square brackets must be available before attempting to complete table).
 

Numbers At (class Mortality Mortality Numbers 

Class limitsa caught midpoint to I II available 

Lower Upper Midpoint (Ci ) midpoint)b (M _ Z)c (means) (Ni)d P - Ci/Ni 

2 4 3 [01 - [M- 1.141 - - [01 

4 6 5 5 0.158 1.28 1.35 448 0.0112 
1.42 1.49 362 0.08016 8 7 29 0.171 
1.56 1.63 281 0.40578 10 9 114 0.188 

1.77 207 0.777811 161 0.208 1.7010 12 
-12.=L' 14 13 [143]e - [Z - 1.84] [1431e [1.00] 

aActual upper class limits are 3.999, 5.999, etc., but are rounded for convenience. 

mpue from - I}where L1, L2 are the lower and upper class limits, 
L -respectively. 

'Values between Z and M interpolated linearly. 
z , where N, + 1 is the number available in a given leng'.h classdComputed from N, = Ni + 1e 

and N, the number available in the next lower length class. 
eThis number may be taken as the actual number caught in the first length class that is fully 

selected (i.e., corresponding to P1 ). However, a better approach is to compute this number from 

for the midpoint in question. In this example, the two valuesthe equation of the catch curve, 

o, 'are similar.
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verted catch curve. This approach is now superseded by the more versatile and accurate method
 
illustrated by Table 5.6.
 

The accuracy of the method outlined here depends critically on the following assumption
 
being met:
 

(i) 	 The gear in question is a trawl or has a selection curve similar to that of a trawl (where 
it is only the smaller fish that are selected against). 

(ii) 	 The smallest fish caught (Lmin) are fully recruited. 
(iii) 	 The value of M used for the fish just below Lmin and the mortalities generated by inter

polation between M and the Z value for the fully selected animals are accurate. 
The first of these assumptions can be easily verified. The second, which will often be violated, 

implies that the resulting probabilities will not strictly refer to a selection curve, but to a resultant 
curve, i.e., to the product of a selection with a recruitment curve (Gulland 1969). Whether this 
assumption is met or not will thus affect the interpretation of the results, but not their computation. 

The third of these assumptions can be assessed quite straightforwardly. The effects of changes
in the value of M used on the probabilities of capture are easy to compute (see Appendix I for a 
brief introduction to sensitivity analysis). Anon. (1982) compared estimates of length at first 
capture obtained from selection experiments with length at first capture estimated through the 
approach proposed here (butusing the special case where M is set equal to Z, see above) and obtained 
a good match for the cases investigated, Mediterranean sardines and hakes. 

Chapter 2 should be consulted for the interpretation and use of selection curves, notably for 
the computation of mean lengths at first capture. 

Estimating Z from a pseudo-catch curve 

When the average size of the animals of a population under investigation displays a significant
relationship to the water depth, or distance from the coast (or any other environmental gradient), it 
will generally be difficult to obtain size-frequency samples representative of the population as a 
whole. Various schemes of stratified sampling may be applied to deal with such a situation. However, 
as far as the estimation of Z is concerned, the best approach may be to actually use, in conjunction
with a "pseudo-catch curve" as defined in Pauly (1980c), the gradient along which the population 
is distributed. 

Here the method is applied to the case where the mean size of fish increases and their numbers 
decrease with water depth-the environmental gradient one is most likely to encounter. 

To apply the pseudo-catch curve method, the following items are required: 
1) data allowing quantification of the size-depth relationship (this might be a relationship in

volving mean length and depth, or mean weight and depth; in the case of the former a 
length-weight relationship is also needed). An example of such relationship is given as 
Fig. 5.8; 

12 	 * . 

10:1 

8 
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-6 
4 

2 

0 In 
0 10 20 30 40 

Depth (i)
Fig. 5.8. Relationship between mean length and water depth in slip
mouths (Leiognathus splendens) caught off Southeast Kalimantan, 
Indonesia (from xauly 1980c). 
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2) catch-per-effort data stratified by depth and representative of the whole depth range in
habited by the investigated population. An example of such data is given as Fig. 5.9; 

3) the growth parameters L.o, K (or W.o, K) and D of the VBGF. 
The method consists of (1) using the size-depth relationship and the growth parameters to com

pute the mean (relative) age corresponding to the size at each depth for which a catch-per-effort 
value is available; (2) dividing the mean weight at depth into the corresponding c/f value to obtain 
the average "number at depth"; (3) plotting the natural logarithm of the numbers at depth against 

the corresponding relative age (see Fig. 5.10 for an example), and estimating (-)Z from the slope. 

The computations involved are outlined in Example 5.9. 
This method, as emphasized in Pauly (1980c), was developed mainly to estimate Z from data 

which have been gathered and/or published for miscellaneous purposes and which could not be 
used directly for the construction of a real length-converted catch curve. 

Catch rate (kg/hr) 	 8.0 

10 20 30	 25 m0___________________ 

7.0 15fue 
10
 

35 m 

56.0 4 m 

20 -21 
5.0 -	 5m 

E4.0
 
300 

0) 	 0.5 1.0 1.5 2.0 2.5 

Relative age(years) 

40 	 Fig. 5.10. Pseudo-catch curve for Leiognathus splendens in west
ern Indonesian waters (see Example 5.9 for derivation and inter
pretation). 

50 

Fig.4.9. Relationship between average catch
 
per effort of Leiognathus splendens and water
 
depth in western Indonesian waters (from Pauly
 
1977).
 

SIMULTANEOUS ESTIMATION OF Z AND K 

Saila and Lough (1981), based on a model developed by Ebert (1973), presented a method for 
the estimation of total mortality which has the advantage of also estimating the value of K of the 
VBGF given a set value for the asymptotic length L ), an assumed value for the length at recruit
ment (Lr) and two successive mean lengths (L"1, U 2")obtained twice within a year (t 1 , t 2 ) at times 
that are as far apart as possible. 

Given these inputs (and a value of D when the generalized VBGF is used), K can be estimated 
from 

L D -f:D 

in 

K a ... 5.29) 
(t1 - t 2 ) - D 
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while Z is estimated iteratively as the value which fulfills 

N N 
ESe e7- Zx -b • 2; e - (KD (t +X) + Zx) : 

x=o x=o __DN 
... 5.30)

N; e - z x L )°
N D 

X= 0 

and 

N N 
; e b (KD (t 2 +x) Zx)ezx-b e-

N... 5.31) 

X =0) 

where 

N = integer part of { [-(In 0.0001)/Z] + 1 } ... 5.32) 

and 

=(L )- 1r )/LD) ... 5.33) 

A table (5.7) is provided here from which t 1 , t 2 values can be read off, giver, the months of .ampling 
and of recruitment (i.e., the months zIuring which the length-frequency data were sampled from 
which -I7,U2 and Lr were estimated). Assumptions of this method are that (a) the VBGF and equa
tion (5.1) describe the growth and mortality, respectively, of the investigated stock; (b) recruitment 
occurs during a brief period of time, and only once a year; (c) interannual variations of recruitment 
are negligible, i.e., the stock has a stable population with a stationary age distribution; and (d) rl, 
U 2, Lr and L(.o) are good estimates of the actual values. 

Of these assumptions, (c) may be the most crucial one, and the one whose validity may be the 
most difficult to assess. It must be understood, however, that this assumption is made not only here, 

Table 5.7. Values of t I and t2 for use with L1 and L 2 values, given the month of recrultment.a 

Sampling
 
months
 
(for L1 Month of recruitment
 
and L2 ) J F M A M J J A s 0 N D 

J 0 1 0.909 0.818 0.727 0.636 0.546 0.455 0.364 0.273 0.182 0.091 
F 0.091 0 1 0.909 0.818 0.727 0.636 0.546 0.455 0.364 0.273 0.182 

M 0.182 0.091 0 1 0.909 0.818 0.727 0.636 0.546 0.455 0.364 0.273 
A 0.273 0.182 0.091 0 1 0.909 0.818 0.727 0.636 0.546 0.456 0.364 
M 0.364 0.273 0.182 0.091 0 1 0.909 0.818 0.727 0.636 0.546 0.455 
J 0.455 0.364 0.273 0.182 0.091 0 1 0.909 0.818 0.727 0.636 0.54e 
J 0.546 0.455 0.364 0.273 0.182 0.091 0 0.909 0.818 0.7271 0.636 

A 0.636 0.546 0.455 0.364 0.273 0.182 0.091 0 1 0.909 0.818 0.727 
S 0727 0.636 0.546 0.455 0.364 0.273 0.182 0.091 0 1 0.909 0.818 
0 G.818 0.727 0.686 0.546 0.455 0.364 0.273 0.182 0.091 0 1 0.909 
N 0.909 0.818 U.727 0.636 0.546 0.455 0.364 0.273 0.182 0.091 0 1 
D 1 0.909 0.818 0.727 0.636 0.546 0.455 0.364 0.273 0.182 0.091 0 

aTo use this table, select appropriate column (= month of recruitment, nd read from that column values of 

t 1 and t 2 , given the month at which sampling for L1 and L2 took place (t 1 can be, but is not necessarily, the 
month of recruitment). Values may be interpolated linearly for dates of the month; in this case, recruitment 
and table values should be viewed as pertaining to the 15th of the corresponding month. Interpolation must not 
be done between 1 and 0. 
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but also in the various equations used to estimate Z from mean size data, as well as in all "catch 

curve" related methods (see above). The validity of assumption (b), on the other hand, can be assessed 

quite straightforwardly, e.g., by plotting the available length-frequency data and inspecting them 

visually for the pattern of recruitment (see Fig. 5.11). Assumption (a) is made throughout this 

manual and requires no further comment. 
The method presented here for estimating Z and K simultanc ously, as incorporated in Program 

FB 13, generates results that are very sensitive to small errors affecting the input parameters, particu

larly the values of ; - LD and ED - LD. On the other hand, the values of t1 and t 2 have a com

paratively smaller effect on the results. Still, they will be improved by using exact values of t I , to 

for which reason a table (5.7) was included here which can be used to obtain directly the appropriate 

values of tl, t 2 , given the months of recruitment and sampling. The table also allows for interpola

tions when the exact dates in the months are known. 
As this method-and a number of other methods discussed in this manual-involve the use of 

mean lengths, a routine has been inciuded in Program FB 13 which can be used to compute rapidly 

the weighted mean lengths (or mean weights, or any weighted mean for that matter) from size

frequency data. The routine also computes the standard deviation of the variates and the standard 

error of the mean. This use of the routine is illustrated in Example 5.3 (see also Table 5.8). 

Table 5.8. Length-frequency data for the goby (Glossogoblus giurus) from Cardona, Laguna de Bay, Philippines. 

Lower class 1958 1959 

lmit (cm) A S 0 N D J F M A M J J 

4 1 3 . . . . . . . .. . 
---6 138 113 1 9 2 - 
-8 153 62 40 65 126 12 5 6 - - 

36 il 49 127 55 52 56 21 - - 

12 9 25 43 20 65 50 84 77 50 6 3 8 
14 - 7 3 1 14 25 36 38 53 37 6 36 

16 - 1 - - 3 9 4 8 26 43 17 18 

18 - - - - - 

10 49 


- 3 12 15 13 4 

20 - - - - -  - 1 4 6 5 3 
- 1 4 - 222 - - - 
- . 1 - 24 - - - -

Z 350 247 198 144 337 151 181 189 167 112 44 71 

Mean length 8.58 8.93 11.07 10.15 10.83 12.52 12.80 10.99 14.69 16.89 17.50 15.99 

Inputs = 9.5 (Sept) L 2 = 16.8 (June) 

aAdapted from data In Marquez (1960). 
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Fig. 5.11. Growth curve of the white goby (Glossogobius giuru8) in Laguna de Bay, Philippines as estimated using 
Ebert's method (based on data in Table 5.8 and Example 5.10). 
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ESTIMATION OF Z/K 

While the estimation of Z requires either a knowledge of the growth parameters of a stock, or 
that the age of at least a few fish is known, a number of methods exist which allow for the estimation 
of a parameter-Z/K-which is closely related to Z, yet require no information un age or growth for 
its estimation. 

A few of these methods have been presented above (cumulative plots, lengtL- ,nverted catch 
curves); in these, use of 1 (one) instead of the value of K leads to the estimation of Z/K instead of Z. 

Powell (1979) derived a general model for the estimation of Z/K from which he derived four 
spe-ial cases, as follows: 

1st case: the Beverton and Holt formula of 1956 

Probably the simplest method for estimating Z/K is to rewrite equation (5.9) such that 

D (L, - D) 
Z/K= ... 5.34) 

-D LD 

where all parameters are defined as in (5.9). This model is illustrated in Example 5.11. However, the 
reservations mentioned earlier with regards to (5.9) apply to this model also. 

2nd case: using the variance of the mean length 

Powell (1979) derived for the estimation of Z/K the equation 

Z/K= 2C2 ... 5.35)
1_C2 

where in terms of the special VBGI. 

C2 = (s.d.(L)) 2/(T-L')2 ... 5.36) 

where L and L' are defined as previously, and where s.d.(L) is the standard deviation of the L values 
used in computing L. 

Several applications of equation (5.36) suggest that this model produces values of Z/K which 
are generally biased downward (see Example 5.11). On the other hand, the model does not require 
any estimate of asymptotic size, which might be viewed as an advantage over equation (5.34). 

3rd case: using a nomogram and the mean weight of fish in the catch 

Fig. 5.12 reproduces a nomogram presented by Powell (1979) to roughly estimate Z/K from 
the mean weight of fish in the catch and a few ancillary values. 

4th case: estimating Z/K from the shape of the length-frequency distribution 

Fig. 5.13 gives a redrawn version of Fig. 110 in Powell (1979), which may be used to obtain 
a crude, preliminary estimate of Z/K given a set of length-frequency data representative of a given 
population in which individual growth is described by the special VBGF. 

The main reasons why Powell's graphs (Figs. 5.12 and 5.13) are given here is not their feature 
of allowing crude estimates of Z/K. Rather these graphs, particularly Fig. 5.13, have been included 
because they show how Z/K is related to major prope-ties of fish stocks. 
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Fig. 5.12. Powell's nomogram for the 
estimation of Z/K (specid VBGF) from 
the relaticnship be'ween the mean 
weight (W) in the catch, the asymptotic curve decreasing 
Ingth and the lowest size at full reten- exponentially: Z/K >2 
tion (L' and W'). IAr-configurotion'l 

smallest length Length asymptotic 
at full retention(L) length(L,) 

Fig. 5.13. Overall shapes of length-frequency plots, given different values 
of Z(K (special VBGF). Adapted from Powell (1979, Fig. 110) and John
son (1981, Figs. 1 and 2). See text for definitions of r- and K-configura
tions. 

For example, Fig. 5.13 shows that fish with very low mortalities and even slower growth, e.g., 
the whitefish of unexploited northern Canadian lakes (Johnson 1981), display such a considerable 
"pile-up effect" (see above for definition) that large fish are more numerous than fish of inter
mediate size, a phenomenon which Johnson calls "K-configuration", as opposed to the "r-configura
tion" occurring when fish numbers decrease exponentially with size (see Figs. 5.13 and 5.14). 

Whether fishes with a clear "K-configuration" occur in the tropicL iqunclear; this would be 
surprising, however, given that the ratio M/K (and hence Z/K also) is gen .rally higher in tropical 
fishes than in temperate fishes (see below). The ecology texts listed in Chapter 11 may be consulted, 
incidentally, for definitions of "r- and K-strategies", from which Johnson (1981) derived the concept 
of r- and K-configurations. 

METHODS FOR SPLITTING Z INTO M AND F 

Two methods will be presented here which allow division of estimates of Z into their consti
tuent parts, M and F, while a third (the method of Csirke and Caddy) is discussed in Chapter 10. 

These methods are (1) plotting different values of Z on their corresponding effort and (2) analy
sis of tag return data. 
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Fig. 5.14. Length-frequency data from Table 5.4, fitted with an exponential curve 
to demonstrate that Z/K for Epinephelussexfasciatus is2 or greater (see text, Fig. 5.13 
and Example 5.11). 

Plot of Z on effort 

When two or more values of Z are available which pertain to different periods (years or groups 
of years) with different levels of fishing effort (f) (as for example in Table 5.9), a linear plot of Z 
on f will provide an estimate of M through the relationship 

Z = M + qf ...5.37) 

Table 5.9. Data for estimating M and q for Selaroides leptolepis from the Gulf of Thailand.' 

Year Effortb T ZC 

1966 2.08 13.25 2.41 
1967 2.08 13.01 2.69 
1968 3.50 19.99 2.72 
1969 3.60 13.07 2.62 
1970 3.80 12.37 3.73 
1972 7.19 12.30 3.88 
1973 9.94 12.01 4.61 
1974 6.06 12.60 3.30 

X 4.87 12.70 3.25 

'Based on data In Boonyubol and Hongskul (1978).
bln millons of trawling hours.
 
*As estimated from Z - K • (L.. - L)/(L - L'), r th L. - 20 cm, K - 1.16 and L - 10 cm.
 

http:L);r=.97
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where q is the "catchability coefficient", which relates effort to fishing mortality such that 

F=q f ... 5.38) 

Equation (5.38), it must be realized, applies only when f measures effective effort (as opposed to 
nominal effort, as expressed, e.g., by simple "number of boats") and provides a measure of effort 
which is indeed proportional to F (see Rothschild 1977, and contributions in Gulland 1964). 

A program for estimating the values of M and q is superfluous here as equation (5.38) provides 
:et another linear regression with intercept equal to M and slope equal to q (see Example 5.13 and 
Fig. 5.15). 

When only one value of Z is available, or when the available values of Z and f cover too small 
a range for reasonable values of M and q to be obtained, the catchabiity coefficient (q) may be 
estimated through 

q = (Z-M)/f ... 5.39) 

where Z is the mean of the available values of Z (or a single value of Z) and T is the mean of t.'e 
values of f (or a single value of f), M being an independent estimate of natural mortality. (See 
Ricker 1975, p. 172-174, and Example 5.15.) 

5
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Fig. 5.15. Plot of total mortality (Z) on effort for the yellow itriped trevally (Selaroidesleptolepis) 
in the Gulf of Thailand trawl fishery, to obtain values of M and q (based on data In Table 5.9 and 
Example 5.13). 

Analysis of tagging data 

There is a very voluminous literature on methods to estimate mortalities by means of tagging 
studies. Reviews may be found in Jones (1977), Ricker (1975) and White et al. (1982). Only one 
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case will be discussed here, namely that of tagging experiments in which all tagging is performed at 

one time (say over a period of a few days) and in which both fishing and natural mortality can be 

assumed constant during the period of the experiment. 
In such cases, the analysis consists of simply plotting the natural logarithm of the number of 

recoveries, grouped by time intervals, on the number of the time intervals, or 

in Nr = a + br' ... 5.40) 

where In Nr is the natural logarithm of the number of recoveies (Nr) per time interval and where r' 
is the time interval number (starting with 0, see Table 5.10). The slope of such a plot provides, with 
sign changed, an estimate of Z, while the intercept a can be used to estimate F through the relation
ship 

F = ... 5.41)
No (1 - e- Z) 

where No is the total number of fish tagged and released (and provided there is no significant tag 
shedding, tag-induced mortality or non-recovery of tagged fish). 

Table 5.10. Number oZ tagged and recovered chub mackerels (Rastrelligerneglectus), grouped 
according to time spent at large after releasing.a 

No. of month (r')b No. of recoveries 

0 1,052 
1 748 
2 165 
3 46 
4 8 

"Area If, Gulf of Thailand, 1961 experiment. Total number released was N. = 5,230. From 
Table XXI in Hongskul (1974).

bThe first time period at large is coded 0, the following periods 1, 2, 3, etc. 

Natural mortality is obtained by subtracting F from Z; then Z, F and M are converted to annual 
rates by multiplication by the number of times one of the time intervals is contained in a year (see 
Example 5.13). 

Equations (5.40) and (5.41) are adapted from Gulland (1969, p. 76) whose chapter on tagging 
should be consulted for details on the method, particularly with regard to potential sources of errors. 

It should be mentioned moreover, that tagging studies in other than well-monitored, single
species pelagic stocks (e.g., tuna and mackerels) are, in the tropics at least, generally very difficult 
to conduct successfully, particularly with regard to sufficient numbers of returns. Also, such studies 
are often too expensive to be cost-effective (Stephenson 1981; Pauly 1982a). 

METHOD FOR OBTAINING INDEPENDENT ESTIMATES OF M 

It has been demonstrated by various authors that the values of the parameter K of the VBGF 
are closely linked with longevity in fish (see e.g., Beverton and Holt 1959). This can be demonstrated 
on the basis of the observation that in nature the oldest fish of a stock generally grow to about 95% 
of their asymptotic length (Taylor 1J58; Beverton 1963). This rule, which was derived from growth 
data used in conjunction with the special VBGF, does not strictly apply to large fish, such as tuna 
(see Pauly 1981). Still, in small fish at least, when 

-Lt = L. (I-e K (t - to)) ... 5.42) 
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Fig. 5.16. Analysis of tag return data for chub mackerel (Rastrelliger neglectus) from the Gulf of Thai
land (based on data in Table 5.10 and Example 5.13). 

then 

t-o=Inin (I --K(Lt/L.))..543-= 

or, inserting 95% of L. for Lmax 

tma -to- 2.9957 ... 5.44) 

or, ignoring to 

tmaxm KK"' ... 5.45) 

where tmax is the longevity of the fish in question. 
That natural mortality should, in fishes, be inversely correlated with longevity and hence be 

correlated with K, seems obvious (see also equation 5.5). Natural mortality should also inversely 
correlate with size, since large fish should have, as a rule, fewer predators than small fish. 

Na ,l*'a mortality can also be demonstrated to be correlated to mean environmental temper
ature in iiihes, although the interpretation of this phenomenon is still open (Pauly 1980b). 

These various interrelationships can be expressed for length growth data by the multiple reg
ression 

log M = -0.0066 --- 0.279 log L. + 0.6543 log K + 0.463 log T ... 5.46) 
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and for weight growth data by 

+ 0.6757 log K + 0.4687 logT ... 5.47)log M = -0.2107 - 0.0824 log W. 

(live weight, in g)where M is the natural mortality in a given stock, L.. (total length, in cm) and W. 
and W.) refers to the special VBGF and isbeing the asymptotic size of that stock; K (as well as L. 

expressed on an annual basis; the value ofT is the annual mean temperature (°C) of the water in 

which the stock in question lives. These equations are incorporated in Program FB 15. [Negative 
may be used for input in Program FB 15, becausetemperature values for polar fishes, down to -2°C 

an "effective physiological temperature" (Pauly 1980b), which happens to be always positive, is 

computed internally for all values of T < 3.5' and T > -2.0OC.] 
In general, the estimates of M provided by equations (5.46) and (5.47) are quite reasonable, 

especially because a very large number (175) of independentestimates of M have been used for 

their derivation. Also the fish considered covered an extremely wide range of sizes, taxa and habitats. 

However, estimates of M obtained from these expressions may be biased upward in the case 

of strongly schooling fishes, such as the sardine-like fishes and downward in the case of polar fishes. 

Correction factors and a further discussion of equations (5.46) and (5.47) are given in Pauly (1980b), 

along with all data used in the derivation. 
Equations (5.46) and (5.47) are incorporated into Program FB 15, which estimates M given 

as may hethe appropriate growth parameters of the special VBGF and an estimate of T, such 

obtained from an oceanographic atlas (see Example 5.14). 

EXPLOITATION RATES AND 
POTENTIAL YIELDS 

Certain stock assessment methods, such as Beverton and Holt's relative yield-per-recruit assess

ment (Beverton and Holt 1966) and Jones' (1974) length cohort analysis (tee following chapters) 

make exhaustive use of exploitation rates, which define the fraction (in numbers) of an age class 

which will be caught during the fished life span (or: E = number caught/number dying of all cauces). 

In terms of mortality rates, the exploitation rate is defined by 

F F 5.48) 
F+M Z 

Another definition of E is given by 

... 5.49)M/KE= - Z/K 

which implies that the exploitation rate of a stock can be assessed without their age or growth para

meters being known (see Example 5.15). 
When, on the other hand, only M and E are known, F can be estimated from 

... 5.50)F = M.E/(1-E) 

Gulland (1971) suggested that in a stock that is optimally exploited, fishing mortality should 

be about equal to natural mortality, or 

... 5.51)Fopt M 

whtch corresponds to 

... 5.52)Eopt 0.5 
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and which also leads to the well-known equation 

Py - 0.5 M Bo ... 5.53) 

which states that the potential yield of a stock is about equal to half the virgin biomass (Bo) times 
the natural mortality prevailing in that stock (see Gulland 1971 p. x, xi for the two approaches that 
lead to this model). 

Although widely used, equation (5.53) has been criticized by a number of authors, notably 
Francis (1S74) and Caddy and Csirke (1983) who showed that the assumption M P F0 t does not 
apply in a large number of stocks, notably in stocks of fish and shrimps low in the food chain. 

Beddington and Cooke (1983) investigated equation (5.53) in great detail and concluded, on 
the basis of numerous simulations, that equation (5.53) generally overestimates potential yields by 
a factor which is itself a function of M. Thus, they showed that, for values of M ranging between 
0.2 and 1, equation (5.53) overestimates potential yields by a factor of 2-3. For higher values of 
M-as often occurs in small tropical fish-equation (5.53) possibly overestimates potential yields 
by a factor of 3-4. 

Thus, rather than E0 0.5, it could well be that the optimum exploitation rate is-particuot ; 
larly in small fish with high recruitment variability-as low as 0.2 or, tentatively 

Py - 0.2 M Bo ... 5.54) 

Clearly, these results are very important and warrant further research on this topic. Also, they make 
it imperative to use approximations such as discussed here only in the last resort, and then very con
servatively, e.g., by relying on (5.54) rather than (5.53). 

Recommended reading: Although less abundant than the literature on growth, the literature 
on mortality is quite large. Some useful reviews are: Beverton and Holt (1956, 1959), Robson and 
Chapman (1961), Gulland (1969, 1971) and Ricker (1975). 

Suggested research topics: Compare estimates of Z obtained from catch curves of commercially 
important fish with estimates obtained from mean sizes in the catch (using different equations to 
. ompute the latter). Attempt to estimate M from Z and effort data, and compare the estimate(s) 
of M with independent estimates obtained from expressions (5.46 and 5.47). Attempt to partition 
F into different fishing gears, and M into different predators. Investigate changes in F and in M. 
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. EXAMPLE 5.1Estimation of Z and its standard error from the maximum age of a fish sample. 

)f th croaker (A icr,,tm,1oig I / *,'o,r caught (tffttodrigues ( 19 8 a (ii 1 1) iiihl. 'ecmJii ii, 


Caera State, Brazil. ha . axim miti ;<i .a 7" \ hat k the titIal mortality in th, tock
 

from which tit 1 ) tih xt' n, takrii. ' t ,1 c it cro'. 

Z and it, landard f.rror. tirti read( )ff t,1i ,jli tl(e of c I w , c(rr5st)ldinl) toT obtain 


n 115. These rabeM , in terp(,it 
d hitwtin the vaue. fur n - 110 and 1 12I0, are U.198
 
antlI (){)1(). respvt , l%, Ilhvn wrf'orwl
 

Keystrokes Resnlts 

197 1.198 X 0.72 1 
2- .0.19 N / 0 .1;G, 

Other values of Z and s.e.(Z) in Brazilian fishes are given in Tahble 5.3. 

EXAMPLE 5.2 Estimation of Z from the mean weight of the catch (iterative solution). 

If the followin i(.i ot gfrowlh paraimilcr o th, jiwcial VIW(,t t.rrtesimnilin to a snail 

tuna ar ailahh W_- I() kg., 1, () 8. with t 095 and the nieall weighl ill the catch 

is equal 1w)W .5 kg what is tit, total mortality? Tli tobirated error of Z will he (1.001. 

I) l{iad i(ls 1 ;and 2 of Program FI1 10. 

21 lmiani,'le 

Keystrokes Results 

10 1 .5 1.9)5 1 
.8 CIIS f a f ) 

= .001 fe IA 2.17 IftatI1st guess for Z 4 
2nd guess for Z 0.1 0.111; :.3, f(h 

3) tstinmati total mortality: F, ).58 (I 

go beYond itie illninut'.Note: Depending on the, values of f(at and f(b), the iteration time (aln 
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length of the catch.Estimation of Z froii the mea 

Case i:Thompson and Munro (1978) give for the Jamaican grouper (Epinephelusguttatus) 

= 52 cm, -0.28 (D 1), L' 34 and L = :38.7. What is the totalthe parameter values L. K 1 

mortality? 

Keystrokes Result 

.28 1:,2 138.7-

X 38.7 13.1 0.792 (Z)
 

Case 11:Table 5.g1 ives length-freq uency data (averaged over one year to simulate equilib

rium) for another grouper (t-tir.:pihlus scxfisciatus) from the Philippines. The data are used 
for the rapid cor, putation ofto illustrate the operation of the routine in Program 1"B 1:1 


mean lengths and the ,ffcs ;r)f the oJrlissi(, of large fish on the estimated va!res of Z.
 

I and 2 of Protrm lB 11) Load .idtcs 

,,,. and iritialioe:kev2) 	 S 1,'.1i. l kes: 12 2 f ) 

3) Entr freqlinres iiedied for computlation of the mean length and its standard error 

Ke,trokes: l:lA I I S A 6 1 A 	 ) :\ 32 A 17 A .lA 

I)Cmpite the mean length and itsstandard error 

Keystroke Results 

B 425 (n) 
15.951 IL) 

3.018 (s.d. . 
1116 

1
0.l 6 se. 


5) 	 Now recompute the mean length after adding the last frequency, which was omitted in 

step (3). 

Keystroke Results 

4 AB 129 (in) 

16.05.1 (I)
:3. (s.d.(O.))
186 

0.15-1 (s..ri ) 

Z 	for the two values of L 1:5.951 and 16.051 )using the same key.
6) linallv, compute 

stroke sequence as given in Case I of this tI'xanple. 
when the lst fr-qunc\ is omitted, andThe results .;hioold be Z values 	 equal to 1.868 

in(lUded.
1.93 when it i.,e 

are quite sensitiveIis Exampl illusti,,cs that the valms of . ohtaiured from mean lengths 

of the few fish in the largest size classes (see text for a discussion of theto 	 the inclusioi 
of 	L'problem that this represenLsl. 	 It will also ),nrot(d that an extrineous knowledge 

opposed to what occurs when ,mi-raphical methods areC required by thi; method, as 

used (cumulative plots, length-converted catch curves). 

EXAMPLE 5.3. 
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EXAMPLE 5.4 Estimation of Z using Jones' method. 

Data rTh.
 

l omll[Utatim is>
 

1) Iead side Iof Program Fli11. 

2) Enter I, , I). ,I., Lxand initialize 

Keystrokes: 	 30.9 I1 2 1 26 

3) Enter all catches, starting with that corresponding to the largest fish 

Keystrokes Re "s 

.1 A 1.589 In (L')- L') 
1.386 In C IL, 

4 A 1.932 
2.079 .... 

17 A 2.186 .... 
3.219 

etc, 

,
I) 	Plot the In (L) - L" )' and In C (Li ) data as in Fig. 5.2 and select points to be included 

in linear regression (see Fig. 5.2 for points selected). 

5) He-initialize, and re-enter data 

Kvystrokes: 	 30.9 11 1 2 126 fa 1.\ I A I S 17 A R!S 32 A RiS 50 A R/S 61 A R/S 

118 A R S 1.13 A ItS 16 AR S 

6) ComputV 	paramet, rs of linear regression and estimate Z.X. 

Keystroke Results 
E 0.998 (r)2
 

-5.235 (a) 
3.846 (b = Z/K) 

7) Calculate 	Z thro - i multiplication of Z/K with K. 

Keystroke Result 

.5l x 1.961 (Z) 

As will b,shown further below, this rksult (Z - 1.9(;I )is v(,rsimilar to those obtained using 

a n ,mhrof different methods (i.E.. various mnrris of the length-coiverted catch curve) if the 

same data points are included in the analysis. 

2 
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Estimation of Z using Sparre's method. 	 EXAMPLE 5.5 

Data from 	 abhle 5.1 

1) Read sd I of Progran F1B 11. 

2) Enter , ., I), l, I..l... and initialize 

1,m strokes: 0.9 T1 1) 26 f a 

3) Eiter K 

Ke;tvrokes: 30.9 I 1 2 t 26 fa 

-1) Enter all catches, starting with that corresponding to the largest fish 

Keystrokes Results 

4113 :3.611 t 

1.:386 In C (.i co) 
.1B 2.940 ... 

2.079 .... 
17 B 2.441 ... 

:3.219 ... 
etc. 

in Fig. 5.3 and select points to be included in the5) Plot the t'l i and In C (L1, c-) data as 

linear regression (see Fig. 5.3 for points selected).
 

6) Re-initialize and re-enter data 

Kewt,.rokes: 	 30.9 1 11 2 126 f a .51 STO 1.113 .1 B IIS 17 B Il/S 32 B R.S 50 B It 'S
 
61 B R S 118 B RS 1-13 B Rt 161 B RS
 

7) Compute parameters of linear regression and estimate 7,
 

Keystroke Results
 

E 0.998 (r2 ) 

7.959 (a) 
---1.961 (b -Z 

It will he noted that thi result (Z' 1.9611 is exactly the sane as that. obtained uin lones'
 

method.
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'EXAMPLE 5.6 	 Estimating Z from length-frequency data using a length-converted catch curve, 
in which the "piling-up" effect is corrected for by the use of growth rates. 

Data from Table 5.4. 

1) Use Program FB 9 to comput the growth rate (dl/dt) and relative ages (t') corresponding 
to the class midpoints in Table 5.4; also compute In N(dl/dt) for each' class midpoint, 
and record results as shown here. 

Class midpoint 

(cm) N dl/dt In N (dl/dt) ti Remarks 

5 5 13.21 4.190 0.34617 29 12.19 5.868 .5.0, not used, ascen~ding 

9 114 11.17 7.149 0.675 part of curve 
11 161 10.15 7.399 0.863 
13 143 9.129 .174 1.07 

15 118 8.109 6.864 1.30 
17 61 7.089 6.069 1.57 
19 50 6.069 5.715 1.87 used, descending 
21 32 5.049 5.085 2.23 straight part of 

23 17 4.029 4.227 2.67 catch curve 
25 4 3.009 2.488 3.25 
27 4 1.989 2.074 4.06 

2) 	 Plot these d.ta as in Fig. 5.5 and select points to be included in regression. 

3) 	 Compute parameters of a length.converted catch curve using linear regression (standard 
Pac SDO SA), using t' for the x-axis and In N (dl/dt) for the y-axis. Whqn x- and y-values 

(see above) have been entered, compute parameters of catch curve: 

Keystroke Results 

C 0.974 (r 2 ) 

9.087 (a) 
-1.8 3 1 (b) 

Thus Z is equal to 	1.83, a value close to those estimated from the same data set using 

different methods (see Examples 5.3, 5.4 and 5.5). 

It will also be noted that the plot in Fig. 5.4 gives no reason to delete the last point (that 
corresponding to t' 4 years), which however, had to be deleted in Figs. 5.2 and 5.3. 



Showing that not correcting for the "piling-up" effect leads to negatively biased NWOU LI 
estimates of Z. 

Data from Example 5.6 

1) Use the linear regression program (standard Pac SDO 3A) to estimate the parameters of a 

plot of In N on t', tsing only the values of N and t' in Example 5.6 corresponding to 
fishes with (lass midpoints ranging from 13 to 27 cm. Read sides 1 and 2 of SDO 3A, 
enter data, with x - t' and y - In N. 

2) Estimate parameters of re, ression line 

Keystroke Results 

C 0.951 (r2 ) 

6.331 (a) 
-1.322 (b) 

3) Since the value of K in Table 5.A - Lsequal to 0.51 and D - 1, Z is obtained by adding 
0.51 to the absolute value of the slope or 

Keystrokes Result 

CIIS .51 + 1.832 tZ) 

Ar might be seen from Example 5.6 Z - 1.83 is a value that was obtained when directly 
accountinr for the "piling-up" effect. Thus, not accounting for this effect indeed leads to 

slopes with absolute values equal to Z -- KD. 

EXAMPLE 5.8 	 Estimation of Z from a length-converted catch curve (using N/At) with subse

quent improvcment using Sparrc's method. 

Data from Table 5A 

Computations 

1) Read sides 1 and 2 of Program FB 12 

2) Enter L,, L, K, 1)and initialize 

Keystrokes: 30.9 t 2 t .51 t I f a 

3) Enter class midlengths and frequencies 

Keystrokes Results 

5 1 5A 3.497 (In (N/At)) 
0.346 (t') 

7 129A 5.174 (In (N/At)) 
0.504 (t') 

etc. . 

Continued 



(dout) 4) Plot values of In (N/At) against t' and identify points to be included in the catch curve;1the points selected should range from class midpoints 13 tr 27 cm see Fiv. 5.7). 

5) Re-enter class midlengths and frequencies to be used in regression 

Keystrokes Results 

13 1 143 A 	 6.480 
1.071 

now press X + 1 
15 t 118 A 6.169 

1.303 
again press X + 2 

etc.... 

6) When all 8 pairs of values to be used in the regression have been entered, proceed with 

Keystroke Results 

E 0.974 (r 2 ) 
8.406 (a) 
1.839 (Z) 

It will be noted that this result is virtually identical to that obtained in Examples 5.6 
and 5.7. However, the methods in these two Examples and that used above are approxi.
mate. The value of Z obtained here will thus be used as an input to the iterative routine 
proposed by P. Sparre, which gives exact results, as follows: 

7) Store 1.839 as first value of Z ard initialize new routine 

Keystrokes: 1.839 f b 

8) Then re-enter class midpoints and frequencies to be used in regrssion 

Keystrokes Rtsults 

13 t 1-3 B 6.06C, (In (N,1 - e-ZAt))) 
0.964 (t'Li) 

now press 1 + 1 
15 . 118 B 5.778 (Ih: (N/(1 - e-ZAt))) 

1.183 (t' 1 ) 
again 	press 1: + 2 

etc. 

9) When all 8 pairs of values are entered, obtain the new estimate of Z through 

Keystroke Results 

E 0.968 (r2 ) 
7.814 (a)
1.850 (Z) 

The new value 	 of Z is so close to the initial value (2 -difference = 0.6) that there is no 

need for further iterations: Z will remain near 1.85 anyway. 
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Construction of a pseudo-catch curve for Leiognathus splendens caught off 

Kaliniantan, 1ndoinesia (adapted from Pauly' 1980c). 

1) Ihe nhanlcInqth w:tterd'F;th wlitlwhip in Fl'r 5.8 can he expressed by tile relationship 

' ()0 IL 7 W - ). 

where iI 1e, the depth ill meters (I 0 i. ) ' I it' values of L, , K an(] ) used h-rI

are 11.3 cii, 1.0. and 1. respe iively, while the length weight relationship (lim. -,) is 

given Iw 

' 
-I.W )0 11 

2) I eatch effort data, as read off lio. 5.9. are given below for each depth, along with 
asthe corre;pondingina i length, mean weilht. nitlbrs cau,ght and relative ages, 

comiliptlitid isini Programill I , i9 a d Sinllle di~i5ioll.. 

Clhf II iN'V tIki2l 1-

1 18.0 .5 12.3 1,63 095 

2i 3) IOM 1 INN 1 16 

3 11.9 11.1 25.6 582 1.41 

K) 9.613 12.1 13.7 26 1.80 

,) 1.97 2l._ . ; ill "..-7 

l t ,rain .SI). .I "I(tlcurvefitting") is then tl ,d to estimate th 1prameters of tl! r rts

" i! n,In f I n 1'. ''lm results are 

Keystroke leulti 

C" 0.952 i r2) 
9.203 al 

--1.862 (-'-Z) 

'le' nain ri-.ilt, the value of 7, of 1.86, is reasonabhle and migiht serve as input in models 

re'qtuirilig estimates miltotal mortality. 

EXAMPLE 5.9
 



* XA~WtZ51 Estimation of K and Z in a stock of the white goby (Glossogobiusgiurus) using
Ebert's method as improved by Saila and Lough (1981). 

Data from Table 5.8 

Computations 

1) By inspection of the data in Table 5.8, the month of recruitment is set as August (1958);
and the length at recruitment set at 8 cm (as the mean length in the two most abundant 
length classes in August). 

2) Two sampling months, September (1958) and June (1959) are selected which, together
with August as month of recruitment, provide, using Table 5.7, values of t1 a d t 2equal to 0.091 and 0.909, respectively. 

3) The mean lengths Li and L2 are computed by combining the monthly means for August,September and October, and the means for May, June and July, respectively (see Table
5.8). (Combining the samples has the effect of reducing the effects of sampling variability 
on the estimates of L1 and L2)" 

4) L(,,) is astimated from the largest fish in Table 5.8 as 26.5 cm. 

5) Read sides 1 and 2 of Program FB 13 and enter parameters estimated above. 

Keystrokes: 8 t 9.5 f 16.8 t 1 f a .091 T .909 1 26.5 R/S 

6) Enter initial guess of Z and iterate 

Keystroke Results 

1E 1 (Zl) 
1.103 (Z 2 )* 

etc. 
0.686 (K)

value reached after 8 iterations 3.143 (Z final) 
*When the second value of Z has a negative sign, this means that the initial guess of Z 
was much too high. In this case, press R/S, set STO 0 to 8 to zero, and start again with 
step 5. 
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Estimating Z/K from length-frequency data. EXAMPLE 5.11 

Case I 
'I'lloillthl I tIId N lit() (19 1l ) (;lilntI(I I,.o froi L in 11i)/iplins striatus as approxi

iiatel "\ 90 1 111, "01hl k c'1h1( lot he estiniated reliably. The mean length at til exploited
 
)I''iiI(' hank, ('11f Jtain 
 c; i 690 (ii, with .' (O cii. What i., the valie of" I K Ipecial 

Ke-ystrokes Rtesults 

90 1 
69

69 1 
60- 2.33 (MIK) 

Let', assume the mean length of EDinephelus strialus in a certain exploited area is 65 cmr,
 
with I",)= 90 em and L' = 60. Wha; is the valie of ZK?
 
(?oiepu tatio)ll
 

Keystrokes Results 
90 t 
65 -

G65 
G6-- : 5.00 (Z!K) 

(ase H 

l'h, 1iata in Table 5.4 and a value of L' - 12 cin are used to compuite Z, K usinit equatioins
(5.35) and (5.36). First the value or (J2 is COmputed, usinlg parameicter values; ciinputd with 
Programn IB 13 sve Exanple 5.8 for coiptation of nmeain length ( 6.051) atnd Aij.t

O A. i'O and/( e ti(llonl (5'.35):
 

Keytroke> Rt(uilts 

3. 186 X

1O6.051 1 12 
x . 0.618 (C 2 

The u, value of (2 to coinpute Z/K, using equation (5.31 

Keystrokes Results 
.6G18 1 
2x I 

.618 :.2316 (Z K) 
l'lik %alu of, Z K, whin niultiplied with the value of K given in Tabli 5.4 ((.51) lead, to an 
estiiate of, Z 1.(6.5 which is lower than that obtaiied usillg other methods ExamhplesE, 
5.3 to -. (i c tett). 

C.4ow I II
 

"lh l*n- lt-fr,noioy data ini Tahle 5.A, ha( , t) n drawn ill Ii, 5. II, h4,
It ini0t ho oil that, 
beyond I. it. frrfoo 'ite ote,,lino expoiiintially, a f, im r w!iich ik liad more visilo, bv th
exponential our,- .ipi-riniposed ()in the (data. lte'ne t i-i . Ia.s.11ieteronce, we, infer 
that X 1Kis equal to or hig~her than 2, a fact substanti; ted by all previou anahse s. 



f;} 	 Estimating M and q from a plot of Z values against their corresponding values 

of effort. 
-

Data from Table 5.9 

Computation 

1) Read sides 1 and 2 of SDO 3A (linear regression) 

2) Initialize and enter data 

Keystrokes: f b 2.08 t 2.41 A 2.08 t 2.69 A 3.5 t2.72 A 3.6 1 2.62 A 3.8 t3.73 A 
7.19 t3.88 A 9.94 t4.61 A 6.06 t3.3 A 

3) Obtain results 

Keystrokes Results 

C 

DSP 3 
x y 

0.81 
2.03 
0.25 
0.253 
2.034 

(r2 ) 
(a) 
(b) 
(q) 
(M) 

Thus the results are q = 0.253 and M - 2.03. 

Estimating F and M for chub mackerel (Rastrelligerneglectus) from tagging data. EXAMLE 513 

Data from Table 5.10 

Computation 

1) Read side 1 of Program FB 14 

2) Enter data from Table 5.10 

Keystrokes: f a 1052 A 748 A 165 A 46 A 8 A
 

2
3) Obtain r , a and b of regression line (see Fi-. 5.16), and estimates of F and M 

Keystrokes Results 

E 0.96 (r2 ) 
7.43 (a) 

-1.25 (b) 
enter No 5230 f e 0.56 (F) 

0.69 (M) 

Gulland (1969) should be consulted for details on this method, as well as possible sources 

of bias and errors. 
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EXAMPLE 5.14 Obtaining an independent estimate of I for a fish whose growth parameters 
are known. 

Estimate M in .,rj/,''cp,)pis from the G;ulf )fThiland. Th ,rtI parameters are: 
1,., 21cm hioal ).NIl 1.16. () z 1, whilh the mean waler 11 fperature illwhich the 
fish o('clr i' .ihoul 2-I 

[-0Oll!)LM
I;tti()ll
 

I)lwad ,idt,t ()I*Program l'B 15. 

2) Fn Ir
1.,K and I' 

Keystrokes Results 

20 t 1.16 1 
27 A 2.17 (M) 

It will he noted that this value is rather close to the value of M 2.03) obtained in Example
5.1'2. Thus it would have been possible, instead of plotting Z on f to ohtai M, to simply use 
the mean value of 7 and th mean e.ffort in Table 5.9 to obtain q l,,ing equation (5.39) i.e.: 

Ke strokes Resull 

:.25 12.17 
- 1.87 : 

DSP : 0.222 (q) 

This value of q compares rather well with the one estiimated prvio sty II). 253 l. This approach 
to estimating q should he used when the scatthr of Ot Z an(n f value about the regression line 
makes th,- estimate of M look dbious, or, ohviouslv wven ol oe(ipair of f and Z values 
is availabhle. 
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Estimation of the exploitation rate from mean lengths. EXAMPLE 5.15 

Thmlipscn and Ni1nn., 1911 t&"tin:Mid I.,frnm I.. in I'pincph'hs striuns as approxi
matt.ly 9( cin, M,1hlhK cmild no t hf,ri,iiabk, estilmantil. The recall length ()funt,xphoited 

tct'tcl balk> ol''Jtataia i' it. with I. i) cmttiand I) - I. What isNI K!'.Theanswer 

i'vstrokvs H.stilt.s 

90 6+9 

69 T60+- 2.33 (NI K) 

HIow(.ver, the mean length of E. striatu. in exploited fishing grounds is 65 (i (again with 

I. I 90)anld I':60 cm). What is ZNK? tUsing eqnatin (I5.31) again. 

Keys) rokes Results 

65 16;h 5.00 (Z K) 

What is the exploitation rate in the exploited fishing groLIuCs? (The answer is comtputed 
using fquation (5.49.)) 

Keystrokes Results 

2.33 1 5 : 
(1IS 1 0.53 E 

The smotk of F. Otriatus investigated here is thus untter vorv intiisiv, ,xphtitatiot (see 1).77). 

It will hi inoted that this infi-rence is tmade hert r id . strtuswitliotit, rwih paralmiti' 

heing ktto mi.
 



6. Estimation of Population Size 

INTRODUCTION 

This chapter presents four methods by means of which the size of fish populations can be 
estimated. These are: 

a) tagging 
b) Leslie's method 
c) 'swept-area method 
d) using catch data and fishing mortality 
Tagging and Leslie's methods are used to estimate the numbers of fish in a given population or 

stock, while the other methods are generally used to estimate the total weight of a fish stock (stand
ing stock or biomass) at a given time. Other methods such as virtual population analysis and cohort 
analysis are discussed in the next chapter which is devoted to methods for estimating "past" popu
lations. 

There are still other methods which can be used to esitimate stock sizes, i.e., acoustic methods 
and egg surveys. Specialized manuals should be consulted for these, such as Forbes and Nakken 
(1972) for acoustic surveys, and Saville (1977) for egg surveys. 

POPULATION SIZE THROUGH TAGGING 
(PETERSEN ESTIMATES) 

Suppose a certain number of marked fishes (T) are released into a body of water, after which
 
some time is allowed for the marked fish to mix thoroughly with the fish already present in the
 
water body. Upon fishing, a certain number of fish (n) are captured of which a smaller number (m)
 
consists of marked fish. The simplest equation for estimating the size of the population (N) is then
 

N =T n/m ... 6.1) 

the standard error of N being given by 

s.e.(N) (T2n (n - m)/m 3 )1/2 ... 6.2) 

For these equations to provide reasonable estimates of N, the following assumptions among 
others, must be met: 

1) The natural mortality and vulnerability to fishing gears of tagged and untaggcd animals are 
the same. 

2) The tagged fish are randomly distributed in the population. 
3) Tags are not lost. 
4) There is no immigration nor emigration of fish into or out of the stock. 
5) All tagged fish are reported. 

See Jones (1977) and Ricker (1975) for more details on this and related methods, and for discus
sions on how to account for some of the bias inherent in the method. 

Table 6.1 gives some variants of Petersen's method, which are illustrated in Example 6.1. Other 
models for the interpretation of tagging data exist, such as Jolly's method. An HP 67/97 program for 
population size estimates based on this method (Jolly 1965; Ricker 1975, p. 132-134) is included in 
the HP Users' Library Solutions booklet devoted to "Biology". 
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Table 6.1. Variants of equations (6.1) and (6.2) suggested by various authors. See also Program
FB 16 and Example 6.1. Adapted from Jones (1977). 

Type 
of Estimates of 

Reference sampling3 population size (N) standard error of N 

(A) Bailey Direct N- T s.e. (N) ( m )
(1951) ' 

T2 (n + 1)(n -- /
(B) Bailey Direct N -T(n + 1) 

(1952) m+1 (N) (m + 1)2 (m + 2) ) 

(C) Chapman Direct N- (T + 1)(n + 1) 1 T + 2 

(1951) +1
 
Schaefer 
(1951) 

(D) Bailey Inverse N -n(T + - 1 se -(N) + ))m( 2) 
(1951) m 

a"Direct" sampling means that sampling is continued until a predetermined sample size (n) is 
obtained; "inverse" sampling means that sampling is carried out until a predetermined number of 
tagged animals (m) is obtained. 

STANDING STOCK ESTIMATION WITH
 
THE SWEPT-AREA METHOD
 

In areas where the bottom is smooth enough for trawling, the standing stock sizes of demersal 
fishes (B) can be obtained from the relationship 

a X16.3) .. 

where T/f is the mean catch/effort obtained during a survey (or in a given stratum), A the total 
survey (or stratum) area and a the area swept by the trawl in one unit of effort (e.g., one hour),
X1 being the proportion of the fish in the path of the neLwhich are actually retained by it (1/X 1 
may be termed "escapement factor").

For trawlers such as those used in Southeast Asia, a value of X1 = 0.5 is commonly used in 
survey work (Isarankura 1971; Saeger et al. 1976; SCSP 1978), and for the Gulf of Thailand at
least, there is some evidence that this value is appropriate (Pauly 1980d).

For the western Indian Ocean south of the equator, it has been suggested, on the other hand,
that all fish in the path of the trawl might be caught, which corresponds to X1 = 1 (Gulland 1979, 
p. 3), a figure also suggested by Dickson (1974). The difference between these two values of X1(0.5 & 1) is difficult to resolve and attempts should be made, wherever possible, to substantiate thevalues of X1 used in an assessment by as much corroborative evidence as possible, because the value 
of X 1 used in equation (6.3) hasavery strong effect on standing stock estimates. Using X1 = 0.5, for 
example instead of X1 = 1 doubles the estimated value of B. 
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The surface swept by the gear in one unit of effort is computed from the expression 

a=t. V. h. X 2 ... 6.4) 

where V is the speed of the trawler, over ground, when trawling, h is the length of the trawl's head 
rope (see Fig. 6.1), t is the time spent trawling and X2 is a fraction equal to the effective width of 
the net divided by the length of the head rope. 

In the Caribbean, a value of X 2 = 0.6 was used by Klima (1976), while in Southeast Asian 
waters values of X2 ranging from 0.66 (Shindo 1973) to 0.4 (SCSP 1978) have been proposed, with 
0.5 possibly being (for Southeast Asian waters at least) the best compromise (Pa.ly 1980d).
 

Gulland (1969) showed that
 

F = a ...6.5)
A 

i.e., that the fishing mortality exerted on a given stock is equal to the product of the area swept in a 
year by the combined activity of a fleet of trawlers (a •f) times X1 , divided by the total area inhab
ited by the stock in question. The swept area method, thus, can be used both to estimate standing
stocks and fishing mortality (Example 6.2). The method has been adapted, under certain assump
tions pertaining to the behavior of fish, to line fishing over coral reefs (Wheeler and Ommaney 1953; 
Gulland 1979). 

POPULATION SIZE FROM CATCH 
AND FISHING MORTALITY 

Sekharan (1974), based on Beverton and Holt (1957) showed that: 

S . W ... 6.6)
F 

from which one obtains 

F B ... 6.7) 

where Y is the annual catch, in weight. F the instantaneous fishing mortality rate (on an annual basis),
N the mean number of fish in the stock, W their mean weight, and B the mean biomass in the course 
of a year. 

This relationship, simple as it is, can also be used with great advantage, e.g., to estimate the 
standing stock of exploited coral reef fish, as suggested by Marshall (1980) on the basis of diffi
culties with the standard methods for estimating the biomass of coral reef fish (reviewed in Russel 
et al. 1978). 

Equation (6.7) obviously can be rewritten 

F = Y/B ...6.8) 

which can be used to estimate fishing mortality from the catch and an independent estimate of B, 
as obtained from the swept area method (see above) or by an acoustic survey. (See Example 6.3). 
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POPULATION SIZE AS ESTIMATED 
BY LESLIE'S METHOD 

When the fish population of a body of water is fished down so rapidly that the effects of 
recruitment, immigration and natural mortality can be neglected, we have 

c/f= qNo -q2t ...6.9) 

which expresses that catch per effort (c/f) in a given time period (t) plotted against the cumulative 
catch up to that period (Yt)gives a straight line, the slope of which is an estimate of the catch
ability coefficient (q) and whose intercept qN0 , divided by q provides an estimate of No ,the popula
tion size prior to its reduction by fishing (Example 6.1, Case I, Table 6.2). When the special case 
applies that effort is constant for the period under consideration, the c/f values can be replaced by 
catch values, in which case F is estimated instead of qa (Example 6.4, Case II, Table 6.3). 

Table 6.2. Successive sample sizes of reef eels (Kaupichthys hyoproroides) from an isolated Baha
mian patch reef.a 

Samples No. of fish collected Effortb 

A 5 1 
B 4 1 
C 3 1 

D+E 1 2 

abased on data in Smith (1973, Table 5, Station I). 
bThe unit of effort is "22 fluid ounces of emulsified rotenone applied from a plastic squeeze 

bottle". 

Table 6.3. Successive sample sizes of bluehead wrasses (Thalassoma bifasciatum) from an isolated 
Bahamian patch reef.a 

Samples No. of fish collectel Effortb 

A 8 1 
B 5 1 
C 4 1 

aBased on data in Smith (1973, Table 6, Station X).
 
bbhe unit of effort is "22 fluid ounces of emulsified rotenone applied from a plastic squeeze
 

bottle". 

aThis feature of the model was pointed out by E. Ursin (pers. comm.). 
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0 bluehead wrosses 
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0 

5 10 15 20 25 

Cumulative catch 

Fig. 6.1. Leslie plots for reef eels (Kaupichthyshyoproroides)and bluehead wrasses (Thalassoma bifasciatum) from an 
isolated Bahamian reef patch, with estimates of virgin population sizes (based on data in Tables 6.2, 6.3 and Example 
6.4). 

Recommended reading: For reviews of some of the voluminous literature on tagging see Ricker 
(1975) and Jones (1977). Kato and Yamada (1975) give application of a rather sophisticated method 
(Jolly-Seber) to a stock of seabreams in southern Japan, while Yap and Furtado (1980) give an 
application of various methods to a stock from a Malaysian river. The swept-area method is discussed 
in more detail in Gulland (1969). Ricker (1975) gives a discussion of Leslie's and related methods 
with several examples. 

Suggested research topics: Use several methods to estimate population sizes on reefs, in enclosed 
or semi-enclosed water bodies, determine which methods give comparable results and why. Compare 
the population size of adjacent areas in relation to different fishing intensities. 
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Petersen population estimate of tigerfish ([Ifvdrocvn:.s cittatus) in the Sanyati EXAMPLE 6.1 
Gorge, Lake Kariba, Zimbabtwe. 

kml ,l'l l (]9! miidllit Il mirkin g irid ta gg hlgI,,,nrsg ( xpcrin.,nts (m tigirlvh 

'ltttlt, (Failll.IChdm ii( I i n Sal \ "Li Iake Karito, i011iiid'id
> (;()rg('. Miiiu tihtilder 

nilt lii{1ilJttii> Jiialiii aIrunl[it thai| ru vn,r ir. taggting w it s,iftriur I,iiarkttinj. sv,;lni Illnort t'[ 

dvt . Ini aii,t\trimlient conductvd i 1979, T -)8.1 fish wIre taggtd aid rcluac.d I llt 

fishing oie da later with a chartered \eissel, 3,253 fish wi-recaught, 68 of Mhih h-r, lags. 

If thi, various assuIlflpti(ilis ilivolved ilPttersii popillation estimatv; were nt., whi [Alie 

[pulatitin i ' aild its standard error? 

('onipni thtoi 

( i; ,I and 2 of Program Ill 16I)H ,;t 


2) ", dat:i t iduer nitialize
 

Kt-\strsKc, 9,.1 32531 68 f a 

3) 1 iculat, populatii sie using different formulae (see Table 6.1) 

Keystrokes Results 

A -17,073 (NI 
5,648 S.e.(N
 

B-16,-105 tN 

5,487 S..,N) 

-16,. 51 N) 
5,680 S.U. N 

,Sine samping was (irec', option 1) linvvrse samrpling) neid int Ne considered. Not that 
the results t.wtiw thp tln,. sets of equalions glive similar results: Lafigernan's papor also 
suggests that the assumptions involvied in Petersen ustiniatt's were, ruasoniatlv nit. The 

popuhition, of tigerfish in the part of Sainali ;trge for whiith the e\uewriiint was rprti,nt
ative was 6(0ahout 4,00 560. 
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EXAMPLE 6.2 Use of the sweI)t-area method to estimate d(emersal stma(Iing stock size and fish

ing mortality in San Miguel Bay, Philippines. 

A) Standii >lick 

Vakik 	(1982) ives the following data for typical trawlers (i)'ratint in San Miguiel Oay, 
Philippines: 

Trawling specd 2 Knot.s (conversion knotL to kinh :kn • 1.83 - km h) 
I.ength of headrope 17 n- (headrope length actual spread of net 0.5 X,, 
Fraction of fish in the part of the net that are rezained by the gear (X ().O.5(iassumed) 
Mean catch per hour ;in 1979.80): 33.5 kg 
lotal area of San Miguel Bay 7-8.10 kmi 

The estimation of the surfa(e swept during one hour (a) i>thus (according to equlatiOn GA,: 

Keystrokes Results 

2 k(know)
 
1.83 X (convers. to killh) 
0.017 	X (headrope, in kin) 

, (XIX" 0.031 (a, in ki 2 ) 

The standing stock (B) is then obtainied via e-quation H;.3) and 

0.0335 	 , ic f. in tont's) 
8.10 X (area of SM Bay)
 
X Y (put a m display)
 
.5 ' 1oSw X1 and finish) 1,809.065 (13, in tonnes)
 

B) sishmg mortality 

Vakily I19821 is( 5,966 km2 for the sUrface area swept annually bv all trawlers in San 
Migul Hay. 'Te fishing mortality induced by trawlers according to vqUatiomi (6,5) is thus 

Ktystroke> Results 

5,966 (aria sw .ipt Iauiml;v 


()5 X !XII 
8.10 " 	aria f hav) :z.551 F) 
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Applications of the relationships linking catch, fishing mortality and mean EXAMPLE 6.3 
standing stock size. 

Case 1: Estimation ot averai.(c taidiii, steck 

Sekharan (197.1) for sardin, rdu'h, lolI pr'pc (lhost re/ig,"gives (ill ) and for makrvl 

kanagurta) from southwestern Indian waters the following data tall on an annual basis): 

Z NI F Y (tonnes) 

S. lo,;gcnps 1.66 1.1 2 0.51 210,000 

1R.kanronurta 2.05 0.90 1.15 65,000 

What are the mean standing stock sizes? 

Computation 
Keystrokes Results 

210,000 
I .5.t 388,889 (B) 

(or :390,000 tonnes) 

65,000 1 
1.5 	 56,522 (A) 

(or 57,000 toWnes) 

Case 2: Estimation o1 fishing mortality 

Tah.' 12. for ithow1S) 

for 1970 to 1976 a meuan anumal catCh of 15,000 t.ACOU(liC Sir'\('\, OvldmlICI'(l in the 
Anon. (1979h, ). 1 1 I) iv es 'arangid spp. 'IrrhliosypP., ('aran.1 

region under consi(h-ration (West African Coast from Mauritania to Liberia ip(rovi(e'd an 

average carangid standing stock cstilnat of 1,200,000 1. What is; tht, fi.hing mortality 
inflicted onl carangids? 

Computation
 
Keystrokes Results
 

.16,.o00 
-
,1,20,),00 0.11 ( ) 

As concluded in Anon. (1979b) "for fish of moderate loilgevity. this is a low but not insig

nificant vlue which suggests that stocks are lightly to moderately ex)loited."
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EXAMPLE 6.4
 Estimation of unfished population size (N0) by means of Leslie's equation. 

Case I: e ffcrt clhanging. 
Data fr i'Table G.2 

Compiltil 

1) Read side 1 of Program Fl 17 

2) Initialize and enter catch and effort data 

Keystrokes: fa5 I1 A4 tI A3 11A1 2A 

3) ('alculate r , q and N 
Keystrokes Results 

E 0.88 (r 2 )=5.39) (a q N,,))
5-0:15 (b = -q) 

15.46 (N,,) 

Case I: effort constant 
Data from Table 6.3 

Computation 

1) Read side I of Program Fil 17 

2) Initialize and enter catch data 

Keystrokes: f a 8 II 5 B .1 B 

3) Calculate r 2 , F and N,, 
Keystrokes Results 

E 0.98 (r2) 

7.86 (a F N,,) 
--0.,31 (b = -F) 

25.05 (N) 

Note the interesting rsult that the catch ability Iq is similar with both fishes i.e., their 
susceptibility to rote none is similar (see also Fig. 6.1). 



7. Estimation of Past Population Sizes
 
Using Virtual Population Analysis and Cohort Analysis
 

INTRODUCTION
 

The following four methods form an extremely powerful set of tools for the analysis of catch 
data from which reliable estimates of past population sizes (in numbers) and fishing mortality can 
be derived. 

These four methods are: 
-- Virtual population analysis (VPA) 
- Cohort analysis 
- Length cohort analysis 

- Length-structured VPA 
Beverton and Holt (1957, p. 179) showed that the catch (Ci) from a population during a unit 

time period (i) is equal to the product of the population size at the beginning of the time period 
(Ni) times the fraction of the deaths caused by fishing, times the fraction of total deaths, or 

- )Ci = -i (1 -e z. Ni ... 7.1) 

where Fi is the fiching mortality in the ith period 
M is the natural mortality, generally assumed constant for all periods 

and Zi = Fi + M 

The version of Beverton and Holt's catch equation which has become most widely used for 

stock assessment purposes, however, is 

Zi • e-ZNi + 1 N-. ... 7.2) 

Ci Fi (1-eZi) 

also written 
Ci Fi z 

Zi(eZ i -1) ... 7.2a) 

which is the equation in Gulland's (1965) virtual population analysis and which can be deriwd 
from (7.1) by substituting for Ni the relationship 

zi
 
Ni=Ni + e ... 7.3) 

Equation (7.2) is used with catch-at-age data from the whole of a fishery, and covering most of the 
life span of a given cohort* (thus VPA is used to estimate retroactively the size of past cohorts), an 
estimate of M and a (guessed) value of the fishing mortality that affected the oldest age group of a 
given cohort (terminal F, or Ft). The terminal fishing mortality (Ft) and the terminal catch (Ct) 
are used to estimate the size of the terminal population (Nt), either from 

Nt- CtZt 7.4) 
Ft (1-eZt) 

or from 

Nt = Ct • Zt/Ft ... 7.5) 

*A cohort is a group of fish born at the same time, and exposed throughout their lives to the same mortalities. 

100
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Generally, equation (7.4) is used when the cohort is not extinct past Nt (and Ct), while equation 
(7.5) is used when Ct includes the last remnants of a cohort (Mesnil 1980). Then, using Nt as initial 
value of Ni+ 1,Fi and N ivalues are estimated sequentially from older to younger age groups ("back
ward") by repeatedly solving equotions (7.2) and (7.3), respectively. 

Several authors have investigated the properties of equation (7.2) and its variants and their 
findings are summarized in Ta i1e 7.1. 

Table 7.1. Review of work on the sensitivity of virtual population analysis and cohort analysis. 

Equation A uthor of Sensitivity Property 
No. equation analysis by investigated Main result(s) 

(7.1) 	 Beverton and Hlt Jones (1961) Convergence of F-values "Backward" computation en
(1957) based on toward true solution sures convergence- forward 
Baranov (1918) computation leads to diver

gence 

(7.1) 	 Beverton and lolt Murphy Convergence of F-values Confirmed Jones' result 
(1957) based on (1965), Tom- toward true solution 
Baranov (191 1' linson (1970) 

(7.2) 	 Gulland (1965) Pope (1972) Errors due to erroneous Ft Rapid convergence toward 
true F granted Fi's are high 

Sa-ipling 	error of catches Graph given to assess effects 
of sampling errors on Fi's 

(7.2) Gulland (1965) Agger et al. Sampling error of catches "Relative error of F is about 
(1971) 	 half the relative error of 

that found in the catches" 

(7.2) Gulland (1965) Agger et al. Erroneous M value If M is overestimated, F is 

(1973) 	 generally underestimated, 
and conversely 

(7.2) 	 Gulland (1965) Ulltang (1977) M varying between years, Stock sizes will be under- or 
and other properties overestimated, but relative 

changes will be approxi
mately correct; see original 
paper for other properties 

(7.2) 	 Gulland (1965) Sims (1982) Effects of seasonal fishing Effects not severe unless M 
and/or F are not very high 

(7.11) 	 Pope(1972) Pope(1972) Choice of M Value of M > 0.3 for one 

time increment (generally 

1 year) should not be used 

(7.9) 	 Jones (1974) Jones (1979) Choice of Looand M/K Graphs given showing in
fluence of L~o and M/K 
on results and "critical" 
value of M/K determined 

(7.9) 	 Jones (1974) Sparre (1979) Choice of M The same results were ob
exponential body talned independently: 
growth* 
emigration* No limitation as to value 
difference with V~'A of M: differs herein from 
version cohort analysis; results 

(7.9) Jones (1974) Pauly (this Choice of M highly sensitive to length 
chapter) 	 difference with VPA increments: with large in

version crements, F is overesti
(effect of length c ass mated and stopk size is 
increment) underestimated 

*See Sparre (1979) for this part of his results. 

DERIVATION OF A LENGTH-

STRUCTURED VPA MODEL 

Generalizing 	equation (7.2) for any time interval (At) gives 

Zi. e-Zi •At
Ni 	+At 

Ci Fi(le-Zi •At ...7.6) 
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or 
Cij =Ni t F j (e ZiAt-1) ... 7.6a) 

with all other parameters defined as in (7.2); these equations allow for structuring catch data in 
terms of length, rather than time intervals. 

Converting length to age requires the use of a mathcmatical expression of fish growth. Used 
here is the generalized VBGF (see Chapter 4). Thus, any age t1 pertaining to a length L1 can be 
obtained from 

L1 D 

tiK . +t o .. 7.7) 

and similarly for age t 2 , pertaining to L2 . From the length-age relationships for L1 and L2 , At is 
obtained as the difference between t 2 and tj, or after some rearrangement 

In ( L)DLD
LWD --. L2 D 

At- L~ ... 7.8) 

KD 

which can be substituted for At in equation (7.6). 
Thus, given catch-at-length data from a stock with stable age distribution, equation (7.6) can 

t-e used in a fashion similar to equation (7.2) to estimate, starting from a (guessed) terminal fishing 
mortality (affecting th. largest length group) the number of fish in the smaller size classes and the 
fishing mortalities affecting them. 

When equation (7.6) is used in conjunction with values of At that are not constant (i.e., when 
the At values are computed from length-converted ages), the results obtained will not apply to a 
specific cohort of fish, but rather pertain (for a given value of M) to the population sizes (per length 
class) that must have existed, on the average, for the observed catch to have been produced by the 
estimated values of F. The method is thus analogous to Jones' length cohort analysis (Jones 1974, 
1979, 1981) which, in terms of the generalized VBGF is expressed by 

N, - (N 2 ' XL + C1, 2 ) XL ... 7.9) 

where D M/(2 KD) 
where XL= ( L:ID 1 DL, L2 ... 7.10) 

where C 1, 2 is the number of fish caught in a given time period with stable age distribution with 
length between L1 and L 2 and where N 1 and N 2 represent the population size (in number) with 
length L1 and L2 , respectively. 

Jones' length cohort analysis is particularly helpful in that it requires, in addition to the value 
of D (see Chapter 4), a knowledge of only 2 parameters, L,, and the ratio M/K; the latter, as shown 
by Beverton and Holt (1959) tends to vary less between different groups of fish than either K or M 
alone (see also Chapter 5). However, a problem with Jones' method is that it is derived from the 
approximate "cohort analysis" of Pope (1972') i.e., 

• eM + Ci eM/2 ... 7.11) 



103 

through generalizing for any time interval: i.e., 

Ni - Ni + At eMAt + Ci eMAt/2 ... 7.12) 

Since equation (7.6), whica gives precise results and the approximation in (7.9) can both be 
used to obtain estimates of population ,Aze and fishing mortality from the same set of catch-at-length 
data, equation (7.6) can be used to assess the closeness of the approximation involved in (7.9). This 
is done in the example in Table 7.2.. As might be seen in this table, the combination of parameter 
values used generates a mean differei ice between the results obtained with Jones' method and those 
obtained using equation (7.6) cl only 0.7% for the population estimates and 2.2% for the fishing 
mortality estimates. 

However, regrouping the catcn data in Table 7.2 into larger and larger length class intervals pro
duces increasing differences between the fishing mortality estimates (and population estimates) ob
tained by the two methods (Tatle 7.3, Fig. 7.1), suggesting that Jones' length cohort analysis may 
indeed be quite sensitive to coa'.se groupings of the catch data. 

Varying the value of natural mortality used for the analysis produces, on the other hand, 
virtually no additional differences between the results of the two methods, i.e., the difference 
remained close to 2% for M = 0.1 to M = 1.0. 

DISCUSSION OF THE LENGTH-
STRUCTURED VPA MODEL 

The main drawback-of the length-structured VPA proposed here (equations 7.6 and 7.6a) and 
of length cohort analysis (equation 7.9) is the necessary assumption of a stable age distribution, which 

Table 7.2. Comparison of results obtained using Jones' length cohort analysis and VPA using 
catch.at-length data on Merluccius merlucciusoff Senegal. 

Fishing mortality 
Length Catcha Population ('000) (annual basis) 
(cm) ('000) A B C 

(%diff.) 
A B C 

(%diff.) 

6 1,823 98,919 98,238 -0.7 0.040 0.040 0.0 
12 14,463 84,393 83,801 --0.7 0.386 0.392 1.3 
18 25,227 59,476 59,010 -0.8 1.066 1.111 4.2 
24 8,134 27,623 27,428 -0.7 0.647 0.661 2.2 
30 3,889 15,968 15,849 -0.7 0.491 0.500 1.8 
36 2,959 9,861 9,782 -0.8 0.592 0.605 2.4 
42 1,871 5,501 5,455 -0.8 0.647 0.666 3.1 
48 653 2,819 2,797 --0.8 0.385 0.392 1.8 
54 322 1,691 1,678 -0.8 0.288 0.293 1.7 
60 228 1,057 1,048 -0.9 0.307 0.313 1.6 
66 181 621 616 -0.8 0.401 0.412 2.7 
72 96 314 312 -06 0.389 0.399 2.6 
78 16 149 148 0.0 0.110 0.111 0,.9 
84 (Lter) 46 (Ct) 92 (Nt) 92 (Nt) - 0.280 (Ft) 0.280 (Ft) 

aFrom Table 6 in Anon. (1978b) who also provided (for D - 1): L.. - 130 cm, K - 0.1 and 

M - 0.28. 

A - Jones' length cohort analysis.
 
B - New method (VPA with length-at-age data).
 
C - (B/A- 1)" 100 - C (%diff.).
 



104 

Table 7.3. Comparison of results using Jones' length cohort analysis (A) and length-structured 
VPA (B) (24-cm classes) (see also Table 7.2). 

Length Catch Population size Fishing mortality 
(cm) ('000) A B %diff. A B %diff. 

12 51,713 93,010 84,379 -9.3 0.487 0.646 32.6 
36 5,805 11,592 10,265 -11.4 0.357 0.482 35.0 
60 521 1,236 1,087 -12.1 0.234 0.308 31.6 
84 46 (L ) 92 (Nt) 92 (Nt) - 0.280 (Ft) 0.280 (Ft) 

>84 - - - Y= 33.1 

40

30 

L_ 

020 

C 10
0 

0 6 12 18 24 
Length class interval (cm) 

Fig. 7.1. Relationship between the length class interval in which catch data 
are grouped and the percentage difference between the results obtaiv-l-d using
Jones' length cohort analysis and length-structured VPA. The calcul'atiorn of 
the percentage difference is illustrated in Tables 7.2 and 7.3, which also docu
ment two of the four points plotted in this figure. 

is not required in age-structured VPA. However, a number of methods have become widely accepted
and used for stock assessment which rest on the same assumption of a stable age distribution, such as 
the estimation of total mortality from catch curves or from the mean length of fibh in catch samples
(see Chapter 5). As in the case of the procedure recommended for use with the above methods, a 
stable age distribution can be simulated in the case of length-structured VPA or length cohort 
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analysis by averaging catch data for a length of time during which recruitment and fishing mortality 
can be assumed to have been constant. 

Jones' length cohort analysis has the following advantages over the new method proposed here: 
- it does not require separate estimates of K and M, but only of the ratio M/K, and 
- it provides direct solutions, i.e., the solution does not need to be obtained iteratively, as in 

the case of solutions to (7.6) 
On the other hand, Jones' method appears quite sensitive to coarse grouping of the catch data, 

a feature which may limit the applicability of the method where it may be most needed, e.g., when 
working with catch statistics of commercially graded penaeid shrimps (see Jones and Van Zalinge 
1981). 

APPLICATIONS OF AGE-STRUCTURED 
VPA AND COHORT ANALYSIS 

Following are applications of the four methods in Table 7.4. Example 7.1, based on the data in 
Table 7.5, presents an application of VPA to Moroccan sardines (see also Fig. 7.2). Example 7.2, 
based on the data in Table 7.6, presents an application of cohort analysis to the Peruvian anchoveta. 
As might be seen from Table 7.6, the estimates of fishing mortality in young fish obtained by 
cohort analysis (and hence, by VPA) are virtually independent of the first guess of terminal mortal
ity. This property is most useful, and is one cf the main reasons why these methods have become 
so popular, at least around the North Atlantic. 

Table 7.4. Some properties of four methods for the analysis of sequential catch data. 

iterative, but precise direct, but 
requirement approximate 

catch-at-age data VPA Pope's cohort analysis 
(single cohort) Murphy (1965) (1972) 

Gulland (1965) 

catch-at-length data length.structured Jones' length cohort analysis 
(stable age distribution) VPA (1974) 

APPLICATION OF LENGTH COHORT ANALYSIS 
AND LENGTH-STRUCTURED VPA 

Among the various methods presented in this manual, length cohort analysis and length
structured VPA may potentially be the most useful for tropical fisheries. However, to obtain popula
tion sizes and fishing mortalities based on these methods, it is necessary to have good catch-at-length 
data. 

Converting catch in weight to catch-at-length data is rather straightforward, given length-fre
quency data representative of the catch, and the parameters of the length-weight relationship in the 
stock in question. A step-by-step approach to this conversion is given in Examplc 7.3. Once catch
at-length data are obtained, either length cohort analysis or length-structured VPA can be applied, 
as illustrated in Examples 7.4 and 7.5 and Table 7.7. 
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Table 7.5. Estimation by means of Gulland's virtual population analysis of the population (in
numbers) and the fishing mortality (F) of a cohort of sardines (Sardina pilchardus) caught off 
Morocco.' 

Year of
 
capture Trimester Catch Population F (per trimester) Annual F
 

1973 	 3 15,624 14,382,198 0.00
 
4 139,836 11,761,034 0.01
 

1974 	 1 66,207 9,502,830 0.01 
2 33,191 7,720,459 0.00 0.18 (1974) 
3 514,256 6,290,998 0.09 
4 319,612 4,686,819 0.08 

1975 	 1 106,583 3,548,903 0.03 
2 383,842 2,809,370 0.16 0 
3 235,246 1,954,320 0.14 0.75 (1975)
4 434,354 1,388,058 0.42 

1976 	 1 37,926 746,801 0.06 
2 39,819 577,202 0.08 0 
3 118,049 436,651 0.35 0.65 (1976) 
4 34,226 251,483 0.16 

1977 	 1 5,225 175,063 0.03
 
2 7,859 138,612 0.06
 
3 17,538 (Ct) 106,394 (Nt) 0.20 (Ft)
 

aFrom Anon. (1978a, Table 1, p. 33) who also suggests values of M = 0.8 (per year, hence 0.2 
per trimester) and of Ft - 0.8 (per year, hence 0.',)per trimester). 

14 

Is 

1 16 -	 0.40 
* 	 -F14 0.35 

IDo 	 nU 
12 	 0.0 

0 10 	 0.25 -. 

ND 8 ----8 	 - 0.20lE 

Un CL0 6 0.15 ( 
C 
0 4 	 0.10-06 
 "E
 
"3 	 0 2 - 0.05 

o0 -	 0.00 
34 1234123412341234 
1973 1974 	 1975 1976 1977 

2 

0 341 23 4 12 3 4 234 23 
1973 	 1974 1975 1976 1977 

Fig. 7.2. Population sizes of a cohort of Moroccan sardines (Sardinapilchardus)as estimated by
(age-s'ructured) virtual population analysis (based on data in Table 7.5 and Example 7.1). 
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Table 7.6. Estimation of the population size in numbers (N) and fishing mortality (F) of a cohort 
of Peruvian anchovy (Engraulisringens) by means of Pope's cohort analysis. 

Time of 
captureYear Months 

1968 Nov-Dec 
1969 	Jan-Feb 

Mar-Apr 
May-June 
Jul-Aug 
Sep-Oct 
Nov-Dec 

1970 	Jan-Feb 
Mar-Apr 
May-June 
Jul-Aug 
Sep-Oct 
Nov-Dec 

1971 	Jan-Feb 
Mar-Apr 
May-June 
Jul-Aug 
Sep-Oct 
Nov-Dec 

1972 Jan-Feb 
Mar-Apr 

Catcha 
(in millions ofindividuals) 

8,230 

120,060 

168,580 

21,380 

0 
21,860 

7,410 
7,390 

15,560 
6,420 

0 
413,310 
27,220 

0 
11,160 

1,290 
0 

1,020 
1,160 

0 
110C t 

Nb 

(in millions) 

1,858,412 
1,514,092 
1,130,999 

773,446 
613,899 
502,618 
391,729 
314,016 
250,V08 
190,937 
150,517 
123,233 

61,706 
25,891 
21,198 

7,257 
1,775 
3,909 
2,278 

815 
Nt = 667 

Fe
(per 2 months) 

0.00 
0.09 
0.18 
0.03 
0.00 
0.05 
0.02 
0.03 
0.07 
0.04 
0.00 
C.49 
(.67 
0.00 
0.07 
0.22 
0.0c 
0.24 
0.83 
0.00 

F t = 0.20 

Fd 

(per 2 months) 

0.00 
0.09 
0.18 
0.03 
0.00 
0.05 
0.02 
0.03 
0.07 
0.04 
0.00 
0.47 
0.62 
0.00 
0.75 
0.17 
0.00 
0.25 
0.51 
0.00 

Ft = 0.10 

Fe
 
(per 2 months)
 

0.00 
0.09 
0.18 
0.03 
0.00 
0.05 
0.02 
0.03 
0.07 
0.04 
0.00 
0.50 
0.69 
0.00 
0.94 
0.25 
0.00 
0.41 
1.21 
0.00 

Ft = 0.40 

aData adapted from Table 8.6 of Ricker (1975). Note that both F and M refer to a 2-month 
period and should be multiplied by 6 to obtain annual rates (e.g., M = 0.2 = 1.2/6).

bRounded figures. Actual computation (based on Ft = 0.20) used I o significant digits. 
CAssuming Ft 0.20 and M= 0.20, which provide, with equation 17.2) the estimate ofN t = 667. 
dAssuming Ft = 0.10 and M = 0.20, population estimates omitted. Note convergence toward 

the F-values obtained by using Ft = 0.20. 
t'Assuming Ft = 0.10 and M 0.20. population estimates omitted. Note convergence toward 

=the F-values obtained by using F t 0.20 or F t 0.10. 

Unfortunately, the catch and landing data-collection systems of most tropical countries are 
not geared toward collecting catch and landing data and length-frequency data representative of 
that catch, with the result that the methods outlined here generally cannot be applied to those 
fisheries. Yet these methods are extremely well-suited for use in tropical fisheries, where fishing is 
often conducted with a multitude of gears, the number and sampling properties of which are diffi
cult to assess. Using such methods, it is thus possible to assess the impact on the fish themselves 
of all those gears in the form of values of F whicn can he used to state whether too many or not 
enough fish of certain sizes are being captured by the fishery as a whole or segments of it. 

Finally, another important property of VPA and related methods is that the resulting popula
tion estimates of young (small) fish are estimates of absolute recruitment. Recruitment, as dis
cussed in more detail in Chapter 9, is generally extremely difficult to estimate although it is an 
extremely important parameter. 

It seems thus appropriate to stress here the need for fishery biologists working in tropical coun
tries to help their fisheries department set up a catch reporting system which--at least for major 
fisheries-will allow for catch-at-length, and later catch-at-age data to emerge. 
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Table 7.7. Eslimation of population size and exploitation rate for a West African stock of hake 
(Merluccius merluccius) based on Jones' length cohort analysis.' 

Length Catch Population Exploitation Annual Annual 
(in cm) (in thousands) (in thousands) rate (F/Z) Z F 

6 1,823 98,919 0.13 0.32 0.04 
12 14,463 84,393 0.58 0.67 0.39 
18 25,227 59,476 0.79 1.35 1.07 
24 8,134 27,623 0.70 0.93 0.65 
30 3,889 15,968 0.64 0.77 0.49 
36 2,959 9,861 0.68 0.87 0.59 
42 1,871 5,501 0.70 0.93 0.65 
48 653 2,819 0.58 0.67 0.39 
54 322 1,691 0.51 0.57 0.29 
60 228 1,057 0.52 0.59 0.31 
66 181 621 0.59 0.68 0.40 
72 96 314 0.58 0.67 0.39 
78 16 149 0.28 0.39 0.11 
84 (Lt) 46 (Ct) 92 (Nt) 0.50 (Et) (0.56) (0.28) 

aThe catch-at-length data are from Anon. (1978b, Table 6, p. 78) from which (p. 17) the 
parameter values L., - 130, K - 0.10, M - 0.28, M/KD - 2.8 and D - 1 also stem. The results 
(population estimates and E-values) presented here differ from those in Anon. (1978b) both because 
of the different E, used, and because of various inconsistencies in the original analysis. 

Recommended reading: The literature on VPA and cohort analysis is growing rapidly as far as 
applications are concerned. However, both Gulland (1965)* and Jones (1974) are technically un
published papers which are rather hard to get, while Ricker's (1975) discussion of VPA and cohort 
analysis is rather opaque. Best is to get Pope (1972)* for both VPA and cohort analysis, and the 
recent manual of Jones (1981) or Jones and van Zalinge (1981) for length cohort analysis. For those 
who understand French, the best introduction to (age-structured) VPA and cohort analysis will be 
that of Mesnil (1980). 

Suggested research topics: Convert catch data in weight to catch-at-length data using the method 
outlined in Example 7.3, and apply these data to either length cohort analysis or length-structured
VPA. Then using the method of Jones (1979), assess the impact of a change in fishing mortality, 
mesh size or both. Use the results to assess the relative impact of several fisheries exploiting the same 
stock (e.g., a small-scale inshore fishery and a larjYe-scale offshore fishery). 

*Gulland (1965) and Pope (1972) have been reprinted and included in the reader recently edited by Cushing 
(1983). 



Population sizes and fishing mortality of Moroccan sardines (Sardinapilchardus) EXAMPLEfl:1 
as determined by Gulland's virtual population analysis. 

Data: catch-at-age data ofTable 7,5 

Computation 

1) Read sides 1 and 2 of Progran FB 18.
 

2) Initialize, enter NI, terminal fishing mortality and terminal catch.
 

Kevstrokes: ,0001 STO()0 .2 .2 t 17538 f a. This results in N 106391.09
 

3) Enter the catch from the period inmediatelv preceding that during which the terminal
 

catch 
was made. 

Keystrokes Result.s 

7859 A 0.06 tF1)

13 8611,8 2 (Nj)
 

now enter the next earlier catch 5225 A 0.03 (F
 

175062.55 (Ni)and so on
 
until you arrive at 15621 A 
 0.00 (F1 ) 

14 3821 97.51 (N1 

The results of virtual population analysis (VPA) should be recorded in a manner similar
 
to that used for Table 7.5.
 

'~ .. *.________________________________________________ 

~E & 

http:175062.55
http:106391.09
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EXAMPLE 7.2 	 Population sizes and fishing mortality of Peruvian anchoveta (Fngralis ringens) 
as (letermined by Pope's cohort analysis. 

Data: Catch-at-age data of Taole 7.a 

ConII)utatinO 

1) 	 6,adsides anid 2) of' Prograim "B 18. 

2) 	 Initialize., nter M and istinaitO tl terminal population, with a terminal catch of 110 
million fish and a terminal F of' 0.2. 

tKetrokes: .0( )1 SiT) 	 () .2 1.2 1 110 f a This results in Nt 667.31. 

3) 	 Enter the ('ali' from ihe, pc'io immediately precedinv that during which tIn' terminal 
ctIth Nwas Imi e. 

Keystrokes lesults 

0 13 0.0(100 li) 
815.5 1 N) 

Iow nter fit, next earlier catch 1160 B 0.83 1Fi 
227.51 (Ni
 

..... 
Ind so oil 
until you arrive at 82:30 10 ()0( "iI 

18-5 8112. 2G (N ) 

Th (, ohort anal si>, \%hic(h Jiuld hii,,cordvdd in a menlr similar to Tahlh T.G is now esseln. 
tially (coi l)ht'. Its r.sults (lit(, F and N , call I tse(d to ase,>V ilh t(u'( dirctly 

( . . , a s t) ti s l iin t . i l r t a l i t y vtoo h ia h'.') i rn ia m h e u et ia I n ut i wl i i o td ('l5 ( . .w %. l l l e r t. 
those requiring cstiimai ,.mof ad)soluIc rcruitminth (..\llrin i\leI % '. l, :n tl idelrel 

,mIoure rmmtsmnahle tlil !1w lirst F"t (. Illhe sed it, W antI lint, il. "i Ii tl 



Conversion of length-frequency data to catch-at-length data, given data on bulk EXAMPLE 7.3 
catch and a longth -weight relationship, 

IDta from I iah!, 3.,. WS' ill i'Suoi thai thelh'ngth-wight relatioisiip of (;Uns; g<biuls 
,Io,'us ,\ ) I g and cmis d,,,'rihd hl I. where W is expressed in I, in 

I ) i'-ad ,idl's I and 2 ot Program F11 20. 

2) llit r tho paraiinitrs a and h of L\V relationship. 

k \ strokes: .01 1 : f'1 

8) Fln ',ntlr lcwer lmit of nitalest length class considered, and width of length class 
ft T'thi) .i'S ,ugIst p,),A3. a 

t',.v, tr k's F 2 f c 

t nl\, i 'lter tri'qt'ncI.>,..uc'cessivcly 

ktv. tr+. I ( :;,s C 153 C49 G 9 C 

l'ho llznlher appearing after each entry are the meuar weights of the fish inl each 

5i ('o i it, totl weight of alliple 

Keystroke RLhesults 

. 2531 weight of sample)I 
7.23 Fmean fish weight) 

hi Niw as~unm 11(1 kg I 100,000 g) of (;Iosso±o(ills 4i,rus had hetin caught ill Alngolt. 
'i,, would iniply, givtn that the hln th-frequency samph, is rvpre'tntatiwi of, '()f Iliatch, 

that the' equivalelt it' :his sampli has bht'll catught 100,000 2.530 1.,' /trs thus 
eaih of ti' friuue ci in ltctiiitih-l'riq'iiuncv -lp]i muSt Il' nmutipliid t )\- tit raiSing 
t':itor 19.53. The restllti'/g itnlthcrs ire 'ahiat-lta ( ti , ned in i (tlh-eihort 
alk\sis aid [cigth-striCtU red VPA. 
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EXAMAPLE 7.4 	 Population sizes and exploitation rate of West African hake (Merluccius mer
lc('ius) as determined by Jones' length cohort analysis. 

I)ata: 'at('h-at-h-Ith data of Table 7.7 

C'( l )I .II[t c
 

I tead iide I of Prouarm "B 19. 

2) Enter paramet r needed, initialize and calculate Nt . 

Keystrokes: 130 STOA 	2.8 11 fh 8-1 16 f c .5 t-16 f d Result: 92 (N t ) 

I) Enter the cat('h for 	 the length interval immediately preceding that to which C, refers. 

Kevstrokes Nitsuit s 

16 A 1.18.68 N, 
0.28 EKI 

now enter the catch pertaining to the next 
smaller length class 96 A 313.71 (Nd 

0.58 El";t
and so oil 
wiltil vou arrive at 1823 A 98919.30 (N 

0.13 (EI) 

I'nless you have a value of M (rather than just a value of MiKD), the length cohort 
atalysis is now completed. 

It If a value of M is available, values of Z and F (both on an annual basis) 'an he estitnated 
by performing 

Keystrokes Results 

store Al .28 STO2 
estimate Z .5 B 0.56 	 tZ) 
and F 0.28 (F)
corresponding to .28 B3 0.39 (Z) 
the values of E 0.11 F) 

(,tc. (set, Tabhle 7.:H 

It must be realized that as opposed to VP.A\ and (ohort analysis performed ont catch-at-age 
data, length "cohort" analysis does tot estimate population numbers pertaining to a specific
cohort. Rattler, the "population" estimates are the ntumber needed to account for the catch 
at each size. 

http:98919.30
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1 

Population sizes and fishing mortality of West African hake as determined by EXAMPLE 7.b 
length-structured VPA. 

l)aIa: ;nittI'h-at-InIth data(I of labhl 7.7 ithi data are the same as those in Table 7.2, which
 
also ijm - the <mre fo)r ,,I 13 cm, K : 0.10, 1) -1 and M = 0.28).
 

Comllpultatio}n 

I I Read sides I and 2 of Program FlB 20. 

2) Etter paranters needed: 

Keystrokes: 130 ST() A .1 STO C 1 STO D .28STO 284 STOI 6 STO E 10 tI ,1 CHS
 
yX STO o
 

3) lshimate tormninal pojIttlatio(n: 

Keystrokes Results 

enter Ft .28 t 
and Ct 16 f a 92 (N) 

,1) Hlln VPA: 16 A 148.499 (Fl 
0.111 (N) 

96 A 311.813 (F) 
0.399 IN) 

etc. 
until 1823 A 982:18... (NI 

Note that tht restlts are almost, the same as those obtaintl with Jone,' length cohort analy
sis. (See also Tabhle 7.2.)
 

l 



8. Yield-Per-Recruit Assessment 

INTRODUCTION 

This chapter contains some of the most horrible-looking equations used in fish population 
dynamics, and an attempt to explain how these equations are derived would certainly deter all but 
the most enthusiastic readers. Thus, rather than derive any of the equations included in this chapter,
I will simply present them, and hope that they will gradually become familiar, especially after fre
quent use and consulting the original literature. 

A new concept needs to be introduced at this stage, that of the "recruit". Although the defini
tion may vary between authors, we may here visualize recruits as 1) fully metamorphosed young 
fish, 2) fish whose growth is described adequately by some form of the VBGF, 3) fish whose 
instantaneous rate of natural mortality is similar to that of the adults, and 4) fish which occur at 
(or swim into) the fishing ground(s). Such recruits have an average age tr, an average length Lr 
and an average weight Wr. Upon reaching the age tr, the recruits may be caught immediately, in 
which case the mean age at first capture (tc) is equal to the age at recruitment (t c = tr). Alternatively, 
the recruits may be caught at a more advanced age (and a correspondingly larger size, Lc and W.). 
In such case, the number of recruits actually entering the fishery (R,) will be less than the initial 
number of recruits (Rr), or 

Rc = R r " e- M (tc -- tr) .. 81 

Now, there is, for each combination of t. and F values, a yield per recruit (Y/R = catch in weight, 
per recruit) the value of which can be estimated from various equations whose exact form depends 
on the model used to describe the growth of the fish. In the following paragraphs, equations for 
the estimation of Y/R will be given for various forms of the VBGF, i.e., 

3 
Case I: Wt = W. (1 - e -K (t -- to)) ... 8.2) 

or special VBGF, as based on conversion from length using the isometric length-weight relation
ship 

W = (c.f./100)L3 
... 8.3) 

Case II: Wt=W. ( - e- K (t -- to))b ... 8.4) 

which is a form of the special VBGF where the exponent (b) of the length-weight relationship is 
allowed to take values other than 3, i.e., 

=W a- Lb,b* 3 ... 8.5) 

-Case III: Wt = W. (1 - e KD (3/b) (t- to))b/D . . . 8.6) 

the generalized VBGF for growth in weight. 
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ESTIMATION OF YIELD PER RECRUIT 

Case I 

Case I is that of Beverton and Holt (1957) for computing yield per recruit. The equation they 
proposed for this purpose is: 

- ee"Mr2w ( 1 Zr 3 3e--Krl (1 e--(Z + K)r 3 )Y/Rr=F. Z Z+K 
-+ 3e-2Kr (I - e ( Z + 2K)r3) e' 3 Krl (1 - e- (Z + 3K)r 3) ... 8.7) 

Z + 2K Z + 3K 

where 	 Z = F+M 
r, = tc -to 
r2 = tc - tr 
r3 = tmax - tc 

with Wo., K and to being growth parameters, tc the mean age at first capture, tr the mean age at 
recruitment and tmax "the maximum age of significant contribution to the fishery" or more simply, 
the longevity of the fish in question (see Ricker 1975). 

The effect of the exact value of tmax is generally very small, and equation (8.7) can be consider
ably simplified by setting tmax = o, in which case equation (8.7) becomes 

Y/R r = F • e-Mr2 W. I 1 3e-Krl + 3e-2Krl_ e-3Kr. 	 8Z Z+K Z+ 2K Z + 3K ... 8.8) 

in which all other parameters are defined as in equation (8.7). 
Both equations (8.7) and (8.8) can be used to assess the effect of different values of t c 

(corresponding, e.g., to a given mesh size) and values of F (corresponding to a certain amount of fish
ing effort) on the yield per recruit (Examples 8.1 and 8.2). The results of such computations are 
generally presented in the form of "yield curves", as in Fig. 8.1, from which the effect of iicreasing 
mesh size (e.g., from a size generating tc = 0.2 yr to a size generating tc = 0.3 yr) can be assessed. 

5 

-tc =0.3 
, 4 -- = "-- -t c =0.2 

C) 3 
~We - 64 g 

2 K 1.0 

CL M =1.8 
1o to •-o.2 

tr 0.2 

0 I 

I 2 3 4 5 

Fishing mortality (F) 
Fig. 8.1. Yield per recruit as a function of fishing mortality for the slipmouth (Leiognathus 
splendens) for two values of mean age at first capture (based on Example 8.1). 
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Another, more elaborate form of presenting the results of a yield-per-recruit analysis is the
"yield-isopleth diagram", which shows the response of yield per recuit to both te and F over a wide 
range of both parameters, to allow the best selection of mesh size for given F, or a best F for a given 
mesh size (see Fig. 8.2). Program FB 21 can be used for this purpose. 

Equation (8.7) requires the estimation of six constants (in addition to te and F which are used 
as variables) while equation (8.8) requires five constants. 

In 1964, Beverton and Holt presented a modified version of their yield equation which requires 
only three input parameters, M/K, c (= Lc/Lo) and E (= F/Z) and which has the form 

Y'/R r = E (I1- c)M/K. 1 - 3(1 - c) 3(1 (1} - c) 3 . 8.9) 
1+ (I-E) + +2(1-E) 1+ 3(1-E) 

(M/K) (M/K) (M/K)
 

Here, however, it is not a yield per recruit in units of weight that is estimated, but something 
(Y'/Rr) proportional to it; this doesn't really matter because the absolute number of recruits (Rr) is 
not known anyway. Management advice is most often based on relative yield (see Example 8.3 and 
Fig. 8.3). Values of Y'/Rr have been tabulated by Beverton and Holt (1964) for a wide range of 
M/K, c and E values. Given appropriate inputs, program FB 21 provides the same values as those in 
Beverton and Holt (1964), whose paper, however, should still be consulted for more details. 

[The relationship between ordinary Y/Rr (am given in Equation (8.8)) and Y'/Rr is given by 
Y/Rr = (Y'/Rr) • (W, exp - M (tr -- to))]. 

2502200l69.8 8.0 1001 1509 

67.7 75 / 

65.5 7.0 -- 300 

63.1 6.5

60.6 6.0 

o 5.8 5.0 350g 

C -
Col.2o 

.24. cl 4.5 

:40.4 03 .0
a 300g

36.1 2.5 .. . .0 %
31.5 2.0 

265 1.5 20g 

150 
2L1 1.0 

15.3 0.5- ...... 

OJ 0.5 1.0 1.5 2.0 
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Fig. 8.2. Yield isopleth diagram for the snapper (Lutjanus sanguineus) of the South China Sea 
(from Pauly 1979b; see Example 8.2). 
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Exploitation rate (E=F/Z) 
Fig. 8.3. Stock assessment of the swordfish (Xiphias gladius) off Florida, based on the 
relative yield-per-recruit concept (based on Example 8.3). 

Case II 

All three equations given above assume that growth in weight is isometric. This is often not the 
case and the value of b in the length-weight relationship generally ranges between 2.5 and 3.5 (see
Chapter 2). The weight-at-age data of Table 8.1 were constructed to represent such a case, with 
b = 3.3. 

Two methods are available to use the yield equations given above, even when growth is allo
metric. 

The first of these methods simply consists of proceeding as if the length-weight relationship 
were isometric, i.e., of calculating a mean condition factor (which assumes b = 3) from the length
weight data at hand, then to use this mean condition factor to convert Loo to W,. This method stems 
from Beverton and Holt (1957). 

[For the data of Table 8.1, a mean condition factor of 1.887 is obtained which can be used to 
convert the value of L. = 186.5 cm obtained from a Ford-Walford Plot to a value of W,, = 122.6 kg 

Table 8.1. Growth data of a hypothetical tuna reaching 146.5 cm (Lmax) and 60 kg (Wm.).' 

Age (years) FL (cm) Weight (g) 

1 35 648 
2 55 2,879
3 75 8,011 
4 90 14,622 
5 105 24,318 
6 115 32,833 

'aAdapted from the data in Table 4.4, using the length-weight relationship W = 0.0052L3 . 
Note that WmM - 60,000 g corresponds to a value of D - 0.47. The mean c.f. obtained from the 
length-weight data Is1.887. Mis set at 0.3 and tmax - 00. 
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(Table 8.2). The value of K is that provided by the same Ford-Walford plot, while the value of to is 
the mean of six estimates of to obtained by solving the growth equation for that parameter (by 
means of Program FB 9). Then the growth parameters are used to estimate tc from We, t e is set 
equal to tr, and equation (8.8) is used to estimate Y/R r (see Table 8.2 and Fig. 8.4).] 

The second of these methods consists of calculating growth parameters directly from the weight 
data, and setting b = 3 (this can be done easily with the programs presented in Chapter 4). This 
results in values of K and to different from those that would have been obtained by computing the 
growth parameters from length data (see Table 8.2). However, once these parameter values have 
been derived from b = 3, any of the three equations given above can be used to estimate yield per 
recruit (see Table 8.2 and Fig. 8.4). This method was suggested by Paulik and Gales (1964). 

Table 8.2. Parameter values of different growth equations based on the data of Table 8.1 for use 
in yield-per.recruit analysis. (Wo and Kvalues stem from Ford.Walford plots.) 

Method D W. (kg) K t0 a b tCb 

Beverton and Holt (1957) 1 122.60 0.150 -0.535 3 2.28 
Paulik and Gales (1964) 1 194.36 0.129 -0.265 3 2.45 
Jones (1957) 1 162.25 0.150 -0.795 3.3 2.35 
Generalized VBGF 0.47 85.95 0.582 -2.035 3.3 2.39 

'Obtained by solving the VBGF with the empirical size and age values in Table 8.1 and the cor
responding set of asymptotic size, K, b and Dvalues and Program FB 9, then by taking the mean 
of the resulting 6 estimates of to. 

bBased on a mean weight at first capture WC - 5 kg. 

I0

9 

cp 8 -

7 2 

6.5 
5 

4 I Jones'(1957) method 

-o 3 2 Paulik and Gales' (1964) method 

>" 2 3 Generalized VBGF 

1 4 Beverton and Holt's (1957) method 

0.5 1.0 1.5 2.0 

Fishing mortality (F) 
Fig. 8.4. Comparison of yield curves based on different methods to compensate for allometry when performing a 
yield-per-recruit analysis (see Table 8.2, Example 8.4 and text). 
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Another method for dealing with allometry in yield-per-recruit computations is the use of the
 
incomplete 1-function, as proposed by Jones (1957).
 

Here, the yield per recruit, when tmlx = 00, is given by
 

M r 2 W.Y/Rr = F/K. eZrl - {9 [X, P, Q1 } ... 8.10) 
-Kr 1

X = e
where 

P = Z/K
 
Q = b + 1 (b being the length/weight exponent),
 

and P = being the symbol of the incomplete beta function
 
with = t r1 c to
 
and r 2 = tc tr
 

Tables of the incomplete -function have been presented by Wilimovsky and Wicklund (1963);
 
these tables are not needed here because Program FB 22 estimates the appropriate values of the
 
incomplete -function (see Example 8.4, Fig. 8.4 and text below).
 

Case III 

The incomplete 1-function, besides allowing for the integiution of the special VBGF with b 0 
3, also allows for the integration of the generalized VBGF aid its use in yield-per-recruit analysis. 
When the generalized VBGF is used, and trax = o, we have 

F' b Zr 1 -Mr 2 
YIRr 3 e Woo{13(X,P,Q]} ... 8.11) 

= e 3I~rl/bwhere X 

P = Zb/3KD
 

and Q = (b/D)+l
 

with r1 and r 2 being defined as above. 
Thus, using the data of Table 8.1, first to estimate D (from Wma x and Program FB 9) then to 

estimate W,, and K, with D = 0.47 and b = 3.3, it is possible to obtain growth parameters suitable 
for incorporation into equation (8.11) (see Table 8.2). Program FB 22 can then be used to estimate 
Y/Rr values for these, or any other combination of growth parameters (see Example 8.5). 

COMPARISON OF VARIOUS EQUATIONS 
FOR YIELD-PER-RECRUIT ESTIMATION 

Of the various equations available for the estimation of yield per recruit, the first [equation 
(8.7)] is the one which contains the most parameters. In fact, of the parameters used, one (tmax) is 
quite superfluous and may be set for most practical purposes equal to c-, especially when Z is high 
(see Ricker 1975, p. 257). 

Equation (8.8), on the other hand, is still widely used (when b - 3) and several examples are 
available of its application to tropical stocks (see recommended reading). 

Equation (8.9) is particularly useful in situations where a detailed knowledge of the growth and 
mortality of the stock in question is not available. The results obtained from this equation are 
proportional to those obtained by means of equal;ion (8.8) and allow a quick assessment of a fishery 
(Fig. 8.3). 

Of the several methods available for compensating for allometry in yield-per-recruit analysis, 
that of Jones (1957) gave the results which differed most from those obtained using the generalized 
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VBGF, which serves as a benchmark (Fig. 8.4). The marked differences between the results obtained
by Jones' method and the other methods are to a large extent due to growth beyond the ages con
sidered in Table 8.1. This suggests that Jones' method is least robust with regard to violations of 
the assumption that tmax = - in equation (8.10). 

Paulik and Gales (1964) and Ricker (1975, p. 225) suggested that the "Chapman-Richards" 
curve (Richards 1959), which is essentially a form of the generalized VBGF, could be easily inte
grated by means of the incomplete 1-function. Published examples have been wanting. This account 
(i.e., Case III) closes the gap. 

THE USE OF THE YIELD-PER-RECRUIT 
MODEL: A WARNING 

The yield-per-recruit model, although very elegant and still suited to the management of certain 
stocks (such as the North Sea plaice (Pleuronectesplatessa)) should be used with caution. 

Fishermen are not interested in an imaginary "yield per recruit"; they are interested in a physi
cal yield of fish, and this yield is the product of the yield per recruit times the absolute number of 
recruits produced in the stock. Yield is directly proportional to yield per recruit over a wide range of 
fishing mortalities only if it can be assumed that there is no relationship-over a wide range of F 
values-between the size of the parental stock of fish and its progeny (see chapter on stock-recruit
ment relationships). 

Where this assumption dces not apply-and it does not seem to apply to more than a few 
stocks-the values of F and t. needed to produce a maximum yield per recruit could well also gene
rate an abysmally low yield, because the "best" value of F (the one maximizing yield per recruit)
could also reduce the parental stock to a level at which virtually no recruits are produced.

Moreover, it must be realized that the finding of yield-per-recruit analyses apply to long-term 
or equilibriumsituationsonly. In the short term, an increase of fishing mortality or a decrease in 
size at first capture always results in higher yields, even when the yield-per-recruit analysis predicts
lower yields. Similarly, a decrease of fishing mortality or an increase in size at first capture always
results in lower yields in the short term, although in the long run higher yields may be reached. 

The duration of the transition period can be of several years in fish which have a high lon
gevity and are subjected to exploitation over a number of years, as in a number of temperate stocks 
such as cod or halibut. In short-lived animals, the transition period will be much shorter; in the case 
of very short-lived animals, such as most penaeid shrimps, the distinction between "immediate" and 
"long-term" effect does not even apply, because the stocks are never in equilibrium. This and related 
problems are reviewed in Garcia and Le Reste (1981) who present a number of methods for the 
quantification of short- and long-term effects of changes in fishing mortality and mesh size (see also 
Jones 1981). 

Another important feature of the yield-per-recruit model is that yield per recruit is maximized 
at low values of F only in the case of large, long-lived, low mortality fish, such as the swordfish 
(Xiphiasgladius) (see Fig. 8.3). In small tropical fish, the values of F which maximize yield per
recruit are generally extremely high (see Fig. 8.1). Thus, managing a tropical fishery based on a 
species of small fish (let alone a multispecies fishery based on such fish) using only yield-per-recruit 
analyses can be very misleading (see Pauly 1979b; Pauly and Martosubroto 1980).

It may be mentioned, finally, that in temperate waters, an (arbitrary) agreement has emerged 
to generally limit F (for assessment of stocks whose stock-recruitment relationships are unknown) 
to the value which corresponds to 1/10 of the rate of increase of yield per recruit that can be obtained 
by increasing F, at low levels of F (Gulland and Boerema 1973). This concept, called F0.1 is illus
trated in Fig. 8.5, Table 8.3 and Example 8.6. The F0.1 concept may be viewed as a surrogate for 
MEY (Maximum Economic Yield, see Fig. 12.7), applicable in situations where economic data on 
the performance of a fishery are lacking. A concept analogous to F0.1 , but for use in conjunction 
with effort (f0.1 ) is proposed in Chapter 12. 
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Table 8.3. Data for the computation of F0.1 for Nemipterusmarginatusfrom the South China Sea 
(see Example 8.6). 

F Y/Rr Diff/10a F Y/Rr Diff/10a 
0.00 0.00 
0.01 0.030 .070 1.0 1.215 

0.10002.40 1 
1.1 0.20.1 0.270 2.15 1.247 

0.2 0.485 1.1 1.2 1.272 025 
1.71 1.4 1.293 0.10.3 0.656 

1.4 1.3100.4 0.794 
1.11 1.5 1.323 0.110.5 0.905 

1.3340.6 0.995 0.90 1.6 
1.7 1.342 0.080.7 1.068 0.73 
1.8 0.040.8 1.127 0.59 1.348 

1.352 0.030.9 1.175 0.48 1.9 
1.0 1.215 0.40 2.0 1.355 

aThe difference between two succeeding Y/Rr values, divided by ten is bere used as approxima

tion of the slope of the yield-per.recruit curve between the two values in question. 

1.4 

1.2 

1.0 

"-
 0.8 

IV) 

F01, 

0.2 

.2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 

Fishing mortality (F) 

Fig. 8.5. Yield-per-recruit curve of the threadfin bream (Nemipterusmarginatus)from
 
the South China Sea, showing the position of F0.1 (based on data in Table 8.3 and
 
Example 8.6).
 

AN ALTERNATIVE USE OF BEVERTON 
AND HOLT'S YIELD EQUATION 

An interesting property of the yield equation of Beverton and Holt (1957) is that it can be used 
in a given stock to estimate the proportion of fish above or below a certain size. Thus, when the 
special VBGF is used, the total standing stock (biomass) of fish above the size at first capture (tc) 
is given, assuming tma = c, by 

2 K r l e-3Kr3e1 3e 
Bc = Rc F W,,(Z Z+K + Z+2K Z+3K ... 8.12) 

http:0.10002.40
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where Rc is the number of recruits of age tc, and r1 = - to.tc
A factor (k) can be defined which relates the biomass of fish of and above a certain age (tk) to 

the biomass of all fish of and above age tc such that 

Bk/k = Bc ... 8.13) 

The value of k will depend on the value of Z, but not on W.., or Rc which are the same in both 
parts of the stock (Bc and Bk). Thus, the value of k, when tMax = 00 can be estimated by the equation 

1 3 exp (-Kr2 ) 3 exp (-2Kr2 ) exp (-3K2 )exp(-Zr 3 ). -- Z+K Z+2K Z+3K 
1 3 exp (-Kr1 ) + 3 exp (-2Kr1 ) exp (-3Krl) ... 8.14) 

Z Z+K Z+2K Z+3K 

with r, = tc - to; r2 = tk - to; and r3 = tk - tc. 
This equation can be used to estimate, e.g., the proportion of the total stock which consists of 

fish at or above the age at first maturity (tm), by setting tm = tk, that is: 

r, =tc to;r 2 =tm -t = t 
- o ; an d r 3 m - t 

This technique has been recently used to estimate the standing stock size of potentially mature 
fish in the Gulf of Thailand (Pauly 1980d) and can also be used to convert catch data obtained 
by a given mesh size to those that would have been obtained had another mesh size been used. 
This expression is based on an analogous equation presented by Hempel and Sarhage (1959) to 
estimate the expected proportion of undersized and discarded fish in a trawl fishery. Program FB 
23 can be used to estimate values of k for any value of F given a value of M, a Ad values of to, tc and 
tk (see Example 8.7). 

Recommended reading: The book in which Beverton and Holt (1957) originally presented
their model has been reprinted and still is a mine of good ideas-although it is often quite hard 
to follow. Ricker (1975) gives a review of the whole yield-per-recruit approach, including the 
earlier work of Baranov (1918) who was the pioneer in this field. Tropical applications of the 
yield-per-recruit approach are to be found, e.g., in Bayliff (1967), Le Guen (1971), Jones (1976b) 
and Sinoda et al. (1979). 

Suggested research topics: Whenever growth data are available, reasonable estimates of M can 
be obtained (see Chapter 5); yield-per-recruit computations can then be performed. Attempts should 
be made to perform such assessments routinely and to suggest appropriate mesh sizes. In fisheries 
that have stabilized at a given level of effort and/or those consisting of short-lived fish, yield may
be divided by Y/Rc to obtain estimates of recruitment, which may be compared with absolute 
recruitment estimates obtained from length cohort analysis. 
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Estimating the yield per recruit obtainable from the slipmouth (LcJifl gtlhus EXAMPLE 8.1 
splendens) in western Indonesian waters. 

.,K
Data: - f6.1 - 1.0., -0.2, 0.2, t, 0.2,"N 2, )= 3, 1) 1 adapted from 
Paulv 198c(.). 

(Computatii)o 

I ) RIrad sides I and 2 of Program F13 21 

2) En ler parameters (except for h and D). 

Kv, trokes: 6.1S'[O BI STOI 2ST02.2 (IS STOO .2 SF0 D.2 STOI 

=
3)1 al.tlale, Y R,, and Y ,Rr for F =0.5 to F 5 in steps of 0.5 

Keystrokes Results 

.5 1 2.2-17 (Y I,,i 
2.247 (Y Htr) 

1 13 3.199 (YH 
3.199 (Y Hi 

etc...... 
5 1 3.566 Y I..) 

3.566 1YN R,) 

A) 	Plot thw values of Y Itr o)llo a traph. and r(,pat with t, 0.3. A p1)) sUli a.F",. ,.1 
will he obtained, whivh allows for flt a,,ussn1w that. for al V: ()t", t fihiimo moriali'v
 
cmn idered, the tim h ,izwhi(h Lll(,eralvs t, 0.3 will produlce a .'l ,a t iwid I11all ha t
 
which (eltcratis t 0.2,
 



K--4 

8.2 	 Estimating the yield per recruit obtainable from the snapper (Lutjanus 
sanguineus) in the South China Sea. 

Data: W,,- 12226 g, K = 0.154, to = -0.67, D - 1, tmax 10 years (assumed), M 0.33,
with tr to, and tC - 2 years, b = 3 (adapted from Lai and Hsi 1974 and Pauly 1979b).
Note that the age at recruitment is arbitrary. 

Computation 

1) Read sides 1 and 2 of Program FB 21 

2) Enter parameters (b is assumed 3 and D is assumed 1 and need not be entered) 

Keystrokes: 12226 STO B.154 STO1 .33 ST02 10 STO A .67 CHS STOO 2 STO D 

.67 CHS STO 1 

3) Calculate Y/R e and Y/Rr for F 1 

Keystrokes Results 

1 A 660.924 (Y/Rc) 
273.839 (Y/Rr) 

4) Repeat with different value of F, e.g. 

Keystrokes 	 Results 

.5 A 708.999 (Y/Re)
293.757 (Y/Rr) 

5) Setting tma =o (i.e., using a very large number) and the same set of other parameters 
allows one to reproduce the yield isopleth diagram in Fig. 8.2. 

.Y M 

4 4 

w~u. 	 Wom 

-L 	 4 

~ .	 W 

A,, 

4?0
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Yield-per-recruit asessenit of Atlantic swordfish (Xiph ias gladills). EXAMPLE 8.3 

Imonh t,St 

henith, in :.amndK N K 


Data: Hvrkcl,\ and I 98 ) o i fr ,wNordii;h caught off Fiorida: 1_. ,09 (fork 
,1: ;), 0.09.19. 0.18l ien IM - 1.91, I,. 118 .hence 

. ". 1'' 0.).5 

(omp~u lation 

I i Rpiead is I and '2oiProgram ,B 21 

2) Enter paramtet.rs needed 

Ke':, strokes: 1.9 STO 8 .38 STOC 

3) Compite the relative yield per recruit for ditterent values of E (=F/Z) 

Keystrokes Results 

.1 C 0.009 (Y'/r) 

.2 C 0.017 (Y'' i 
etc...... 
1 C 0.022 (Y 11. 

S1)Plot these values onto a graph, and repep, with a different valuk, of c (e.g., 0. .19). The 
result sho)uld look similar to Fig. 8.3 from which the assessment can be made that an
 
increase of L, from 118 to 150 cm would not result in ii marked increase of vield per
 
recruit under the present (late 1970s) exploitation rate, hUt would htlad to ai increased
 
yield pet recruit under higher exploitation rates.
 

http:paramtet.rs
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Computation of yield per recruit in cases where weight growth is allometric XA I' 8.4 
(Jones' method). 

Data: Growth and other parameters from Tables 8.1 and 8.2
 

Computation
 

1) Read sides 1 and 2 of Program FB 22
 

2) Enter parameters needed
 

Keystrokes: 162.25 STO B.15 STO AISTO D3.3 STO E.3 STO0.795 CHS 12.35 fa 
2.35 f c
 

3) Calculate yield per recruit for F = 0.1 to F = 2.0
 

Keystrokes Results 

.1 A (and wait...) 0.018 (3) 
6.773 (Y/Re) 
6.773 (Y/Rr) 

etc. 
2 A (and wait...) 2.648...-06 (3) 

7.936 (Y/R,) 
7.936 (Y/Rr) 

4) 	 Plot the Y/Rr values against the F-values. The graph that emerges should look as line 1 in
 
Fig. 8.4 (but see text).
 

Computation of yield per recruit using the generalized VBGF. 

Data: Growth and other parameters from Table 8.2 

Computation 

1) Read sides 1 and 2 of Program FB 22 

2) Enter parameters needed 

Keystrokes: 85.95 STOB.582STOA .47 STOD .3STO 0 2.035 CHS "2.39 f a 2.39 f c 

3) Calculate yield per recruit for F = 0.1 to F = 2 

Keystrokes Results 

.1 B 0.027 (3) 
5.444 (Y/R,) 
5.444 (Y/Rr) 

etc......
 
2 B 3.490. ..- 07 (3)
 

6.347 (Y/Rc) 
6.347 (Y/Rr) 

4) Plot the Y/Rr values against the F-values. The graph that emerges should look as line 3 in 
EXAMPLE 8.5 Fig. 8.4 
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EXAMPLE 8.6 Estimating F0 ., for Nernipterusmirginatus from the South China Sea. 

Data: W,, 21 ( g. K (..12, to -. -OA-1 (I) = 1, b = 3), M 1.73, to = 0.26, tr --OA1 
(from Paulk id ,lartosubroto 1980). 

Coinputatio 

1) ltead ,ides 1 and 2 of Program "B 21 

2) 	 lii tr paramter needed 

Keystrokes: 210 S'(J .12 S1O 1 1.73 STo2 .41 CHS STO0.26STO D ..t 1CIIS STO I 

:3) Compute Y It, at a 'cry low value of F, e.g., F 7 0.01 

Keystrokes Results 

.01 B1 0.0963 ( Y,'t,) 
0.030 YRIt,) 

Near the origin, Y I, increases from 0 to 0.03 wheln F increases from 0 to 0.01, thus the 
slope of the yield curve at the origin is close to 0.030,0.01 i.e.: 

Keystrokes Results 

.01 2.999 (slope near origin) 
increase per u tit 
of F near origin: I)SJ 2 3.001 (slope near origin) 

4) Then compute Y Ir for .alws of F ranigint from 0.1 to 2, in steps of 0.1, record data and 
drm resulting graph (ie, Fig. 8.5 and Table 8.31. 

5) 	 (idhulatL increLse in vield associated with each 0.1 increment of F, and dikid, this differ. 
enit, y ) lkuii approx imiate slope i.'.. chai.e ini Y R, pr unit 'han in Fl. 

6) locatc -lope vall do,(.it 1I4 1 10( .alun ,t")f iar tht origin icorre.onding to 

. lO ().:2, rr,-1-'din t 1 iee' Taih, 8.31. 'he closestThis valm,i (i, next 
value is 0.25, (orrespomdini to V 1.1-1.2. This. di, (est vali, cwrrspnding to 0.30 
will be clos, to F 1.1, which we may take, as ouir e-timnate ol F0.1 lsi- Fig. 8.5). 

http:0.030,0.01
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Estimating the proportion (k) of adult slipmouth (Leiognathus splcndens) in EXAMPLE 8.7 
the total stock, Under two different exploitation regimes. 

I)ata: K 1.0, t - ().2. t,,0.2, M 1.8 isee Fig. 8.1); to be estimated are values of k for
 
F 0 alto F I .with k 1 Year.
 

(Conmpuitatill 

1)Read side I of 'rogram !Fl3 23 

2) Eriter needed parameter v auis 

Key;trke: I ST01 .2 ('1[S STOo 1.8 STO2 .2 STOC 1 STOA 

3) Calculate values (;fk for F -0 and F = 1 

Keystrokes Results 

0A 0).55 (k,) 

IA 0.32 (k,) 

Thus, as expected, we find at F = I a smaller biotiLss of adults (32"; of total stock) thain at 
F = 0, where the adults eon tribute 55"' of the total stock. 



9. Stock-Recruitment Relationships 

INTRODUCTION 

Clearly, there can be no production of young fish (recruits) if no adult fish are left (by a fish
ery) to mature, spawn, and produce eggs which hatch and grow to become recruits (see Fig. 9.1A). 

The females of most fish species are extremely fecund, producing during their adult lives several 
thousand eggs, sometimes millions. This fecundity has led many fishery biologists to believe that even 
a very limited parental biomass should be sufficient to allow a complete "restocking" after each 
spawning season. It was assumed that features of the abiotic environment (e.g., oceanographic con
ditions) mainly determine how many of the spawned eggs survive to become recruits, the size of the 
spawning stock, except for stock sizes very close to zero, being virtually irrelevant in determining 
recruit numbers. The situation in which the number of recruits in a given stock is determined mainly
by factors other than parental biomass is called "lack of a stock-recruitment relationship". Early 
proponents of this view include Bevertrn and Holt (1957) (see also Beverton 1963). 

However, work conducted in the 1960s and 1970s suggests that many fish stocks do display
stock-recruitment relationships, as demonstrated in Parrish (1978) and Saville (1980). Also, it 
was shown for most of the stocks which collapsed in the last three decades that "recruitment over
fishing" was the cause (Murphy 1966, 1977, 1980; Saville 1980).

However, stock-recruitment relationships generally cannot be established directly by plotting 
an index of recruitment on parental biomass. Rather, it is necessary to account simultaneously for 
a stock-recruitment relationship and the biotic and/or abiotic factor(s) which may affect that 
relationship. In tropical stocks, this approach has allowed e.g., Csirke (1980) to demonstrate a strong 
effect of oceanographic conditions on the recruitment of the Peruvian anchovy. Ricker (1975, 
p. 275-280), Bakun and Parrish (1980) and Bakun et al. (1982) have discussed methods to identify 
various factors affecting recruitment using multiple regression analysis (for which Program FB 7, 
with slight modifications, can be used). 

To date four types of stock-recruitment relationships are commonly recognized: 
1) 	 Recruitment increasing rather steeply toward an asymptote (this model, paradoxically is 

the model generally used for illustrating a lack of stock-recruitment relationships, see Figs. 
9.1B and 9.2). 

2) Recruitment increasing in proportion to a power of parental biomass or of the number of 
eggs shed (Fig. 9.1C). 

3) Recruitment increasing more or less steeply toward a maximum at an intermediate size of 
parental stock (P), then decreasing with increasing values of P (Fig. 9.1D and 9.3). 

4) 	 None of the above, but stock-recruitment sensu stricto conforming to 1, 2 or 3 after the 
simultaneous effects of environmental factors (biotic or abiotic) are removed, as in Csirke 
(1980). 

Examples of relationships of types 1 and 3, the most commonly used, are illustrated here 
(Examples 9.1 and 9.2). These two examples must be taken with a grain of salt, however, because 
the first displays considerable scatter (as is typical of most such plots), while the second is based on 
points derived by a method which gives only approximate results. 

At present, research in fish recruitment is in a state of flux, with a lot of new ideas and insuffi
cient data to test them. Reviews covering what little is known of stock-recruitment relationships in 
tropical fish are given in Sharp (1980) for pelagics, by Sale (1980) for coral reef fish, Murphy (1982) 
for miscellaneous fish and Garcia (1983) for penaeid shrimps. 
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C.) A. Little is known about the 

Cr 	 shape of the curve except that it 
has to go through the origin. 

no R-~ 

no 
noP 
P 

Parent stock (P) 

B. Recruitment related to parent stock by 
an asymptotic relationship (e.g., equation
 
9.1); when the left side of this curve
 
ascends steeply to the maximum recruit- =
 
ment, fishery biologists generally consider
 
this to reflect the absence of a stock- ()

recruitment relationship, because R is (

independent of P for a wide range of P nd Holt's model 
(Beverton and Holt 1957). 

Parent stock (P) 

U) 

"3 	 C. Recruitment viewed as pro
portional to a power (< 1) ofC.) parent stock (Cushing 1971). 

(Note that Cushing's model is 
meant to apply to the left side 

Cush"n Model of an otherwise undefined S/Rcurve, and in strongly exploited 
stocks only.) 

Parent stock(P) 

D. Recruitment related to parent stock, 
with decreased recruitment at high levels 
of parent stock, as due to cannibalism or D 
competition between prerecruits and 
parents or parents exhibiting parental 
care (Ricker 1954, 1975). 

Parent stock (P) 

Fig. 9.1. Types of stock-recruitment relationships used in fishery research. 



131 
14
 

(0)1956 

12 

0 1955 

10 1952 1949 AM line 

1954 -- 1 3 

S1950 HMline
001951
 

n 6 

4 

2 

II I I I 

0 25 50 75 100 125 150 

Eggs spawned (X106 ) 

Fig. 9.2. Beverton and Holt type stock-recruitment relationship for the sea 
bream (Talus tumifrons) (East China Sea). 
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Fig. 9.3. Stock-recruitment data of false trevally (Lactarius lactarius) in 
the Gulf of Thailand, fitted with Ricker curves (GM and AM) (based on 
data in Table 9.2 and Example 9.3). 
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THE STOCK-RECRUITMENT RELATIONSHIP 
OF BEVERTON AND HOLT* 

In this model, the relationship between the number of recruits (R) and the spawning stock size 
(P) is given by 

1 
R= a,+13 .. 9.1) 

Expression (9.1) can be expressed as a linear relationship of the form 

= + o' P ... 9.2)R 

As this plot involves the use of inverses (e.g., 1/R), the estimated values of a' and 0' provide, 
for each value of P, estimated values of recruitment (R) whose sum (0R)is actually lower than the 
sum of the empirical values of R (ER). This is due to the fact that the use of inverse values implies 
the use of a harmonic mean (HM) in fitting equation (9.1) and to the fact that the harmonic mean 
of a series of values is always less than the arithmetic mean (AM) of these values. 

AA 
An approximate conversion of the estimated recruitment values RHM to the corresponding RAM 

values can be obtained, however, by performing 

C = Z R (empirical values) 

C R (harmonic mean values) ... 9.3) 
and by multiplying the recruitment values of the HM line by the constant C (Ricker 1975). 

An application of this model is given in Example 9.1, based on the data in Table 9.1. 

Table 9.1. Data for the derivation of a Beverton and Holt type relationship for sea bream (Taius 
tumifrons) from the East China Sea. Figures derived from Murphy (1972, Fig. 3, based on Shindo 
1960). 

Eggs spawned Recruits 
No. Year No. x 106 No. x 10 3 P/R 

1 1949 122 9.2 13.3 
2 1950 84 7.2 11.7 
3 1951 60 6.3 9.52 
4 1952 40 9.4 4.26 
5 1953 72 8.4 8.57 
6 1954 42 8.3 5.06 
7 1955 45 11.0 4.09 

not used' 1956 (38) (13.0) (2.92) 

'Use of the 1956 value generates a negative intercept in equation (9.2), and hence a negative 
value of 1 in equation (9.1). See Users' Instruction for FB 24. 

*Beverton and Holt (1957) actually presented two stock-recruitment models. Their second model, however, is 
in its form--if not in its derivation--similar to Ricker's model discussed further below. 
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RICKER'S STOCK-RECRUITMENT RELATIONSHIPS 

First form of Ricker's curve 

T.a stock-recruitment relationship proposed by Ricker (1954, 1975) can be written 

-R = dPe " 	 ... 9.4) 

where 	 R is the number of recruits 
P is the size of parental stock (in weight, in numbers, or as egg production) 
a is an index of stock-independent mortality 

and 	 A is an index of stock-dependent mortality 

Equation (9.4) can be rewritten 

lnR - lnP = Ina - bP 	 ... 9.5) 

which has the form of a linear regression y = a + bx, where y = lnR - lnP, x = P, a = nca and b = 1. 
Once a and 1are estimated, maximum recruitment (Rm) is obtained by 

Rm = a/le 	 ... 9.6) 

where e (= 2.1783) is the base of the natural logarithms. Also, the parental stock at maximum recruit
ment (Pm) can be estimated by the equation 

Pm = 1/13 	 ... 9.7) 

The relationships between the parameters a and 0 in the first form of Ricker's curve to a' and 1'
 
in Beverton and Holt's curve are discussed in Chapter 11 (p. 156).
 
When P and R are expressed in the same units, a "level of replacement abundance" can be found
 

-where P R. This replacement level (Pr) can be estimated through 
=Pr = -n Rr 	 ... 9.8) 

For most purposes, it is reasonable to assume that (the average size of) the virgin parental stock 
(Pv) should be equal to Pr, which allows, when an estimate of Pv is available, for the original units 
of recruitment to be converted to units of P through multiplication with Pv/Pr (see Table 9.2). 

Program FB 25 can be used to estimate the parameters of the first type of Ricker curve (s. e 
Example 9.2). 

Table 9.2. Data for the derivation of Ricker type stock-recruitment relationships for the false 
trevally (Lactariuslactarius)from the Gulf of Thailand.' 

Year P (in thousand tonnes) R (in millions) R (in units of P)b 

virgin stock 2,660 - (2,660) 
1963 2,087 239 4,606.8 
1966 1,277 292 5,628.4 
1967 422 138 2,660.0 
1968 444 202 3,893.6 
1969 191 90.8 1,750.2 
1970 29.8 15.5 298.77 
1971 37.8 55.5 1,069.8 
1972 4.0 8.9 171.55 

'From Pauly (1980d); the values presented here should be considered tentative due to several 
approximations made for the estimation of the number of recruits.

bSee Example 9.3. 
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Second form of Ricker's curve 

When recruitment and parental stock are expressed in the same units, equation (9.4) can be re
written in the form 

=R Pea(l - P/Pr) ... 9.9) 

where Pr is the replacement abundance, and where a new parameter (a) is introduced, which is 
defined as 

a = PrO = lnct ... 9.10) 

Thus, equation (9.9) can be rewritten 

- lnP a -- anR_ P ... 9.11) 

which has the form of a linear regression where y = nR - lnP and x = P, with the intercept of this 
regression providing an estimate of a and its slope an estimate of a/Pr. 

Equation (9.9), as well as equation (9.4), incidentally, provide estimates of the geometric mean 
(GM) value of R at a given P; generally, GM values estimate the most probable values of recruitment 
for the observed P values, while the arithmetic mean (AM) curve estimates the long-term arithmetic 
average value of recruitment obtained at a given P (Ricker 1975, p. 283). 

Thus, conversion of the GM curve to an AM curve is indicated especially when the R values are 
widely scattered about the stock-recruitment curve. Program FB 25 can be used for this conversion, 
which is performed according to the method gi'ren in Ricker (1975, p. 275 and 283-288) (see Exam
ple 9.2). 

In temperate, single-species fisheries, the estLblishment of a stock-recruitment relationship of 
the type discussed here is sufficient for most purposes of fishery management, since the best strategy 
generally is to optimize the level of surplus recruitment (= the number of recruits produced in excess 
of replacement level, see Fig. 9.3). 

This strategy also may be indicated in the case of tropical single-species fisheries, such as sar
dines, anchovies, chub mackerels or scads. In the case of multispecies fisheries, the establishment of 
a stock-recruitment relationship in one species is not sufficient-obviously-for deriving an optimum 
fishing strategy for the whole multispecies stock (see Chapter 12). 

Recommended reading: The classic paper of Ricker (1954) is an excellent introduction to the 
field, which is also reviewed in Ricker (1975). Parrish (1978) edited a volume of papers on the sub
ject of stock-recruitment relationships which contains many important contributions. Sharp (1980) 
presents an even more up-to-date review of the subject. Several contributions included in Pauly and 
Murphy (1982) are also of relevance to the topic, particularly as far as the tropics are concerned. 
Garcia (1983) discussed in detail the stock-recruitment relationships of tropical and subtropical 
shrimp and the numerous pitfalls (potential and realized) in the interpretation of such relationships. 
Shepherd (1982) recently proposed a versatile stock-recruitment model which has the Cushing, 
Beverton and Holt and Ricker models as special cases. 

Suggested research topics: Every attempt should be made to estimate recruitment from stocks 
that are suitably well-documented, especially by using VPA and related methods. Attempts should 
be made to identify the factors which most strongly affect recruitment in a fishery and to derive 
from the properties of these factors the best strategy for the exploitation of the resource. 



135 

Estimating the pan eters of a Beverton and iolt type stock-recmitnent EXAMPLE 9.1 
relationship ( 'aitns tum ifri ins, East China Sea). 

Djata 	frm I able 9. 1 

1) ltead sit, I otf Program Fl 24 

2) I':nter 1)and It data 

l'ktvstrOkvs: f a 122 1 9.2 A 8,4 t 7.2 A 60 16.3 A 40 t 9.4 A 72 t 8.4 A 42 8.3 A 
15~ 1 11 A 

3) Estimate parameters of curve 

Keystroke RILSOts 

(r2 ) E 0.857 
0.116 (a) 
0.371 ( ) 

4) 	To obtain estimate of RH,, and R , re-enter the P values 

Keyvtrokes 122 D 8-14) 60 D -0 D 72 1)42 D .45 I) 

5) Thte, estimate t1, and R AM for any given value of P 

Keystroke Results 

10C 6.5.11 RI 
6.827 RAM 

etc....
 

The data can thus be plotted in the fomi of curves as in Fig. 9.2 
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EXAMPLE 9.2 Estimating the parameters of Ricker type rec'n itment Crves (first and seconud 
forms).
 

Data from rabh 9.2 

Computation
 

1) Read sides I and 2 of Program FH 25 

2) 	Elter P and It data (first form of curve) 

Ktystrokes: f a 2087 t 239 A 1277 1 292 A 422 1:38 A ,1.1 t 202 A 191 190.8 :\ 
29.8 t 15.5 A 37.8 155.5 ..\1 8.9 A 

3) CahCulite parameters of stock rucruitnvit curve (first form): 

Keystrokes {esults 

E 0.691 (r2 

0.886 (CO 
0.001 (3) 

937.318 "PiP 
305.516 (ll 

1) Since 0 is not precise enough, do: RCL B DSP 5 0.00107 (3 1 

5) 	Assuming that the value of P in the virgin stock (P.) corresponds to Pr estimate the ratio 
1€rPr 

, 

2660 rd (( 5188 IIt, I', 

6) 	 To convert the original values of It in 
units of P do: Keystrokes ]esu)lts 

DSP 1 
239 1 
.05188 : 1606.8 (it(1963l ) 

292 t 
.05188 : 5G;28.A I It , 
ttc .. . . 

(sle Taile 9 2) 

7) To obutin parameters of stock-recruiitment curwe (second form), first entier P and(I nw IR 
data: 

Keystrokes: f a 2087 1 .1606.8 A 1277 t 5628.1 A 122 '21i;(i \ .1 :A1..; 1 
191 1 17.50.2 A 29.8 1 298.77 A :17.8 * lm)i:9.8 A I 171.55.A 

Iu )11II dIl tl II 
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9.2 ... . fExample 
(flhnlinlu'd t'ruin n. 1 ;t 	 (cont.) 

8) o calculatie paranwtrs of new curve do: Keystrokes Results 

fe 0.694 r 2 

2.838 (;r itPi 
2659.599 (Pr ) 

9) 	 Thu parabuetr VtluVs obtaid pertain to a GI curve; to obtain recruitmnent values cor
rrsp, ,dini to an AM cur-ve, re-enter the Pand R values: 

Ki'tmroke: 2087 t 166.8 ) 1277 ' 5628.1 1) 122 ! 2660 1) 1.1II 3893.6 1) 191
 
1750.2 I) 20).8 t 298.77 D:37.8 t 1069.8 1)-I '4 171.55I1)
 

Ii) Whenj all P and new It values have heen re-entered, the ratio between 'R(AM) and Ft M
 
values is obtaind by: -'
 

Keystrokes Results 

N1fc 1.13 (RAM M) 

1 1 Which allows one to draw GM and RM curves by entering P values, and calculating the 
co rr-sponding R(G,) and R(AM) Vadues, i.e., 

10B 168.96 (IR(M))
190.8.t 	 (Rt(AND) 

100 B 	 15:31.91 (R((;.I ) I 
1733.67 (R(AM)) 

etc... 
(see l"i. 911 

http:15:31.91


10. Surplus-Yield Models 

INTRODUCTION 

Based on earlier work by Baranov (1927), Graham (1935) and others, Schaefer (1954, 1957)
presented a model which, in its recent formulation (e.g., Ricker 1975 or Schnute 1977) can be used
for stock assessment when a minimum of data is available (only catch-and-effort data are required)
and which has been applied, with varying success, to a number of fisheries throughout the world. 

The assumptions made for the derivation of this model are as follows: 
1) 	 Any fish population newly colonizing a given, finite ecosystem grows in weight until -It 

approaches the maximum carrying capacity (most often in terms of available food) of this 
ecosystem, after which its increase in total weight gradually ceases as the stock size comes 
closer (asymptotically) to the carrying capacity of the environment (Bj,

2) 	 Boo more or less corresponds to the virgin stock (= unfished biomass, By),
3) 	 the growth, in time, of the fish biomass toward B. may be described by a logistic curve, the 

first derivative of which, dB/dt, has a maximum at Bo/2 and zero values at B". and B = 0 
(Fig. 10.1), 

max.- ...... 	 dB/dt 

time 

MSY
 

2 
I i | I I V I i I I a 

Undertishing opt. Overflshlng 

Fig. 10.1. The simple Schaefer model. A) the logistic curve and its first derivative.
B) the yield-biomass and the yield-effort relationships. 
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4) the fishing effort which reduces B.. to half its original value will produce the highest net 
growth of the stock, that is the maximum surplusyield available to a fishery (Fig. 10.1),

5) the maximum surpius yield in (4) can be sustained indefinitely (hence, the term maximum 
sustshiable yield), as long as the biomass of the exploited stock is maintained at B.,/2.

The:e is biological evidence to make these assumptions appear reasonable (Odum 1971; Silliman
and G,:csell 1958). Some reasons for the low surplus production at stcck size > B.o/2 are given here 
(fromn Ricker 1975): 

"1) 	 Near maximum stock density, efficiency of reproduction, and often the actual number of 
recruits, is less than at smaller densities. In the latter event, reducing the stock will increase 
recruitment. 

2) 	 When food supply is limited, food is less efficiently converted to fish flesh by a large stock 
than by a smaller one. Each fish of the larger stock gets less food individually; hence, a 
larger fraction is used merely to maintain life, and a smaller fraction for growth.

3) 	 An unfished stock tends to contain older individuals, relatively, than a fished stock. This 
makes for decreased production, in at least two ways. a) Larger fish tend to eat larger
foods, so an extra step may be inserted in the food pyramid, with consequent loss of effi
ciency of utilization of the basic food production. b) Older fish convert a smaller fraction 
of the food they eat into new flesh-partly, at least because mature fish annually divert 
much substance to maturing eggs and milt." 

The main reason larger fish convert a smaller fraction of their food into new flesh, however, is
due to the fact that oxygen is needed for synthesis of body substance, and the relative gill size (= gill
surface/body weight) decreases sharply as fish get larger, down to a point where the body is so badly
supplied with 02 that most of it is used for maintenance, with very little left for synthesis of new
 
body substance or surplus production (Pauly 1981).
 

From zhe assumptions listed above, two very important feature, 
 f the Schaefer and related 
models follow, namely that the growtb of a stock is a function of its size di,.. of its size only-and
that, therefore, a stock should respond by changes in its growth rate (dB/dt) L stantaneously to any
change of its size (e.g., by fishing). Thus, we have 

dB = rmB (B.-.B) ... 10.1)
 
dt B.
 

where B is the stock size, B., is the carrying capacity of the environment, rm is the intrinsic rate of
 
growth of the stock in question.
 

Quite clearly, the assumption that a stock reacts instantaneously to change of its size is not 
realistic. Therefore, the concept of "equilibrium" is used here, and this refers to the situation which 
exists when a given fishing mortality (FE) has been exerted long enough for a stock to have adjusted
its size and rate of net growth such that the relationship expressed in equation (10.1) is fulfilled. The 
following series of equations, adapted from Ricker (1975) assumes equilibrium conditions, as 
expressed by the subscript "E". We start from 

dB 
= = F E YE dB " BE 	 . 10.2) 

where YE, the equilibrium yield (per unit of time) is equal to the net growth rate of the stock main
tained by a fishing mortality FE at the equilibrium level BE. 

Combining equations (10.2) and (10.1) and rearranging gives 

=YE rm BE - ( f )BE 	 .. 10.3) 

Expression (10.3) has the form of a parabola (Fig. 10.1B). The first derivative of (10.3) with respect 
to BE can be equated to zero and solved for BE, which gives the value of BE (= Bopt) for which 
yield is maximum or 

Bopt 	=f B=. . . . 10.4) 
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The maximum value of YE is commonly named maximum sustainableyield (MSY). Thus, substitut
ing (10.4) into (10.3) gives 

MSY = r m 
4 

Boo.. 10.5) 

Also, substituting Fopt Bopt for MSY in (10.5) and dividing both sides by expression (10.4) gives 
the fishing mortality at MSY (Fopt): 

Fopt = 10.6) 

and, since fishing mortality is proportional to effort, we also have 

= fopt 2q ... 10.7) 

where !Opt is the fishing effort which brings about MSY and q is the catchability coefficient. 
Since we have 

_FE Bo, 

BE = Bc, - rm 
... 10.8) 

equation (10.3) can be rewritten 

YE = B.o FE -( r-m-__) F2 . 10.9) 

and, substituting qfE for FE gives 

bf 2YE = afE - ... 10.10) 

where a = qB, ... 10.11) 
q2 Bo 

and b = ... 10.12)
rm 

Thus, when the stock is in equilibrium, surplus yield is a parabolic function of stock size (B), or of 
fishing mortality (F) or of effort (f). Therefore, catch and effort data can be fitted easily by the 
linear regression 

YE = a -bfE ... 10.13) 

The definition of fopt in expression (10.7) and of a and b in (10.10) gives the following identities 

rm Bcoo,.rrm a
fopt --

_q 

2 q Bco = 2b ... 10.14) 

= ) it will be noted, could also have been obtained by differentiating (10.10), equating to 
zero andco'lving for fE.] 

Thus, as Ricker (1975, p. 316) emphasizes "-maximum sustainable yield optimum rate of fish
ing [fopt] can be estimated from the relation of equilibrium yield to equilibrium effort, without know
ing the catchability (q) of the fish." This very important feature considerably simplifies the model 
originally proposed by Schaefer (1954, 1957), making it particularly well-suited to the investigation 
of tropical stocks. 
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THE "EQUILIBRIUM" PROBLEM 

This leaves only one problem which remains associated with the model, namely the determina
tion of what an "equilibrium situation" actually is. 

Many authors, implicitly assuming that the stock reacts instantaneoisly to changes of its size 
simply plot the yield per effort of a given year against the effort of the cufresponding year. This 
procedure is illustrated in Example 10.1 which is based on Table 10.1. 

4
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Effort (boat- tonne days x 103) 

Fig. 10.2. Yield curve of Peruvian anchoveta (Engraulis ringens) off Peru, just
prior to the collapse of the fishery (based on data in Table 10.1 and Example
10.1). 

Table 10.1. Catch-and-effort data for anchoveta (Engraulisringens) off Peru, prior to stock col
lapse (from Murphy 1972). 

Total catcha 

No. Season (t x 106) Total effortb 

1 1960-61 32.89 31.413 
2 1961-62 37.78 32.999 
3 1962-63 33.25 36.579 
4 1963-64 28.86 40.367 
5 1964-65 26.82 43.191
6 1965-66 22.26 42.716 
7 1966-67 23.73 41.636 
8 1967-68 25.04 44.634 
9 1968-69 22.77 49.284 

10 1969-70 22.64 52.048 
'This "catch" accounts for the fish taken by the fishery, by guano birds and by fish predation. 
bThis "effort" accounts for both the fishery and the predatory animals (fish and birds) but Is 

expressed in thousand of boat-tonnes per day. 
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Gulland (1969), on the other hand, suggested plotting the yield per effort of a given year
against the mean effort (f) of the present and preceding year(s), with the number of annual effort 
values to be included depending on the longevity and mortality of the fish under exploitation, i.e., 
on the number of year classes significantly contributing to the fishery. This technique, which is 
illustrated in Table 10.2 and Fig. 10.3, has been criticized by a number of authors (e.g., Roff and 
Fairbairn 1980; Walter 1975). The latter author also proposed an alternative, graphical method to 
simulate equilibrium condition. 

Schnute (1977) presented a rigorous method for dealing with the problem caused by data 
drawn from a non-equilibrium situation. Only a simplified version of his model is presented here 
which has the form 

-U. fi+fi 1 rm Ui+Ui- 1 
In ( ) = rm-q" ( 2 qB " 2 ) ... 10.15) 

where Ui is the mean c/f prevailing in a given year i. This model has the form of a multiple regres
=sion whose intercept (a rm ) and slopes (b, = -q; b2 -- r__) lead to estimates of rm and q

and B.o, respectively. This makes the model superior to the original formulation of Schaefer (1954) 
which, rather than providing estimates of q, required a knowledge of this parameter. Mohn (1980), 
however, suggests that the model is quite unstable when "noisy" catch-and-effort data are used (see
also Example 10.2) and it would seem best to compare the results obtained by it with estimates e.g., 
of MSY obtained using another model (see Fig. 10.3). 
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5 05o - 49 41 

o_~ ~ 4 4-75 x,< -
X 0 051
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Effort (man days at sea x 103 ) 

Fig. 10.3. Yield curves for the red snapper (Lutjanus campecheanus)fishery on the Bank of Cam
peche, Mexico. Note strong difference between curves obtained through arithmetic mean (AM) and 
those obtained through geometric mean regressions (GM); yield curve AAM corresponds to that 
in Klima (1976, Fig. 3); the corresponding GM curve (AGM), because of the scatter of the data 
points, suggests a lower value of fot. Similarly, the yield curves obtained by using only contem
porary effort (AAM, AGM) differ from those obtained by also using the preceding years' effort 
(BAM, BGM). Curve S results from an application of Schute's model (but see Example 10.2). 
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Table 10.2. Catch-and-effort data for the red snapper fishery on Campeche Bank, Gulf of Mexico,
illustrating Gulland's method to simulate equilibrium conditions. From Klima (1976, Table 8, 
Figs. 2 and 3). 

Contemporary Average effort I Average effort II
 
Catch effort (contemp. + (contemp. + 2
 

No. Year (t x 103) (man-days at sea x 103) previous year) preceding years)
 

1 1937 4.91 227 - 

2 1938 5.02 224 225.5 
3 1939 4.25 220 222.0 223.7
 
4 1940 4.14 227 223.5 223.7
 
5 1941 4.79 201 
 214.0 216.0
 
6 1942 3.46 141 
 171.0 189.7 
7 1943 3.57 125 133.0 155.7
 
8 1944 3.77 123 124.0 129.7
 
9 1945 3.98 
 145 134.0 131.0 

10 1946 4.37 149 147.0 135.0 
11 1947 4.24 164 156.5 152.7 
12 1948 5.06 182 173.0 165.0 
13 1949 4.79 179 180.5 175.0 
14 1950 4.38 166 172.5 175.7 
15 1951 3.53 156 161.0 167.0 

SOME MODIFICATIONS OF THE 
PARABOLIC MODEL 

There are various modifications of the basic model iii which curves are fitted which differ from 
a parabola (e.g., Fox 1970; Pella and Tomlinson 1969). Of these variants, only the model of Fox 
(1970) is presented here. 

Put simply, this model consists of plotting the natural logarithm of yield per effort on effort 
or 

In YE = a -bfE ... 10.16) 

instead of plotting yield per effort on effort, as in the case of expression (10.10). This provides the 
following set of relationships 

=fopt 1/b ... 10.17) 

MSY = (ea - 1)/b ... 10.18) 

=and YE fea . e- bfE ... 10.19) 

Other useful relationships may be found in Fox (1970) or Ricker (1975, p. 330-331). In this 
model, thevalue of Bopt is always 37% of B., as opposed to 50%in the parabolic model [see expres
sion (10.4)]. 

Program FB 26 can be used, given a set of yield (= catch in weight) and effort data, to assess 
the state of a fishery by using the Schaefer (parabolic) and the Fox (exponential) model, by one 
single entry of data. Values of MSY and four are estimated; also values of r 2 for the regressior
equations (10.13) and (10.16) are given which allow comparison of the fit of each of the two 
models to a given set of data. 
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Here, the Schaefer and Fox models are fitted to data by means of a GM regression (see Chapter 
4 for a definition), which has the effect of automatically accounting for uncertainty: 

- when r 2 is low (that is when both catch and effort are estimated with large errors, and/or 
when the catch is strongly affected by environmental perturbations), the GM regression 
will provide lower (more conservative) estimates of optimum effort than an AM regression, 

- when r2 is high (that is when there is a tight relationship between the catch and effort 
data), the GM regression will have a slope and an intercept similar to those of an AM 
regression. 

This feature, generally not considered when fitting surplus production models to data, seems par
ticularly appropriate in light of the fact that costly investments are often based solely on the values 
of optimum effort generated by surplus production models. 

An application of Fox's model is given in Example 10.3 (see also Fig. 10.4 and Table 10.3). 
The models discussed above, although representing considerable simplifications or improve

ments of the model presented by Schaefer (1954, 1957), have a major drawback in that they require 
measures of effort, which are often unavailable and/or unreliable. 

It is, however, not fishing effort itself which "generates" a surplus yield of an exploited stock, 
but fishing mortality. In an exploited fish stock, on the other hand, fishing mortality is often not 
directly measurable, because of the simultaneous effect of natural mortality. 

To resolve this, Csirke and Caddy (1983) suggested to plot annual catch (Y) as a parabolic 
function of total mortality (Z), i.e., 

Y = a + bZ + b2 Z 2 ... 10.20) 

70 
1975 

60 

50 1969 1973 1977 

40 
-2.0

0 
30 

-3.0 

200 c~-4.0L 

10 0 1,000 2,000 3,000Effort 

0 I I I I 

500 1,000 1,500 2,000 2,500 3,000 

Effort (no. of standard vessels) 
Fig. 10.4. Yield curve for the north Java coast trawl fishery (based on data in Table 10.3 
and Example 10 3). 
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Table 10.3. Catch-and-effort data from the north Java demersal trawl fishery (all species aggre. 
gated) (from Dwiponggo 1979). 

Catch Effort 
No. Year t x 103 No. of standard vessels 

1 1969 50 623
 
2 1970 49 628 
3 1971 47.5 520 
4 1972 45 513 
5 1973 51 661 
6 1974 56 919 
7 1975 66 1,158 
8 1976 58 1,970 
9 1977 52 1,317 

where Z = F + M, from which the following parameters can be estimated. 

-b + V b -4ab
114= 2b ... 10.21) 

ZPt = 2b2 ... 10.22) 
bl
 

Fpt b M ... 10.23)ot 2b2 
rm = 2Fopt 10.24) 

MSY = a - (b'/4b ... 10.25) 

and Boo = MSY. 4 10.26)
rm 

An application of this method is given in Example 10.4 (see also Fig. 10.5 and Table 10.4). 

200 5* 3* 

175 

150 

125 
,,-

S100 

o 75
 

50 

25 M 

0 2 4 6 8 10 12 14 16 

Total mortality (Z) 
Fig. 10.5. Yield curve of shorthead anchovy (Stolephorus heterolobus) at Ysabel Pas
sage, near New Hanover, Papua New Guinea. M = natural mortality. Numbers refer to 
thooe in Example 10.4. 
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A further property of the model of Csirke and Caddy is that Z in equation (10.20) above can 
be replaced by Z/K, the latter being a parameter which can be estimated from the average length 
composition of the fish catch and without an exact knowledge of the growth pajameters of the fish 
in question (see Chapter 5). The modified model thus becomes 

Y = a' + bI (Z/K) + b2 (Z/K)2 ... 10.27) 

-bh + %/b2 - 4a'b 2with M/K = 2b2 ... 10.28) 

and Zopt/K = -b,/2a' ... 10.29) 

The parameter Zopt/K corresponds to an optimum mean length in the catch (Lopt) , the value of 
which may be estimated by trial and error, e.g., from 

Zopt L0 - Lopt 
- -... -- L 10.30)

K Lopt
 
Finally, E = F/Z may be estimated for each value of Z/K from the equation
 

E = 1 -(M/K) / (Z/K) ... 10.31) 

which can be used, along with the estimate of M/K, e.g., to estimate the relative yield per recruit 
obtained at each level of Z/K (see Chapter 8). See Chapter 5 for definitions of L, L' and E. 

All of these parameters, it should be mentioned are either solutions of, or are implicit in the 
Schaefer model. The point here is that they can all be derived from quantities (catch, total mortal
ity) that can be estimated rather straightforwardly, e.g., using one of the various methods presented 
in Chapter 5. 

When catch data are not available, catch-per-effort data (c/f = U) can be used in a linear regres
sion of the form 

=U a-bZ ... 10.32) 

where M = (a - U)/b ... 10.33) 

and where U., is the catch per effort corresponding to B., i.e., to the unexploited biomass or virgin
stock (assuming that Bv - Bo). Generally, when catch-per-effort data are available, it will be possible 
to estimate U. by using the first two catch-per-effort values in a developing fishery (U 1, U2 ) and 
defining 

U. - 2U 1 -U 2 ... 10.34) 

(Obviously, data from biomass survey in an unexploited stock can be used to estimate both U. and 
Bo, directly). Using U. and equation (10.32), it is then possible to estimate Fopt as 

Fopt = IJ./(2b) ... 10.35) 

while a knowledge of B., can be used to estimate MSY from Fopt 

MSY = 0.5B • Fopt ... 10.36) 

APPLYING SURPLUS-YIELD MODELS 
TO MULTISPECIES STOCKS 

In demersal fisheries, especially in the tropics, the catch tends to consist of a multitude of 
species for which individual assessments are often impossible or inappropriate. 
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Table 10.4. Catch and total mortality estimates of shorthead anchovy (Stolephorus heterolobus) in 
Ysabel Passage, near New Hanover, Papua New Guinea. Data from Dalzell (1984); Z estimates 
based on mean lengths. 

Catch Total mortality 
No. Year (t) (Z) 

1 1972 14 7.6 
2 1973 138 8.8 
3 1976 191 11.0 
4 1977 138 10.2 

not used 1978 (404) (11.7) 
5 1979 192 9.6 
6 1980 72 14.0 
7 1981 66 10.5 

It has been a common practice to treat the various fish of tropical and other multispecies 
stocks as one single entity, applying the Schaefer or Fox model to the total multispecies catch of 
these fisheries (see Example 10.3 and FAO 1978). Pope (1979) recently provided a theoretical 
basis for this approach, while some of the problems associated with it were discussed in Pauly 
(1979b). See also Chapter 12. 

Recommended reading: Ricker (1975) gives a good account of the historical development of 
surplus yield models, but it is best to read also some of the original papers on the topic, notably 
those by Graham (1943), Schaefer (1954, 1957), Silliman and Gutsell (1958), Schaefer and Beverton 
(1963), Gulland (1969) and Schnute (1977). 

Suggested research topics: Crucial with surplus yield models is the availability of long time
series of catch-and-effort data (or, in the case of Csirke and Caddy's model, of catch and total mortal
ity data); it is worthwhile to estimate these parameters reliably in an ongoing fishery. Where possible, 
one should also attempt to reconstruct time-series of total mortality (e.g., from length-frequency 
data) for use with availabie time series of catch. 
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I 

Estimating MSY and optimum effort for I single-species pelagic fishery by EXAMPLE 10.1 
means of the ,;chaefer m(del. 

Dala from Fahh, W. I 

(Comp[)litatiotl
 

1 Read ,dh1 nI
mid 2 ol+ ProVirapIFi 26 

2) l'i erratIh aid c ff(ort (ata 

fittr3k',: 3. 13 A 37.78 132.999 :\ 33.25 136.579 A 28.86 t .10.3672.89 
A 26.82 1.13.191 A 22.26 .12.71 G A 23.73 1.1.636 :\ 25.01) 1 11.634 
A 22.77 1 19.28.1 A 22.61 ! 52..l 8 A 

3)ltimate parameter of plot of:. f on f. NISY and fpt 

Keystrokes Results 

1 0.87.1 (r2 ) 
2.285 (ta) 

--0.038 b)
1) 29.879 If(pt i 

3.1.133 (MSY) 

I si Program FB 26 to draw yieId curve 

Keystrokes I{esuIts 

enter f, lC 19.021 (YjI 
enter f. 20 C 30. 102 IY,) 
etc. 

The re-ult should look similar to Fig. 1W.2 from which iHappears that the fi,;hirv in tne earlv 
70., was indeep troubhl. In fact, t;Murph% 19721 pointed outl "itshows that ...I a 2(Y;

1in total effort [ v..incr ase ]will driv. 
I 

h. H'ikt,,i-I n(-tiof land] itk I,,thard thiilnatine 
nature providing this icreas- (or it,f'quivalint. itl r through al rilativc pErtirhation of 
reproductivi, su'cvss, an incrtasc in predation or olos cothinatiori f,


'The iwleative peirtirhatior cartnt, in the form of a .troni,, "Hl 
Nitio" arid the' stock collapsed. 
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EYLAMPLE 10.2 	 Application of Schnute's model to tie redl snapper fishery on ('ampeche Bank, 
Mexico. 

Datm Ir mi 	 Iabl i 1}.2 

1 R idt,- I and 2 of Program IB 27lvad 

2 1Ininiai/r 	and inter catch and effort data 

K', ro : 1.91 1 227 f a 5.02 1 22.1 A 1.25 1 220 A .1.1.1 t 227 A .1.79 201 \ 
8. I1.1 A 3.57 1 125 A 3.77 123 A 3.98 1 1.15 A 1.37 1 19 A 
.1.2.1 16-1 A 5.0; 182 A .1.79 1 179 A 1.38 t 166 A :.53 . ; A 

:i i Cal laL ,, paramll ,r, 	 of regression 

Keystrot:es Resuilts 

E 	 0.006 I 2 

0.268 (ai 
-- 0.001 	 ji 1l 

-6.359 	 (9b I 

.1 j t.oinmte 1-khemr-related parameters 

f v 	 0.268 (r,,, 
(.001 (q) 

70.39 M 
22:t,5 p! 

1.712 iNH YI 

A.h.pitiO h.. in Fig. 10.3. the yield curv, hased n Schinute', model iS roPmi hh , quite 

.o-, Iit, iurv}hained h' filttini lle cath figiiuri to tlhr aeravv 'if ( oilemlpfjI rIr aind 

tparpr'iri ' i ear', 1ifort .tlr e, B Intuiliv1%y. thi. ri,.ull make, rn,- 111c, .chlllt'" 
I am o.' 4f1'()ro .\ .lp )nIIrl)lh.1 in1 I'm O.wP , it' l,,rat1(,d ;111(11, l'jttt ( %wih m l I m i ph~l r ,,.i 

,na . . h rldm bilit\%14 OwP lls"l' ,'ab]; If} ai }1 R 2' , Iwd,~;:-} u t (~!m tht{. 	 .alii 
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Estimating MSY and optimum effort for a multispecies demersal trawl fishery EXAMPLE 10.3 
by means of Fox"s model. 

l)ata from Iailet I).i 

I Riadini., I and 2 of Program FB 26 

2) Lii tr catch and effort daLta 

Kevtroke1s: f a 50 1 623 A 49 1 628 A 17.5 1 520 A 45 1 513 A 51 1 661 A 56 t
 
919 A ;6 I 1158 1 1970 A 52 1 1317 A
 

:3) Estiate parameters of plot of in c f on f. f,)t and MSY
 

Keystrokes Results 

fe 0.966 1r2) 

-2.027 (a) 
---0.001 (b) 

DSP 6 -0.000799 (b) 
DSP2fd 1251.99 tt'v 1 

60.66 OMSY) 

I I'1s, Program FB 26 to plot draw vield curve 

Keystrokes Results 

100 fc 12.16 (YI1 
200 Ic 22.15 (Y. 

t'tc. . . . 

This e'xampl, and Fig. 10.-1 sugest that the level of effort applied in 1975 and 1977 was 
near optimum . Furthernmore, the plot shows very nicel the, etf(.t (n a rapid incro.ase of 
,ffot, i, iln 1 7 iI 6In 1976 the p oints o)f whih are , )orc the eurv(.. w il, thl p1 iit for 
19 T7 1s ,,.'o, the cur,'.. , would h. expeted toihwin a rapid d'er(.asi ot effort. Wi 
tft'rt rl' i;iil tlhan (,d 'or cvi-ral years w viid the' otloiu tilt ciuve-it to I' ()i
the core. 1hlowe,r, denersa] trawling has heen hanled in Indonimai;i, we, ver know.v iimay 



EXAMPLE 10.4 Estimation of MSY and Zopt using Csirke and Caddy's model. 

)ata from I'uhh I(). I 

(G )I)l ) 11 II[ I i( Hn 

I )Rvad ,idt-, FBi28Iand 2 of Progiram 

2) hlitialii, and enter catch and mortality data 

tvtruke,; 	fa I I1 7.(; A 1:18 1 8.8 A 191 t 11 A 138 t 10.2 A 192 T9.6 A 72 
]IA G G I10.5 A 

31 'altuhiti parameters ()"multiple regression 

Keystroke Results 

0.195 (I{)E 
-1085.33,t Ia)
 

225.316 (b,} 
-10.211 (b., 

(alculate.1 C parameters of yield curves 

Keystroke Results 

fe 7.10.1 (M) 
11.033 (Z,,pt 

3.928 ("pt 
7.857 (r,,,) 

157.58:1 	 (MSY 

80.228 (I,1 

Ih,results apl)iar reasonable (particularly the value of M1).but this was achiv .dby deleting 
onV point ( 9781. which had a very high catch, sth as might occur after anntrt'ptinlnally 
good reruitment. Clharly. it wmld hi appropriate her to assess the %aliditv o)'th results. 
usinmg annother modelI. 



11. The Intrinsic Rate of Population Increase 

INTRODUCTION 

In the preceding chapters, various models (= equations) were presented, each of which illus
trated a different aspect of the dynamics of fish populations.

It is the purpose of this chapter to demonstrate the interrelationships between some of these 
models, to show that several of the equations presented here actually reflect different aspects of the 
same processes.

The concept most helpful to show interrelationships between different models used in fish 
population dynamics is, paradoxically, rarely used in this field. It is the intrinsic rate of increase (rm)
of a population, which may be defined as "the innate capacity of (a) species to increase when popula
tion growth is not slowed down by competition" (Pielou 1978).

The rm concept is extremely important in quantitative ecology, and at least one chapter in 
every good ecology text is devoted to it (e.g., Odum 1971; Slobotkin 1980; Ricklefs 1979). In 
terms of Russel's Axiom (see Chapter 1), rm can be defined as 

R* + G* -M* 
rm = B .. 11.1) 

(when B is low) but this cannot be used for quantitative stock assessment purposes because Russel's 
axiom itself expresses things only qualitatively. 

MAXIMUM SUSTAINABLE YIELDS AND rm 

The intrinsic rate of increase (rm) can he defined quantitatively in terms of the Schaefer 
model, where rm, MSY and B., the carrying capacity of the environment are related such that: 

MSY = rm 4B ... 11.2) 

As discussed in Chapter 10, the Schaefer model is based on the assumption that the growth of 
a fish population released into a new environment can be described by a logistic growth curve. This 
curve has the form 

BB.
 
B 1 + e- rm  (t = )•.11.3) 

where B.. is the carrying capacity of the environment in terms of weight, rm the intrinsic rate of 
population increase, and ti (=t at inflexion point) is a constant which adjusts the time scale to an 
origin such that t - ti = 0 wher: Bt = B.o/2, Bt being the biomass at time t. B", and Bt may be re
placed by N.. and Nt when equadon (11.3) refers to numbers. When equation (11.3) is used to fit
data from a selection experiment, Bt is equivalent to the probability of capture, t to the length, and 
ti to Lc . (Refer to Chapter 3.)

Aquarium experiments demonstrate the growth of fish populations can often be app-. c
ima*ted by a logistic curve (Silliman and Gutsell 1958, Fig. 3). In nature, cases of fish populations
"exploding" into a new environment are obviously difficult to document. Some data, however, are 
available for Red Sea lizardfish (Sauridaundosquamis)which penetrated into the Mediterranean 
via the Suez Canal, and after a lag phase (of genetic adjustment?) experienced a rapid increase of 
population size, as documented by catch-per-effort data off the Israel coast (Table 11.1).

As might be seen from Fig. 11.1 and Table 11.1, the course of the population increase reflected
in the catch-per-effort data roughly corresponds to a logistic curve, the rm and ti values of which may 
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Table 11.1. Data on the growth of a newly established Mediterranean population od Saurida 
undosquamis, a Red Sea immigrant. Data from Ben-Yami and Glaser (1974, Fig. 5B). 

Catch/effort
Code year (kg/h) 

1 1 
2 2 
3 3 
4 75 
5 78 

8o -a - 0 

0 0 

70 0 

60 

-0 
~50 

4

-C030 
* used 

O 0 not used
20 i 

Io
 
10

0 1951-52 1952-53 1953-54 1954-55 1955-56 1956-57 1957-58 1958-59 1959-60 1960-61 1961-62 

0 I 2 3 4 5 6 7 8 9 10 

Coded years 
Fig. 11.1. Logistic growth curve fitted to catch-per-effort data on a newly established Mediterranean population of 
lizardfish (Saurida undosquamis) (based on data in Table 11.1, and see Example 11.1 for selection of points used in 
curve fitting). 

be estimated by means of Program FB 28 (Example 11.1). MacCall (1980) presented data on a tem
perate fish (Engraulismordax) suggesting a similar logistic increase of biomass. 

Equation (11.2) suggests that when an estimate is available of the virgin biomass of a given 
population (Br, or Bo in Gulland 1971) and when it is legitimate to set Bo, - By (it is not always 
the case, see Pauly 1979b, or May et al. 1979), all that is needed to obtain a preliminary estimate of 
(future) MSY (also called Potential Yield, Py) is an estimate of rm. 

Several, rather elaborate methods are used by ecologists to estimate rm. One of them is the 
calculation of rm from so-called "life tables" (see Pielou 1978, Ricklefs 1979). This method has data 
requirements which fishery biologists will find quite hard to meet and only two studies have come 
to my attention which estimates rm using this approach in fish (Murphy 1967, Pitcher and Hart 
1982). Two HP 67/97 programs are available to estimate rm from life tables. Demography I and 
Demography II, both in the HP Users' Library Solutions booklet devoted to "Biology". 
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Blueweiss et al. (1978) have shown that rm in animals and various small organisms is inversely
related to body weight and presented a double logarithmic plot of rm on "mean adult body weight"
(W) spanning 22 orders of magnitude. I have added several values to the plot presented by Blueweiss 
et al. (1978) which pertain to fish and whales, the latter expanding the range co-ered by the plot to 
24 orders of magnitude (Fig. 11.2). 

Although the fit, particularly in organisms ranging from 10-6 to 100 g is not particularly good, 
a clear relationship emerges which allows, when mean adult body weight is known, a rough estimate 
of rm through the relationshap 

-- 0.26 
rm z 9.13 • W ... 11.4) 

where rm is expressed on a yearly basis and W is grams, and computed from W (Wma x + Wm )/2;

Wmax is the maximum weight reached by the adults of a stock and Wm is their weight at first
 
maturity (see Example 11.2).
 

Combining expression (11.4) with expression (11.2) gives
 
-Py 2.3 W.- 0 .26 Bv ... 11.5) 

which can be used to obtain first estimates of MSY, i.e., potential yield, when only virgin stock
 
size and mean adult body weight are known.
 

The results obtained by means of this equation may thus be compared with those obtained
 
using Gulland's (1971) well-known relationship
 

Py 1/2. M. Bv ... 11.6) 

1,000" 

-100,000 ~ 
.0100 

If) 

10,000
b • .. ~ooo..
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U) 0, "0 00 " 

C
2 -1000 

0.01 

0o10 0
 
-10 C 

--- whles 1 

0.001

__ 0.1 g 
0.0001 I I IU I I ,o) 

10310-5 10-12 10-9 10-6 10-3 100 106 109 UY 

Adult body weight (W,in g) 
Fig. 11.2. Relationship between intrinsic rate of population increase (rm) and adult body weight for various organisms.
(The dots and the line are from Blueweiss et al.. 1978; the open squares were added by Pauly 1982a.) 
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See also Example (11.3). Expressions (11.5) and (11.6) are rough approximations; with expression 
(11.5) the major problem is the fact that the built-in relationship between W and rm is based on a 
linear regression whose scatter of data is not negligible, while the major drawback of expression 
(11.6) is that the resulting Py estimates are directly proportional to and thus highly sensitive to, 

=the value of M used. Also, the validity of (11.6) rests on the assumption that Fopt M which 
probably does not apply in most stocks (see p. 77). 

STOCK-RECRUITMENT RELATIONSHIPS AND rm 

Another integrative property of rm is that it can also be shown to be an implicit parameter 
of both Beverton and Holt and Ricker-type stock-recruitment curves. This property, which was 
discussed by Murphy (1967) and Eberhardt (1977) will be here touched upon only briefly because 
its various ramificat!rns have not ret been fully investigated. Starting with the second form of 
Ricker's stock-recruimer c curve (see Chapter 9), one can define 

a = Pr/Pm ... 11.7) 

where Pr is the replacement abundance of parent stock and Pm is the parent stock producing maxi
mum recruitment (see Chapter 9 for details on these definitions). Subsitution into Ricker's second 
stock-recruitment curve gives: 

= Pe Pr P m R - P/Pm. . . 11.8) 

Now, it is obvious that as P approaches zero, the second tcrm of the exponent (P/Pm) will also tend 
to approach zero.* Division of both sides of (11.8) with P, when P is very small, yields-

R/P = epr/Pm . . . 11.9) 

Since the ratio R/P expresse2s the ratio between total births in two successive generations at very
low population sizes there. is an identity between (11.9) and the equation used in the ecological 
literature 

NT/No = erm ... 11.10) 

where, at very low population sizes 

No is the total number of animals in the population at the beginning of a generation 
NT is the number of animals at the end of that generation 
T is the generation time 

and where 

rm is the ubiquitous intrinsic rate of increase. 

In view of this identity: 

Pr/Pm = rm • T . . .11.11) 

*In Murphy (1967) the word "zero" has been erroneously replaced by "unity." 
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which may be called "Murphy's identity". An application of this identity is given in the following 
paragraphs. 

The generation time, T, of an animal is generally quite difficult to estimate (but see Slobotkin 
1980, Fig. 5.2). However, it appears that a great number of the small fish caught in tropical waters 
have growth parameters suggesting a rather short life span (2-4 years) and an age at first maturity 
(tm ) of generally one year (Banerji and Krishnan 1973; Qasim 1973a, 1973b). High natural mortal
ity and lack of substantial post-maturity growth will cause a mean generation time of about 1 year 
in such fish, or: 

rm - Pr/Pm ... 11.12) 

Only one data set is readily available which can be used to test these conjectures. In Chapter 9, 
Example 9.4, a value of Pr/Pm was estimated for Lactarius lactarius,a fish with the characteristics 
given in the above paragraph and this value was 2.84. 

The value of W. used in Pauly (1980d) was 193 g, which may roughly conespond to Wmax, 
while the value of Wm is 57.3 g. Hence, T, as defined above, is (193 + 57)/2 = 125 g, from which rm 
is estimated, via equation 11.4, to be 2.60. Conversely, T can be estimated from 

T = 2.84/2.60 = 1.09 .. 11.13) 

which is similar to the value assumed previously. 
While Murphy (1967) investigated the second form of Ricker's curve, Eberhardt (1977) 

demonstrated a link between the first form of Ricker's curve and the logistic growth curve, which 
led to the identities 

= a erm ... 11.14) 

and 

3= r m /N . . .11.15) 

while the link between Beverton and Holt's stock-recruitment curve and the logistic growth curve 
was established through the identities 

m ) INa'= (I -e-r . ... 11.16) 

and 

r3'= e- m . . .11.17) 

The parameters a' in Ricker's curve and(3' in Beverton and Holt's curve are often called "density
independent terms"; given equations (11.15) and (11.17), their relationship is given by 

a 11/3' ... 11.18) 

The "density-dependent terms" (/3 in Ricker's curve, a' in Beverton and Holt's curve) are also closely
related, and are approximately the same when rm is small, diverging up to 20% when rm is large; 
this is expressed by the approximations 

- rm )/ N oa, 0fl z (I -e . ... 11.19) 

which applies when rm is small (Eberhardt 1977; Pitcher and Hart 1982). 

http:2.84/2.60


157 

The presentation of these interrelationships between different models and the example for 
Lactariuslactariusgiven above are not meant to suggest that values of rm obtained say from equation 
(11.4) and from stock-recruitment relationships should necessarily coincide. Rather, the suggestion 
made earlier by Murphy (1967) is reiterated that there might be here a type of interrelationship 
worth pursuing further which might lead to a further integration of the various concepts used in 
fishery biology. 

Indeed, as the following, last chapter should demonstrate, there is a great need for attempts to 
integrate concepts derived from fish population dynamics with some of those derived by theoretical 
ecologists, and thus to cross-pollinate the two disciplines. 

Recommended reading: Since a good background in ecological theory should help the fishery 
biolog: put her or his field into perspective, it may be appropriate to list here some ecological 
texts, all of which discuss, among other things, the intrinsic rate of increase of populations and 
related concepts, e.g., Slobotkin (1980), Odum (1971), Ricklefs (1979) and Pielou (1978). These 
books also contain most of the references needed to plunge into the ecological literature. 

Suggested research topics: Since rm is so closely related to yields, it would seem that attempts 
to estimate this parameter from life tables of commercial fish populations should represent worth
while research projects (sen Pitcher and Hart 1982 for data requirements and method). Such a study 
also would allow one to identify factors (such as temperature or fecundity) other than body weight 
which may help to predict vadues of rm, or to improve estimates obtained from plots such as Fig. 
11.2. 
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Estimating the intrinsic rite of increase for an "exploding" popuilio'on of EXAMPLE 11.1 
lizard fish (Sauridau undosquanis ). 

Data fronm l:hl, 1! 1and lig. 11. 1 )l-v tis data pont., fsr Lin, \sar-, 1952-53 t,,1956-57 
are tissl' for tile sinlpitistim . I'l':srl(,nr f)lOit&,; were to, jo t, i, preisekl rsad off the 
original f'ig,,is in Bii-Ymni and ('lstr I I)7t1 . 'lh later piint.s, oil the other lland, probably 
:Iln 'at it(tlhop hiloi zt- s's'urrlmi, lt'i' !l initial bUild-.p.) 

Comput.tin.
 

l) lc'std side 1 of Protrasii 1"B 29 

21 Enter set valu,e1 B..and lt and t data 

Keystrokes: 80 tIl A 2 t2 A 3 175 14 A 78 15 A 

31 (1a-IIlaterr and t, 

Keystrokes Results 

E 0.85.1 (r21 

2.21.1 (r.I 
3.-137 tt 

I)C' nttirm that ti c'orresponds to B,.i'2 

C .10.000 (1), 21 

By si'lltring ,thi'r t prlssintl data point, tssr such ;tl Fig. I11t1d tie (-IKey, i rumrv- ill L 
(tIII I)sv tsil . It 0 tl-,ihi, rcalizrd, hls','evsr, that the vall ,.,oft r 1 siid t, s h ila isd her 
depenid 'riticall isil it(' (holl-s ()ift )sitIts ll d i'd tlis1 s'sslnll I[iti ;t'int It SO) kV lir ast 


tile c f hgnri' loris,'m(iing to B,'.;the cstinsiat of r i thu., tsitjsti,.. 
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EXAMPLE 11.2 Estimating r,,, from the mean weight (%-v)oi' the adults in a given stock. 

1) Read id(I fPriLran lB 29 

Case I 

.2)E'stimate, W: llhompson and Munro (19781) giv data from whicli Wrax in Jamaican 
.pn hr),wIus can (hstjiat(,d2,32.1 g,while W,,., tne mean weight at first,'ltus bhe at 
maturity 1. aboupt 2-13 . ThIs. to obtain W, we perfrmn 

Khestrok(,s Results, 

2, '2-1 1 

2.13 .+2 1,283. 5 (W ) 
3) Estimate r. from ft L.-2 r... 

Case 11 

4) 	 lstimate VV:Pauly i1980d) gives a value of 193 g for ,,, in Lactariu,, lactarms from the 
Gulf of '1'haila 1id. Usint this as an estimate of W,mix and using Wio =:W1,,, ". 57.9, 
we obtain W from: 

Keystrokes lesults 

19:3 !
 

57.9 -,2 : 125. 15 1i ) 5) 	 Estimate. r, from %V ' 2,6t0 r 

It 	 mut be ralized that Ise two estimate (of rm are and -,hotuld not pn'ClUde rather crudhl 
attnjpt to i.tirate this important parameter independently. 

, 
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Estimating potential yields when catch-and-effort data are not available. EXAMPLE 11.3, 

1) Thompsoln and MIuNrn (1978) give for the Caribbean grouper I,'pi'phchI.o gttatus the
 
followinllg data: natural mortalit, 0.68, ' I 
 ) tm 53.7 ('l tttrr,,sponding to
 
W.... :--2,32). app)roxilmatt, w 'igllt at, first malurit\ 2.13. From these data, adult
body weigt'h tW)!i.,;coptlld :.; 1,283., ' ,f, l':',amph, 11.2).
 

2) E';timating potetti',t Ykld P frtorn (Ullaid' e(qatioll .6) Iassuming B, 1 

Kevi roke, Results 

.G;8 t(M ) 
.5 x 0.3- (Py 

3) Estimnating potnia! yield (Py,) yy aIssu = 1:from equation (11.5). also mg Bv 

Keystrokes Resul ts 

1,283.5 1(w)
,20; (IS 

\. 2.t 0.36 (Py) 

The ,stilliates (0.411 and 0.31; art,, lose enti'gl, to oach tolhwr it) feel confident that P 
is about 1 3 of it virgin [er year. )lvio) l% (hi,; i-, >,t he('a thiss [iIOlll o . se Xalllip)lf iS ill 
ai manual real-lift, diata do not alkays tbehavte o it- ely,. Iri fact, Beddingtoll al Cooke 
(1983) argue, qitt' -ogntly, tiat lilallad" etluation (mid] cons,(tumnlly ally olier equation 
which gives similar results) las al extrot-ly strong upward hia, (ste 1).77). 
. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 



12. Multispecies Fisheries 

INTRODUCTION
 

With few exceptions, the models discussed in the previous chapters were developed for use in 
conjunction with single-sp( vies stocks and fisheries. 

When using such models, an implicit assumption is that the stock under investigation has only 
negligible interaction with other species, ex ept for those interactions accounted for by the catch-all 
interaction term "M", natural mortality (caused mainly by predation). 

This approach may be justified in temperate waters, where some stocks (e.g., cod, pollock, 
ierring, salmon) sustain "aimed" fisheries, in which the fish not belonging to the target species form 

only a minor part of the catch (the "bycatch"). 
In tropical fisheries, especially in demersal fisheries, no single species is aimed at, generally, and 

there is no "bycatch" when the definition above is used, except in shrimp fisheries where the fish 
caught (often 90%of the total catch by weight) are frequently thrown overboard. Table 12.1 re
produces the typical catch of a Southeast Asian trawler. The large number of species, none of which 
is dominant, will be noted. 

Table 12.1. A typical trawlercatch (45 min haul) from the Java Sea (060 12'S, 1080 26'E, 34-35 m 
depth) made on 5 September 1976 by R/V Mu tiara IV showing the diversity of tropical demersal 
multispecies stocks. (Asterisks refer to weight and number raised from asorted sample of 1 out of 
5 boxes. Invertebrates not included.) 

No. Family Species W(kg) N 

1 Ariidae Osteogeniosus inilitaris 3.4 17 
2 Balistidae Abalistes stellaris 0.5 1 
3 Carangidae Seriolinanigrofasciata 0.32 1 
4 Carangidae Scomberoides sp. 0.15 5 
5 Carangidae Alepes kalla 5.0* 90* 
6 Carangidae Alepes djedaba 7.50* 290* 
7 Carangidae Megalaspis cordyla 8.5* 170* 
8 Carangidae Selaroides leptolepis 0.25* 10* 
9 Carangidae Carangoidesspp. 6.10* 145* 

10 Carangidae A tropus atropus 1.75* 30* 
11 Chirocentridae Chirocentrusdorab 0.80* 5* 
12 Clupeidae Anadontostoma chacunda 0.15* 5* 
13 Clupeidae Opisthopterusvalenciennensis 1.10* 15* 
14 Clupeidae Dussumieriaacuta 1.70* 50* 
15 Clupeidae lisha sp. 5.60* 65* 
16 Clupeidae Sardines'agibbosa 0.30* 10* 
17 Dasyatidae not identified 2.65 1 
18 Drepanidae Drepanelongimana 0.35* 5* 
19 Engraulidae Stolephorus spp. 21.0* 4,175* 
20 Gerridae Pentaprionlongimanus 15.25* 1,165* 
21 Fistulariidae not identified 0.15* 10* 
22 Formionidae Formio niger 0.2 1 
23 Lagocephalidae not identified 4.0 95 
24 Leiognathidae Leiognathussplendens 10.0* 720* 
25 Leiognathidae Leiognathus leuciscus 4.20* 780* 
26 Leiognathidae Leiognathus bindus 1.20* 340* 
27 Leiognathidae Se "itorruconius 1.20* 380* 

Continued 
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Table 12.1 continued 

28 Leiognathidae 
29 Lutjanidae 
30 Lutjanidae 
31 Lutjanidae 
32 Lutjanidae 
33 Mullidae 
34 Nemipteridae 
35 Nemipteridae 
36 Pentapodidae 
37 Platycephalidae 
38 Plectorhynchidae 
39 Pomadasydae 
40 Pomadasydae 
41 Priacanthidae 
42 Scombridae 
43 Scombridae 
44 Scombridae 
45 Stromateidae 
46 Stromateidae 
47 Synodontidae 
48 Synodontidae 
49 Synodontidae 
50 Sphyraenidae 
51 Scienidae 
52 Theraponidae 
53 Triacanthidae 
54 Trichiuridae 
55 Trichiuridae 

Z 29 families 

Secutor insidiator 
Lutianus sanguineus 
LutJanusjohni 
Lutjanus lineolatus 
Caesio erythrogaster 
Upeneus sulphureus 
Nemipterusjaponicus 
Nemipterus bathybius 
Pentapodussetosus (?) 
not identified 
Plectorhynchuspictus 
Pomadasysmaculatus 
Pomadasyssp. 
Priacanthusmacracanthus 
Scomberomorusguttatus
Scomberomoruscommerson 
Rastrelligerbrachysoma 
Pampus chinensis 
Pampusargenteus 
Sauridatumbil 
Sauridaelongata 
Sauridalongimana 
Sphyraenaobtusata 
not identified 
Therapon sp. 
not identified 
Trichiuraslepturus 
Lepturccanthussavala 

43 genera and over 55 spp 

2.80* 560* 
4.0 1 
5.0* 10* 
0.20* 10* 
0.10* 5* 

75.0* 6,075* 
3.0* 15* 
0.40* 15* 
0.25* 5* 
0.25* 5* 
0.40* 15* 
0.25* 5* 
0.50* 35* 
3.10* 80* 
7.20* 65* 
2.6 14 
3.0* 50* 
0.75 1 
6.3* 30* 
0.35 1 
3.75* 45* 
0.90* 105* 
0.60* 10* 
0.25* 5* 
3.75 100 
1.0* 25* 
1.0* 55* 
2.0* 25* 

231.02 15,939 

The goal of fishery biologists studying a fishery is generally to obtain information upon which 
management measures (e.g., catch allocation, effort control) can be based. Most often, these manage
ment measures aim at one of the following items: 

- to provide as high a sustained catch as possible 
- to provide a r2asonable income for as many people as possible 
- to generate profits as high as possible for those who have invested in the fishery.

These items, it will be noted, are not necessarily compatible with each other and more often than 
not, they are mutually exclusive (Clark 1976). 

When the policy is to maximize yields, three forms of overfishing must be prevented: 
- growth overfishing, i.e., taking fish that are too small. (The methods used to detect and 

quantify growth overiL.ing are outlined in Chapter 8) 
- recruitment overfishing, i.e., taking so many adult fish that recruitment of young fish to 

the fishery is affected. (The methods to detect and quantify recruitment overfishing are 
outlined in Chapter S.) 

- ecosystem overfishing, i.e., inducing changes in stock composition through excessive fish
ing such that abundant species decline without the subsequent compensatory increase of 
another (group of) species. 

Obviously, when exploiting with an unselective gear a community of widely different fish, some
large and long-lived, others small and short-lived; it is not possible to prevent growth and recruit
ment overfishing ofthe most sensitive stocks. With increasing effort, some species will then gradually
disappear resulting at high levels of exploitation in a complete alteration of the original food chains 
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and catch compositions and in ecosystem overfishing as well. This, and related problems are reviewed 
in FAO (1978), Pope (1979), Pauly (1979b), and in several papers included in Pauly and Murphy 
(1982). 

In the following, a brief discussion is given of approaches to modelling and managing multi
species systems. 

MODELLING MULTISPECIES SYSTEMS 

Two-species systems 

Attempts by biologists to model quantitatively interacting species started, logically enough, 
with studying the two-species case. The pioneers in this field were Lotka (1925) and Volterra (1926), 
who suggested independently what are now known as the Lotka-Volterra equations, 

dN1 mdt= [ rmi -i (clN 1 + c 2 N2 ) ]N 1 . .. 12.1a) 

dNd 2 = [ rm 2 -m 2 (ClN 1 + c2 N2 ) IN 2 ... 12.1b) 

which describe the rate of change, in numbers, of two competing species, where rm and rm2 are 
the intrinsic rates of increase of species 1 and species 2 respectively, m1 and m2 are positive propor
tionality constants, and C1 and C2 are interaction terms. 

It can be shown (Gause 1934; von Bertalanffy 1951) that the systems represented by equa
tions (12.1a and 12.1b) are stable only in the unlikely case that rml/m, = rm2/m 2 . In all other 
cases, one species (that with the highest rm/m) will survive while the other will become extinct. 
This behavior, the "competitive exclusion principle" of Gause (1934) was demonstrated to occur 
in micro-habitats such as culture bottles and aquaria in a wide variety of animals, including tropical 
fish (Silliman 1975). A pair of Lotka-Volterra equations can also be formulated for a predator
prey system: 

dNj
dt = (rm - cjN 2 ) N1 .. . 12.2a) 

dN 2

d- = (-g + c'2 N 1) N2 ... 12.2b) 

where g is a coefficient of negative growth (decline) of the predators (NI) in the absence of prey 
(N1 ), while rm is the intrinsic rate of increase of the prey population, c1 and c2 being interaction 
terms. An interesting property of these equations is that they generate oscillations over time, under 
certain circumstances, in the number of prey and predators that are independent of environmental 
fluctuations, and can be used to explain the oscillating behavior of at least some terrestrial predator
prey systems. Such oscillations have rarely been reported from tropical waters, one exception being 
possibly Munro (1967) who discussed the oscillatory behavior of a tilapia-tigerfish (Hydrocyon) 
system in Lake McIlwaine, Zimbabwe. 

An HP 67/97 program incorporating the Lotka-Volterra equation ("fox and rabbit case") was 
submitted by J. van Thielen to the HP67/97 Users Library (# 02752D); the "fox and rabbit case" 
can also be simulated on the HP67/97 with the help of the keystroke sequences in Green and 
Lewis (1979). 
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The Lotka-Volterra equations, while providing insight into various aspects of the interactions 
between species, have been often criticized because of their extreme simplicity and lack of realism, 
e.g., by Beverton and Holt (1957) who proposed a much more elaborate two-species model.

However, bringing some realism into the Lotka-Volterra system of equations is relatively
straightforward. Larkin (1966), who briefly reviewed some earlier variants, suggested the following 
set for predator-prey interactions: 

dN1 = adt (rmi - , N1 -Cl N2 N1 ... 12.3a) 

dt" = (rm 2  a2 N2 - c 2 N 1 ) N 2 ... 12.3b) 

where rml and rm2 are the intrinsic rates of increase of the preys (N1 ) and the predators (N2 ), a1

and a2 are coefficients of intraspecific competition, c1 and c2 are interaction terms, expressing

decrease for the prey in the presence of predator and increase of the predator in the presence of
 
prey. This system of equations, which is far more realistic than the original Lotka-Volterra formu
lation, has the following properties:
 

- the abundance of predator and prey are mutually dependent 
- the abundance of prey has an upper limit in the absence of predators 
- the abundance of predators has a lower limit in the absence of prey (i.e., they switch to 

another prey and don't become extinct)

Larkin (1966) presented a discussion of the behavior of the predator-prey system in expression

(12.3) under exploitation by a fishery. As this behavior is similar to that of the model developed by
Pope (1979), we shall now go directly to the latter model. 

Pope (1979) presented an equation which is extremely helpful in making species interaction 
visible. The model has the form 

bF 2YT aFp - + c1 FpFQ + dFQ - eF2 +c 2 FpFQ . . .12.4) 

or 

YT Yp + YQ 

where P and Q are interbcting species, a, b, d and e are constants of parabolic yield curves, c1 and 
c2 interaction terms, Yp and YQ yields from species P and Q, respectively, given the fishing mortal
ities Fp and FQ and where Yt is the total yield from the two-species system. 

For example we could have 

2YT = 20OFp - 10OF - 25 FpFQ + 100FQ - 50F2 + 25 FpFQ ... 12.5) 

where P is an abundant prey, Q a less abundant predator and -25 and +25 are the interaction terms,
positive for the predator whose yield increases in the presence of prey. (This example is illus
trated in Fig. 12.2). Table 12.2 presents some combinations of values of a, b, d, e and c1 and c2
and indicates the type of interaction that these values suggest. Based on the values in Table 12.2 
a series of four figures have been drawn (Figs. 12.1 to 12.4) as in Pope (1979) which demonstrate 
the effects of biological interactions on the combined yields of two interacting species.

In addition to illustrating biological interactions, Pope's model equation (12.4) also allows 
for a precise definition of what he calls "technological interactions", i.e., the fact that in a multi
species fishery (and in fact in "single" species fisheries also) catching a certain quantity of a given
species necessarily implies catch of a certain quantity of other species. When the ratio of the fishing
mortalities (Fp, FQ) applied on species P and Q, respectively, remains constant for any level of Fp, 
a straight line is generated which starts at the origin and cuts through the yield isopleths (see lines 
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Table 12.2. Constants used for drawing Figs. 12.1 to 12.4. 

Fig. Constants of yield curve and interaction terms System optimurn 
no. a b d e c, c 2 MSY FQ Fp 

12.1 200 100 200 100 -25 25 200 1.00 1.00 
12.2 200 100 100 50 -25 25 150 1.00 1.00 
12.3 100 50 50 25 10 25 146 2.25 1.79 
12.4 100 50 50 25 5 10 94 1.36 1.20 

3.0 
Fig. 12.1. Combined yield of two similar species, one 
preying to a small extent on the other (see constants 

P =0 of Table 12.2). 

MSY (P) Q 0 
2.5 25 50 75 100 

IL 
0. 

2.0 

5006 500 

.- 125 
0 o,1.5 / 150 75

3.01"75 

MSY (P)E 190 

MSY (0) 40 60 80 100 
.__0 200 /10=O
 

2/ Q=o
 
150190-0 

. J 1L 2.0 

\ 175 / 

0.050 1.5 

Fishing mortality of prey (Fp )=, /,o ' 
00 

0 CL) 

( t T . s d to0 1.0 5 .0 
t ixe- Fri ( 

treied -rto(seFg12). Fishing mortality of prey (Fp) 40 
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A, B, and C on Fig. 12.2). The interesting thing about such lines, however is that, while any F-ratio 
necessarily generates a parabolic yield curve (see Fig. 12.5 and Pope 1979 for a mathematical proof),
this yield curve does not necessarily go through the maximum sustainable yield (MSY) of the whole 
system (see Figs. 12.1 and 12.5). As Pope (1979) demonstrated, the two-species system may be 
extended to any number of species with the overall conclusions remaining that 

- For constant F-ratios, the total yield curve for any system composed of parabolic single
species curves and linear interaction terms is itself a parabola. 

- The F-ratio occurring in a given fishery does not necessarily generate the MSY, and the 
optimum F-ratios can be found only iteratively by changing F-ratios until MSY is reached. 

5.0-

P=O Fig. 12.3. Combined yield from a system in wbha., eact 
0spec:ies strongly benefits from the presenc"̂ ,. .. e other

50 mutualism (see constants in Table 12.2). 

4.0 MSI(P) 75 

20 40 50 40 20 1o 

125 
0P=O
 

&0 Q:O 
140 

Z, 146'MSY 
b / (Pa0) 

E I4 

20

125 
MSY(Q)

1.0 25 

100 
1020- MSy(P) PO

"75 20 40 50 40 20 Q=O 
10 

50 1.0 2.0 3.0 "- 3.0 

Fishing mortality of prey(Fp ) 
25 

00 5 

5.5 

1- 2.075 

5 2590 10 -
MSY 0 

.W 94 

90 MSY (Q)
1.0 25 

75 
20 

50 

- 10 -

Fig. 12.4. Combined yield from a system in which each 
species, to a small extent, benefits from the presence of 1.0 2.0 3.0the other (see constants in Table 12.2). Fishing mortality of prey(Fp) 
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160 - real MSY 

140 - pseudo MSYs 

>2120- p 2F C 

) 100 

80 - Fsi s c P (Fp 

'D 60 

0 2 

0 

0.5 1.0 1.5 2.0 

Fishing mortality cn species P (FP) 

Fig. 12.5. Graph showing how the choice of a given constant ratio of fishing
mortalities affects the shape and height of a yield curve; note that one opti, 
mum F-ratio leads to the real MSY of the two-species system (see also 
Fig. 12.2). 

Pope's model is very useful in that it enables the user, at least in the two-species case--to literally see
the interactions affecting the yields of the system. Howerer, the constants (a, b, c, d, e) of the model
cannot be estimated, for which reason it generally cannot be used directly for stock assessment 
purposes.

Concerning equation (12.4) it may finally be mentioned that the intrinsic rates of population
increase (rm) are implied in it, i.e., 

rmp 2Fp (opt) ... 12.6a) 

and 

rmQ = 2FQ (opt) ... 12.6b) 

where Fp(opt) and FQ(opt) are the fishing mortalities which generate MSY in species P and Q, respec
tively.

Program FB 30 is provided here to help the reader quickly calculate values of YT, Yp and Y 
for any set of constants as well as for finding the MSY and Fopt values of the two-species system.t
is hoped that exercises using this program and combinations of constants such as exemplified in
Table 12.2 will help visualize the nature and effects of both technological and biological inter
actions (see Example 12.1). 

N-species systems 

It is only since the advent of electronic computers that it has become possible to model systems
containing more than two species realistically. Particularly, the availability of computers made itpossible to depart from simplifying approaches such as represented by equations (12.1) to (12.4) and 
to incorporate into the models, as suggested earlier by Beverton and Holt (1957), more re Aistic 
representations of growth, mortality, predation and other processes. This approach is taken in the 
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large and complex "North Sea model" of Andersen and Ursin (1977), and in the various models of
"multispecies VPA" presented by Pope (1979), Helgason and Gisla-on (1979) and Sparre (1980). 

However, smaller simulation models, involving only a few troohic groups and the transfers 
between them can be used to test and validate ihypotheses concernirk t'e interactions within an 
exploited multispecies stock. This approach is best exemplified by Larkin and Gazey (1982) who 
designed a simulation model of the Gulf of Thailand stocks and fisheries and used it for testing 
mechanisms suggested by Pope (1979) and Pauly (1979b) to explain the observed changes in catch 
rates of different species groups. Such models, as well as the box model discussed below can also 
help in identifying gaps in our understanding )f a syste:..a 

METHOD FOR CONSTRUCTING 
QUANTITATIVE "BOX MODELS" 

While the mathematical simulation of multispecies systems is generally so complex as to dis
courage all but very mathematically-oriented biologists, constructing "box" models of an ecosystem 
is rather straightforward. "Box" models are here defined as a class of models where emphasis is on 
the graphicalrepresentation of an ecosystem and where the taxa having similar ecological roles are 
grouped together in "boxes" (see Fig. 12.6). 

I Fishing 

31.5 

Piscivres 15.4 

364 Teti20.6.., Invertebrate 
feeders 

583 98.2 10.3 

194 

Detritivores IInvertebrates1
IEerviboresi30.4 74.5 49.0 

jPrimary production and detritus 

Fig. 12.6. Simplified trophic model of Bukit Merah Reservoir, Malay
ia. The numbers in the boxes refer to annual mean standing stocks 

in tonnes, wet weight, while the numbers along the arrows express 
annual flows in tonnes (adapted from Yap 1983). 

Box models can be either qualitative as in Pauly's (1975) model of a West-African lagoon, or 
quantitative as in Walsh's (1981) model of the Peruvian upwelling system. 

Quantitative box models consist of four elements: 
a) the taxa included in each box (see Table 12.3 for an example) 
b) the biomass transfer between each box (i.e., the direction of the arrow linking the boxes 

with each other), 
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Table 12.3. Data for the construction of a quantitative box-model of Bukit Merah Reservoir, 
Malaysia. Adapted from Yap (1983). 

Trophic group Annual catch 
of fish (tonnes) Representative speciesa F M 

Detritivores 59.8 Labiobarbusfestiva 0.58 2.22 
Herbivores 36.4 Osteochilus hasselti 1.18 2.12 
Piscivores 31.5 Oxyeleotris marmorata 2.61 1.68 
Invertebrate feeders 15.4 1.5 b 2.0 b 

-Species representative of their trophic group.

bMean of 3 preceding values, taken in absence of other information.
 

c) the average biomass represented in each box, and 
d) the average biomass transfer between boxes (i.e., the quantities represented by the arrows) 

(see Fig. 12.6).
Identifying the taxa to be included in the various boxes involves criteria relating to the size of 

the animals, to their distribution and to their feeding habits. Generally, it will be possible to identify 
groups separated by all three criteria, e.g., 

- large predators, e.g., sharks and groupers, which are large, tend to occur in deeper waters 
and feed on smaller fish, 

- small, demersal, forage fish, e.g., slipmouths, which occur in relatively shallow waters and 
feed on zooplankton or zoobenthos, or 

- small pelagics... etc. 
Since food and feeding habits cannot be determined for all species concerned, exhaustive use should 
be made of the available extensive literature on food and feeding habits of fish and of generalizations 
relating the morphology of fishes to their feeding habits. 

VV22- - - - - -MY .% too- - - --E 6 1
0/Q> 3 M.E o/ 

= V 
0 

0 

ft f3f 2 

Fishing effort(f) 
Fig. 12.7. A simple economic model of a fishery with fishing costs linearly propor
tional to effort. Note that MEY (maximum economic yield, i.e., the maximum 
difference between gross value of catch and cost of fishing) is achieved at a level 
of effort (fl) lower than that needed (f 2 ) to obtain MSY (maximum sustain
able yield). Under conditions of open access to fishing, fishing effort will increase 
until total costs equal the gross value of the catch (i.e., fishing reaches f3, and 
the equilibrium point, EP) and at which profit for the average fishing unit is zero. 
Note also that lowering the cost line (e.g., by subsidizing the fishery) lowers the 
point at which equilibrium is reached, and thus lowers the catch (Smith 1981). 
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Examples of such generalizations are: 
- large fish with strong. pointed teeth (sharks, conger eels, barracuda) are piscivorous (De 

Groot 1973) 
- piscivorous fish tend1 to eat fish about one-quarter to one-fifth of their length (Ursin 1973; 

Cushing 1978) 
- fish with long, coiled guts (longer than 3-4 times their body length) are generally detri

tivorous (Pauly 1975) 
- fish with an extremely small mouth are generally zooplanktivorous 
- generalist-type fish, such as snappers, are omnivorous 
- the size of the spaces between the gill-rakers of pelagics gives a direct indication of the size 

of their favorite food, etc. 
This list is not exhaustive but indicates some of the methods which can be used to group fish into 
feeding niches and hence into the various boxes of a mode]. Obviously, when detailed data are avail
able on the food and feeding habits, ecological similarity (- niche overlap) indices can be computed 
to quantify objectively the similarity in the diet of different fish to assist grouping. One such index 
is: 

Cab= 1/2 Y I Pai -Pbj . .. 12.7) 

where Paj and Pbj are the percentages of a certain food item j in the food of fish species a and b, 
respectively, the index having a value of zero when the two fish species have no food item in com
mon, and of unity when both fish species have the same food items in the same percentage composi
tion (see Colwell and Futuyama 1971, and Pianka 1973 for another index). 

Obviously, grouping fish and invertebrates into boxes on the basis of their food and feeding 
habits makes the drawing of the arrows which link the various boxes quite easy, such that task (b) 
above becomes part of task (a). Putting numbers into the boxes is a little more complicated. 

The first step is to obtain the mean standing stock in each box (or at least in most of them). 
The most straightforward method to obtain standing stock estimates is to conduct a trawl survey in 
the case of demersal stocks, or an acoustic survey in the case of pelagic stocks. In both cases, tagging
recapture experiments can also be conducted from which biomass and a number of other important 
parameters can be estimated. 

These methods, however, are rather expensive, and in the following a method to bypass the 
problem is shown--at least as a first approach. 

First, estimate the annual yield, by species group that is extracted from the system. Then, using 
methods selected from Chapter 5, first estimate fishing and natural mortality for species represent
ative of each (or most) of the boxes of the model. Then estimate mean standing stock from Equa
tion (6.7) or by means of any of the other methods available to estimate standing stock in Chapters 
6 and 7. 

It will generally not be possible to obtain estimates of mean biomasses (B) for all fish included 
in each box. As a first approximation, however, all the fish in a given box may be assumed to have 
the same fishing mortality (they will have similar sizes and occur at similar places, so it is not a com
pletely unreasonable assumption) (see Table 10.3). Putting numbers along the arrows linking boxes 
with each other is now relatively simple: 

- for the arrow linking fish with the fishery, use the yield data themselves, i.e., 

Y=F. B ... 12.8) 

- for the arrows linking predators and their prey use, assuming that all natural mortality is 
due to predation 

Q=M B ... 12.9) 

where M is the natural mortality and Q is the wet weight of prey consumed by the predators. 
When a predation arrow goes to two or more predators, the value of Q is divided up in 
proportion of the biomass of each p.edator box (see Fig. 12.6). 
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From a box model such as in Fig. 12.6, the following quantities may be estimated: 
a) food consumption per day and unit of weight of the animals in each box. Divide the 

amount (YQ) going into a box by B, and then by 365, and 
b) the food conversion rate within each box (or by trophic level if appropriate adjustments 

are made), calculated by dividing all matter leaving a box (Z[Y + Q]) by all matter entering 
it. 

The values of food consumption should generally fall between 3% and 6%/day, and those of
food conversion rate, 5% to 25%. These ranges can also be used to complete empty boxes in the 
model, when values of Y and F are unobtainable, e.g., for zooplankton (see Fig. 12.6).

Quantitative box models, constructed along principles such as outlined here can serve the fol
lowing purposes: 

- summarizing the data available on a multispecies system
 
- allowing for an integration of a fishery with ecological data
 
- identifying those parts of the system where gaps in knowledge occur
 
- assessing the possible impact of exploiting one stock or the other. 
Useful references that may be consulted when dealing with aquatic food chains and box models 

of exploited systems are Winberg (1971), Steele (1973), Boje and Tomczak (1978), Pauly (1979b),
Jones (1982) and Polovina and Ow (1983). 

MANAGING MULTISPECIES FISHERIES 

Fortunately, finding out what is necessary to manage a multispecies fishery rationally is most
 
often less complicated than trying to understand how the system works in biological terms.


Throughout much of the world, as a rule, once exploitation of a stock has begun, the fi. bery

rapidly moves toward overfishing because, in the absence of effective regulations, the point of

equilibrium of a fishery occurs when the costs of fishing becomes as high as the gross returns from 
the fishery as shown in Fig. 12.7 and in Clark (1976).

Thua, managing a fishery (as opposed to developing one) is for most purposes synonymous
with attempting to reduce or redirect fishing effort, in order either to increase the catch and/or to
reduce losses due to overcapitalizq.tion, i.e., increase the income of those remaining in the fishery
(see Fig. 12.7 and Smith 1981).

Pope (1979) suggested that fitting a parabolic yield curve to time series of ,tch-and-effort data 
from a multispecies fishery, although it may underestimate MSY, may be an appropriate method to
identify an optimum level of aggregate effort, and this is, in fact, what is generally done in practice
when time series of catch-and-cffort data are available. However, Larkin (1982) pointed out that,
contrary to expectations, "there is little evidence that total catches have falJli in tropical fisheries
due to overfishing. Though catches of individual species have dropped, these uften have been made 
up by increases of other species."

For example, the catch-and-effort data of the Gulf of Thailand demers.d trawl fishery (Table
12.4) have been fitted with a total biomass Schaefer model (SCSP 1978) and a Fox model (FAO
1978) although the data do not really suggest a downward trend of total catch at high levels of
effort (although the catch-per-effortrate decreased dramatically). For this reason, a more or less 
flat-topped model would fit the data (see Fig. 12.8). 

Such a model is, for example 

-Y = Y. (1 -e f) ... 12.10) 

where Y,, is the "asymptotic yield" while a is an empirical constant. 
Obviously, when this model is used to reduce a set of catch-and-effort data, the need arises to

somehow define an optimal level of effort (since infinite effort, giving Y,, would clearly be an un
reasonable proposition), especially when economic data are not available from which the equilibrium
point and maximum economic yield can be defined. 

In analogy to the F0.1 concept discussed in Chapter 8, a level of catch and effort may be
defined at which the slope of the yield curve is one-tenth of the slope at the origin (Y0.1, f0 .1) by 
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first defining the slope of equation (12.10) 

dY 
Y 

.e - f 
*=e" ... 12.11) 

which, when f = 0, reduces to Y.* a. 
Thus, f0.1 can be obtained from 

Yo. 	 " a/10 = Y a o.1 ... 12.12)e-	 f °

800 	 - MSY 073 

72 .
700 
7'MSY S 

600 , 

31 	 500 71 Y = f 

400 - 6 

300 - 0 y f.299e -0.166 f 

o2 300 -6 

C 
t100 fopt 

0 III 4 1 I 
I 2 3 4 5 6 7 8 9 

Index of effort (trawling hours x 106) 

800 -YO 	 YO.I\ 

700 B 
72 

_ 71600 

9 	 50 74 

500 - 7 86 
0-0311 

64 66 Y-808(I-e- )
U300 

2
C
C 

200 63 

t00 f Oi 
0 I I I I 

I 2 3 4 5 6 7 8 9 

Index of effort (trawling hours x 106) 
Fig. 12.8. Comparison of two yield models fitted to catch-and-effort data from a tropical multispecies fishery 
(the Gulf of Thailand trawl fishery). Upper: Fox model; lower: asymptotic yield model. Note that both 
models suggest that effort should be reduced, and yields stabilized in the neighborhood of 700,000 tonnes. 
(Based on Table 12.4 and Example 12.2). 
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or 

In 10 = fo. ... 12.13) 

while Y0.1 is obtained from 

YO.1 = Y" • 0.9 ... 12.14) 

Thus, paraphrasing Gulland and Boerema (1973) who introduced the F0.1 concept, I wish to suggest
that "the selection of 10%is arbitrary, but once the 10%figure is accepted, the corresponding catch 
can be calculated objectively. Thus it can be used to provide a commission or other management
body objective guidance based on scientific grounds". An application of this model to a set of 
catch-and-effort data is given in Example 12.2 (see also Table 12.4) and Fig. 12.8. 

To avoid misunderstandings, it is stressed here that equation (12.10) is not meant to describe 
the whole range of yield/effort relationships, which must exhibit a decline at very high levels of 
effort, but to help cope with a situation where the yield/effort relationship shows no maximum and 
where, therefore, a management goal different from MSY must be used. 

Techniques on how to exploit a multispecies stock to obtain a desired species mix or avoid an 
undesired one are not available (Daan 1980). At least some of the following changes may be expected,
however, given a steadily increasing level of effort on a demersal multispecies stock: 

- a decline of the catch per effort (although not nece3sarily of the total catch as noted abive) 
- a rapid decrease and virtual extinction of very large fish. (assuming that they are caught in 

the first place) 
- a decrease in the average size of the fish caught 
- an increase of the relative contributions of low-value, small-sized fish 
- the unexpected increase of previously insignificant components of the system (e.g., squids 

or jellyfish).
 
I leave it to the reader to sort out these things in more detail.
 

Table 12.4. Nominal catch-and-effort data from the Gulf of Thailand Trawl Fishery. Data derived 
from Fig. 7 in Buzeta (1978). 

Catch Effort 
# Year t x 103 trawl-hours x 106 

1 1963 190 0.57 
2 1964 310 0.98 
3 1965 340 1.35 
4 1,966 360 1.8 
5 1967 430 2.4
6 1968 510 3.2 
7 1969 510 3.6
8 1970 520 3.7 
9 1971 600 5.05

10 1972 680 6.75 
11 1973 800 8.6
12 1974 550 8.05
13 1975 700 7.65 

Recommended reading: The literature on tropical multispecies fisheries and on the modelling
of such systems is rapidly growing. Useful contributions are FAO (1978), Pope (1979), Pauly
(1979b), Saila and Roedel (1980), Munro (1983), Simpson (1982), Marten and Polovina (1982) and 
Larkin and Gazey (1982). 



174 

Suggested research topics: Evidently, it is difficult to define a research program that applies to 
all multispecies stocks. However, the following elements should be included in any basic fishery 
research program: 

- monitoring total catch and catch per effort of the fishery 
- monitoring catch per effort of various "indicator" species representing various groups of 

fish (e.g., large, medium- and small-sized) 
- thorough study of the biology and population dynamics of the most abundant and of the 

most valuable species 
- an attempt to construct a "box model" of the system in question 
- an attempt to identify gear that would selectively remove certain groups of species (e.g., 

attempt to identify the best F-ratios in the system in question). 
The various reviews included in Pauly and Murphy (1982) should be helpful in defining such 

a research program. 
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Yields from a two-species (predator-prey) system. 	 EXAMPLE 12.1 

The yield-isopleths in Fig, 12.2 are meant 1() rv)r,.s(,iit a predator.prey system attnarc based
 
oil tile following set of assulli.d (of ll :
 

Prey (P) Predator i Q) 

t 200 (1 100 
b 100 t' 50 
C - 25 C., 25 

Case 1: Estimate Y, and( Y for F, 10.8 and F( - 0.8 (i.e., using an F-ratio of 1:1 ): 

1) Read sides I and 2 of Program i" :(0 

2) Enter constants: 

Keystrokes: 200 ST( A 100,TO 1 25 CIIS STO 2 100 STO I) 50 STO E 25 ST( 3 .8 
,S'l'() () 

3) Estimate YP. Y Oand Y ,, for FP = I 

Kevstroke. 	 Results 

.8 A 	 80 (Yp) 
61 IY()

1~.. ( Y'r 

Case If: Estimate "real' MS, Y" ,t) and F1,,pt) of the two-species system :
 

1) Read sides 1 and 2 of l'Prjgram BIt3(;
 

2) Enter colstants, includihil initial values Fe and F'Q l't- 0.8 and FIJI
kay, 	 1.2). 

Keystrokes: 	 200 'T() : 100 '-,TOB 25 (AIS Sl'O 2 100 STO 1) 50 STO E 25 STO 3.8
 
S1() 0 1.2 ST() 1
 

3) Enter AF, T(IL and estimate. FQ (,,) FI, (,,qt) and MSY: 

Keystrokes esul ts 

.05 1 
0.001 I'a 	 1.002 (IQ hp ))

0.998 (F , (op(t)) 

150.000 (MSY) 

Entering a smaller value of TOL (e.g., 0.0001) produces the exact values: FO (,),t) 1.000, 
Fr (opt) = 1.000 also with MSY = 150.000. 



BXAMPL12.2 Fitting an asymptotic yield model to bulk catch-and-effort 
species fishery. 

data from a multi-

Data from Table 12.4 

Computations 

We take advantage of the fact that equation (12.10) has the same form as the special VBGF 
[see Chapter 41 (with to = 0) and use Program FB 3 (von Bertalanffy plot) to fit the data. 
Fitting the data is here viewed as finding the values of ax and Y.. for equation 12.10 which 
generate a curve that goes through the intercept (i.e., for which to = 0); ac and Y". cor
respond to K and L., of the VBGF, respectively. 

1) Read sides 1 and 2 of Program FB 3. 

. 
2) Select an initial value of Y., (Y. must always be higher than the highest reported catch). 

Upon visual inspection of Table 12.4, we select 850 (x 103 tonnes) as an appropriate 
seed value. Thus 

Keystrokes: 850 t 1 f a 190 t .57 A 310 t .98A 340 t 1.35 A 360 t1.8 A 430 t 2.4 
A 510 t 3.2 A 510 t3.6 A 520 t 3.7 A 600 15 05 A 680 15.75 A 800 t 
8.6 A 550 1 8.05 A 700 1 7.65 A 

3) Obtain value of r2 , a and "to" corresponding to Y. = 850 

Keystrokes Results 

E 0.750 
0.211 

-0.854 

(r 2 ) 
(c) 
("t o ") 

4) Since equation (12.10) implies that "to" = 0, the seed value of Y. = 850 is too high, it is 
reduced to 825, which provides, upon repeating step 3 a value of "to" = -0.470. Thus, 
Yo,must be lower, i.e., 810. This provides, upon repeating step 3 a value of "to" = 

-0.073. Clearly, we are on the right track. Further trials with 809 and 808 reveal that 
808 gives a value of "t o " very close to zero. Thus, for Y. = 808 we have 

Keystrokes Results 

E 0.607 
0.311 
0.008 

(r 2 ) 
(a) 
("to ' ) 

5) Using Program FB 9, and replacing age by effort and length by yield, we obtain values 
for drawing the yield curve, by first entering the values of acin STO1 and Y". in store A 
(see Table 4.8) then entering the f values and pressing A. 

6) Finally, fo.1 and Y0.1 are estimated from equations (12.13) and (12.14) by performing 

Keystrokes Results 

and 

10 LN 
.311 -
808 1 
.9 x 

7.404 

727.200 

(fo. 1 ) 

(Yo. 1 ) 

As might be seen in Fig. 12.8, f0.1 and Y0 .1 are higher than fopt and MSY as obtained by
using the Fox model (Fig. 12.8, upper). This example was meant to illustrate the asymptotic 
yield model, and not to perform an assessment of the Gulf of Thailand trawl fishery. For 
such an assessment, the data of Table 12.4 are inadequate, since they probably include fish 
caught outside the Gulf (Simpson 1982). 



Appendix I. Testing Models and Their Results: An Introduction to 

Sensitivity Analysis and the Jackknife 

INTRODUCTION 

Throughout the twelve chaptors of this book, various models have been presented through
equations all of which provide, given appropriate inputs (e.g., data points), some useful output (a
"statistic"). As the astute reader will have noted, neither the accuracy, nor the precision of the 
estimated statistics is discussed at length for any of the models presented in these twelve chapterF and 
in fact, equations for estimating standard errors of estimates are given in a few cases only.

The reasons for this are two-fold: 
- for a number of models, equations for the estimati-n of standard errors are either lacking, 

or inordinately complex, and 
- a simple method exists, called the "jackknife", which can be used to estimate standard 

errors for the output of any model, thus making specific equations for each model super
fluous. 

While the jackknife method, presented in detail below, can be used to assess for any model the 
precision associated with estimates of a given statistic (i.e., the width of the confidence interval 
about that statistic), another method must be used to assess the "'sensitivity" of a model to its 
input parameters. 

Only "ordinary sensitivity analysis" will be discussed here; it has as its main objective "the 
identification of input parameters which, when changed by a fixed percentage, produce either 
a strong or a weak effect on the model output" (Majkowski 1982). 

SENSITIVITY ANALYSIS 

In ordinary sensitivity analysis, only one parameter is changed at a time, usually by a fixed 
percentage (U %).The effect of the changes is expressed by a "D-measure"* which is used to express
the changes in output caused by changes in the inputs. The D-measure relates the output values in 
the "perturbed" state (i.e., when the parameter values have been changed) to those in the "unper
turbed" state (i.e., as occurs when the best available parameter estimates are used). 

An example of a D-measure which can be used for a variety of purposes is 

X- XO
D = X 100 ... 3.) 

°
where X and X are pertarbed and unperturbed outputs, respectively. Majkowski (1982), from 
whose paper this account is adapted, gave an application of ordinary sensitivity analysih to an equa
tion commonly used in tropical fish stock assessment (equation 5.9). A summary of his analysis,
based on the special VBGF and the parameter values L.-= 28.9 cm, K = 0.46, L = 16.4 cm and L' = 
12 cm, (for Nemipterusperonii from the Gulf of Thailand) is reproduced here (Appendix Table 1.1). 

The analysis led to the conclusion that equation (5.9) is extremely sensitive to changes in the 
value of L and that, therefore, every effort must be made, when using this equation, to ensure that 
L is estimated as reliably as rossible. 

Similarly, Moreau (1980), who applied ordinary sensitivity analysis to Beverton and Holt's 
yield-per-recruit model (see Chapter 8), found that thg parameter which most influences the results 
is natural mortality. He concluded that, when using the yield-per-recruit model, attention must be 
devoted to increasing the accuracy and precision of estimates of M (rather than, e.g., spend resources 
on better estimates of growth parameters). 

*Not to be mistaken for the parameter D in the generalized VBGF (see Chapter 4). 

177 
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Appendix Table .1. Values of the D-measure (formula 1) for various perturbations in the input 
parameters. The perturbFad parameter is indicated in the first column of the table and magnitude 
of the perturbation (U%) in the first row of the table (from Majkowski 1982). 

U% -40 -20 -10 -5 -1 1 5 10 20 40 

K -40.00 -20.00 -10.00 -5.00 -1.00 1.00 5.00 10.00 20.00 40.00 
L. -92.48 -46.24 -23.12 -11.56 -2.31 2.31 11.56 23.12 46.24 92.48 
U -410.61 395.94 80.34 30.97 5.23 -4.86 -21.24 -36.71 -57.74 -80.92 
L' -52.17 -35.29 -21.43 -12.00 -2.65 2.80 15.79 37.50 120.00 -1,200.00 

Two other forms of sensitivity analysis exist in addition to ordinary sensitivity analysis
extended deterministic sensitivity analysis and extended stochastic sensitivity analysis. They allow 
assessment of the impact of simultaneous changes of input parameters, for considering the effects of 
various types of error distributions in the input parameters, etc. (see Majkowski 1982). Ordinary 
sensitivity analysis as presented here, should suffice, however, for most models presented in this book. 

THE JACKKNIFE METHOD 

The underlying principle of Tukey's "jackknife" method is (1) that a given statistic A, com
puted via a given model from a certain number (n) of data points will take different values (A-i), 
depending upon which subset of the available data points are used for computation, and (2) that 
the distribution of the A i values is related to the distribution of the stal :stic A itself (Miller 1974; 
Tukey 1977; Mosteller and Tukey 1977; Sokal and Rohlf 1981). 

Computationally, the jackknife involves the following steps: 
a) compute the value of the statistic A, using all available data points (n). This results in 

estimate A1 of the statistic in question, 
b) then compute n new values of the statistic A, but omitting each time al:Other of the n avail

able data points. This results in n eszimates of "A i - I ", each estimated by omitting 
a single data point (see Appendix Table 1.2), 

c) use the Ai - 1 values to compute "pseudovalues" of A, (0i), through the equation 

Oi=(n" Al)-[(n-1) . Ai] 

d) obtain a nev. ;stimate of A through 

A2-
 n
 

[In a perfect world, the two estimates of A (i1, A 2 ) would be equal; in rea:ity, they often 
are not. The standard error of A that is estimated by the jackknife (see below) pertains to A 2 , 
for which reason it may be more appropriaLe to stick to A 2 as most useful estimator of A.] 

e) the standard error of 2 is then computed from 

s.e.(A) = V (sdo)/n 

where sd(O) is the standard deviation of the Oi values. 
The authors cited above give more detailed accounts of the jackknife, which is illustrated 

here-following a suggestion by S. Saila (pers. comm.)-by the computation of standard error for 
the output of a surplus production model (MSY and fopt as defined in Chapter 10). 

http:1,200.00
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Appendix Table 1.2, which is an extension of Table 10.3, gives the catch-and-effort values
used and/or omitted for the computation of the A i- 1values (i.e., estimates of MSY i - 1 and 
fopt i- 1) computed by omitting the data points (i) pertaining to the years 1969 to 1977.

As might be seen, the results suggest rather small standard errors for the MSY and fo-t values,
which, multiplied with the appropriate T value (see Chapter 1), would yield a narrow contidence 
interval. 

This application of the jackknife should have made the versatility of this method obvious. In 
principle, the method can be applied to all models presented in this book-except when the results 
are obtained through accumulation, where values cannot be omitted without distorting the final 
result entirely. 

Table 1.2. Application of the jackknife method to the surplus model (see also Chapter 10). 

AL_ 1 values Pseudovalues (0i)
# Year Catcha Effortb MSY_ 1 fopt i-1 Omsy Ofopt 

1 1969 50 623 60.6 1,253 63.3 1,442
2 1970 49 628 60.8 1,246 62.4 1,496
3 1971 47.5 520 60.5 1,275 64.1 1,264
4 1972 45 513 60.6 1,253 63.3 1,436
5 1973 51 661 60.7 1,250 62.9 1,461
6 1974 56 919 60.9 1,253 60.9 1,442
7 1975 66 1,158 59.8 1,237 70.1 1,567
8 1976 58 1,970 57.4 1,087 89.0 2,767 
9 1977 52 1,317 63.2 1,337 43.2 767 
X 52 923 60.5 1,244 64.2 1,509

s.d. - 6.39 485 1.47 65.8 11.1 496 
s.e. - 2.13 162 0.491 21.9 3.70 165 

a103 tonnes (see Table 10.3).
 
bNo. of standard vessels (see Table 10.3).
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Appendix II. List of Programs and Program Listings 

FB 1 

FB 2 

FB 3 

FB 4 

FB 
FB 6 

FB 7a 
FB 7b 

FB 8 

FB 9 

FB 
FB 11 

FB 12 

FB 13 

FB 14 

FB 
FB 16 

FB 17 

FB 18 

FB 19 

FB 

FB 21 

FB 22 

FB 23 

FB 24 

FB 

FB 26 

FB 27 

FB 28 

FB 29 

FB 


Length-Weight Relationships ...................................... 181
 
Gear Selection ................................................ 185
 
Von-Bertalanffy Plot ............................................ 189
 
Ford-Walford Plot (GM) .......................................... 193
 
Gulland and Holt Plot ........................................... 197
 
Munro Plot................................................. 
 201
 
Fitting Seisonally Oscillating Growth Data I............................ 205
 
Fitting Seasonally Oscillating Growth Data II ............................ 209
 
Seasonal Growth from Tagging Data ................................. 213
 
Generalized VBGF and Derivatives: Solutions .......................... 217
 
Total Mortality from Mean Weight .................................. 221
 
Z Using Jones' or Sparre's Mathod .................................. 225
 
Length-Converted Catch Curves .................................... 229
 
Z and K from Mean Lengths ....................................... 233
 
F and M from Tagging-Recapture Data ............................... 237
 
Independent Estimates of M ....................................... 241
 
Population Size (Petersen's Method) ................................. 245
 
Leslie's Equation ............................................... 249
 
VPA and Cohort Analysis......................................... 253
 
Jones' Length Cohort Analysis ....................................... 257
 
Length-Structured VPA .......................................... 261
 
Yield Per Reciuit (Special VBGF) ................................... 265
 
Yield Per Recruit Via Incomplete 3-Function ........................... 269
 
Conversion Factor "k"........................................... 273
 
Stock-Recruitment Curve of Beverton and Holt ......................... 277
 
Ricker's Stock-Recruitment Curves.................................. 281
 
Schaefer and Fox's Models ........................................ 285
 
Schnute's Yield Model ................ ........................ 289
 
Csirke and Caddy's Model ........................................ 293
 
Logistic Growth Curve ........................................... 297
 
Yields from Two Interacting Species................................. 300
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Program Listing
 
STEP KEY ENTRY KEY COOE COMMENTS STEP KEY ENTRY kEY CODE COMMENTS 

001 00_O LBLa 21 16 11 1 057 x -35 
002 CLC 16-53 .058 ST+5 35-55 05
003 P S 36-51 .059 RCL1 36 01 
004 CLRG 16-53" o 060 RCLE 36 15-

CLX -51 __ 061 x -35 
.006 RTH 24 062 ST+4 35-55 04
._00? OLLA 21 1i- _063 15Z1 16 26 46

010 _ 

008 
009 

P'S 
ST+3 
LOG 

L6-51-
35-55 03-

16 32 

064 
065 

_.066 

RCL[ 
P'S 
RTH 

36 46
16-51 -

24 
Oil X Y -41 07 *LBLE 21 15 
012 ST+O 35-55 00- 068 P S 16-51 
013 P15 16-51 - 069 SPC 16-1I -
014 LOG 16 32- 070 010 RCL8 36 08-

If- 56- O? RCL4 36 04
016 RTH 24- 072 RCL6 36 06
01? *LBLb 21 J6 12- 073 x -35
018 P5 16-51 074 RCL9 36 0)-
0J ST-3 35-45 03 025 -24-

LOG 1632 076 - -45
021 X4Y -41 0?? EN~t -21 -
022 ST-O 35-45 00- 0?8 ENTt -21
023 
024 

P:S 
LOG 

16-51 
16 32 060 

079 
080 

RCL4 
X2 

36 04
53

1- 16 56- 081 9CL.' 36 09
026 RrN 24- 082 .24
027 *LBLB 21 12- 083 RCL5 36 05
028 P:S 16-51- 084 X V -41
023 STOE 35 15- 085 -45

030 ST+9 35-55 0- 086 - -24
031 R -31- - 087 STOB 35 12 -

- -032 X Y -41 - - - 088 x -35
033 St+3 35-55 03- - - 089 RCL6 36 06
034 LOG 16 32 - o 090 X2 53-

ST01 35 Ol- 091 RCL9 36 09
- 036 R1 -31 - 092 -24
03? STO 35-55 00- 093 CBS -22
038 LOG 16 32- 094 RCL' 36 07
039 ST02 35 02- 095 + -55

040 RCLI 36 01 . 096 -24 
-041 
042 

x 
RCLE 

-35 . 
36 is-5 

097 
098 

PRT, 
STO0 

-J4 
35 J4 

-043 x -35- 099 RCL6 36 06
044 ST+8 35-55 08 17O 100 RCL4 36 04 -

RCL2 36 02 101 RCLB 36 12
046 X2 53 102 x -35
047 RCLE 36 15 103 -45

-048 x -35 104 RCL9 36 09 -
049 ST+7 35-55 0?- 105 -Z4

050 - RCL2 36 02- 106 10X 16 33 
051 
052 

RCLE 
x 

36 15 
-35-

- 107 
108 

STOA 
05P9 

35 1) -
-63 09

053 51+6 35-55 06 1109 PRT -14 -
054 RCLI 36 Ol Ito 110 RCLB 36 1Z 

XZ 53 , . VSP3 -63 03 
056 RCLE 36 15 ,I12 PRTX -14 -

REGISTERS o 12 3 45 6 17 9 

Sso 
'Aed 

Siz
ured 

S2 
used L 'sad 

X3 
X 

5, X $IS6 
y 

S7 
X y7 

8 
X 

S9 
9 

, - B bC . . jD r' E tsed 
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program LiMing ..-,
 
STEP KEY ENTRY KEY CODE commNm STEP KEY ENTRY KEY CODE COM M 

113 
114 

P-$ 
5 

J6-51 
16 54 .70 

169 wLBLc 
:170 3 

21 ;6 13 
03 

I15 PS 16-51 _7J y 31 
16 XV -4J 172 RCLC 36 13 

117 4 -24 1173 9 -35 
118 RCL8 36 12 174 1 oI 
119 3 03 175 0 00 

120 )20 - -45 176 0 00 
121 A8S 16 31 177 -24 
122 1 0j __8 RIN 24 
123 RCLD 36 14 179 sLBie 21 16 5 
J24 - -45 18 180 1 01 
125 X 181 0 00 
126 -24 182 00 
127 x -35 183 x -35
128 RCL9 36 09 ."18 CLC 36 13
129 2 02 '85 -24 

130 130 
-13i 
- 13J2 
-33 
-134 

-
ix 
x 

PRTX 
PZS 

-45 -. 
54 -
-35 -
-J4 .. 

16-51 - 190 

186 
187 
188 

..189 

3 
)/X 
y 

RTN 

03
52
3 
24 

135 0 00 "_ 
136 RTH 24 -

137 *LLL0 21 J4 
138 RCLB 36 12" 

- 139 Yx 31 
140 140 RCLA 363! -

141 y -35 " 

142 R7'1 24
14: tLLd 21 16 14 
;4 4  RCLA 36 11 200 
145 -24 
146 RCLb 36 12 
147 lIX 52 
148 yx 31 
149 RTH k4 

1 10150 *LBLC 21 13 
151 PIS 1-51 
152 RCL6 36 06 
153 RCL9 36 09 
J54 

- -155 2 
-24
a? -

2210 

156 + -55 
157 RCI.4 36 04 

"158 RCL9 36 09 
159 + -24 

,eo -160 3 03 
161 x -35 
162 - -45 " 
163 10 16 33 
164 STOC 35 13 2M 
165 SPC 16-1l " 
166 PRTh -14 
167 P.:5 16-51 " _ 

_____ 168 RTH 24 " -
LABELS FLAGS SET STATUS 

AL,W - BL,W>7 -r C-6, - w ____, oFLAGS TRIO o 
aak-pli~t¢e 
0 

b 
1 

orreee c'c1 
2 

f dA/ 
3 

1L-" *//"1[eo' 
4 2 

ON OFF01"9 
I O H 

DEG 
GRAD 

01 
1 

FIX 
SCIC 

H 

I- T - s 3 2 0 9 RAD r0 ENO 0 

113 __ 0 n=3Jq 
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Pmgrnm Dewdrpdom
 
Pvcpa This 4"'lqh'74_eiqhL_4i'e/o~j 

_coy,/o Dd1C
Addre _.lCARMf_*Mc A. 0- ox /30/ 

6P 1mOamoson, EWOnsVaiwfe o. ,prof,-ram /,44 /Pbal,7- -' 
re/A7 gp~ ~s
 

,wher thI z Wli /r" 70.A
 __n.n 

- - o~~I'o~,~c A o, -----

& 4oeyod0 '/ gio~ -/oledby L
 

8o1 ~I) nd ~ ci~/a /clobr an Oe wisea 7pej'ia, les -! 2.o-

When qhIvnd 9 b vee,he. c/ C req? aes * kle / . A 

To o k_jyier Er/a"/b sllbm/ed mii x? so ()o6e ~fa~/ 

___~c an' befsed,c~~uco wlh a o/ ,*e i %7o~(.,.~, )4, Zah* 

aq9.nn .J7.Xacs L. O71 pq 

Umft aW Warnings 0/14OMpertn yg?/kC6 / 7 egqo.() /'2. a"', 3.oe 
qw's~o.~6e, nd nI-lle/ecr 0a,,...or he b6aeleq 041 /00 

Os m~9yar she,y /2 vu-/' /0, Cor 3). 



_ _ _ __ _ _ 

__ 

User Instructions 

INPUT KEYS OUTPUT 

STEP INSTRUCTIONS DATAUNITS DATAIUUNTh

W II I 
T"AWL ,flfC7/IOA. LIII I
 

fnter lower ecs /,c,,,'i of ,nowllesf L lI]
 

_ _ 

c/isg L-Ie-- 0 .00 - len3 lh CL ,,,,)/ [,,] 

Enter, eo each IeM6 c/aov. #e number IVcover [ LII
-_J 4 1 k ;n cover and ,; cod end Atqodeed I] III] 


_&-emove errone A x olD/]e W II 

____-- =b- Co/cu/le 4 711] 

GILL/E 4SEFCTIO_ [IYIIZ[ _ 


Carves (-o Ift WAk rfI / eu'!4 LII [I
I II L I_ 

,eies and I6 (,£ner ,rmqle, and /a,yer mesh A I]in/l'olz, [ " [ -e-1 .ooo--

II 
II ]. 

SL L
[--11 I 
Ldo*Ljr/ FLA 06, yew LII LII____ __ 

_Toremveerrneous__p! __ __c.~ W_ [IIJ 
_________ c,- l[-ltp] 

ST, ,,eshmo,,e ot ,eeg,',,;on _ I[L I,rom/4rs , 


and mesh xre/(C ion poc,,fmele,' , p'ess _____-__
 

______ ___ ___ ___ ___ - I I-II hA 
_ ___ __L__] LIII , 

.T Oh/4 ebai .q/n# IsdrobhilVJ 5 ol q!Rp lr. II 
4 L A II *II 

- &qorvh Vie 
L flan~d gaLer 

185
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Program Listing ,WtSMi KEY OMY KeY CODE COlMErM STEP, KEY E.WMY KEY COD 
12 

C-M 
001 1001 *LBL 21 16 11 E T -- -

002 CIRG 16-53--
 058 FO? 16 23 00003 1 01 
 059 PRTX -14
on; - -45_ 060 X:Y -41

015 STO2 35 02 
 _ 061 FO? 16 23 00


1 006 CLIX -51 
 06? PRTX -14
007 RTH 24 
 063 9*Y -41008 *LBL 21 11 
 064 If 56
009 STO0 35 00 
 065 RTN 24
 

00. 00 
 f, -55"- 066 *LBLc 21 16 13
Oi RCLO 36 00 
 06? Fl? 16 23 01 
012 1l:y -41 068 LN 32
013 i -24 065 R4 -31014 STfl 35-55 O 070 070 X.Y -41 
015 1 01 071 - -24
016 STf2 35-55 02 
 072 LN 32 
017 RCL2 36 02 073 Rt 16-32 

018 RTN 24 074 FO? 6 23 0 
075 PRTX -14 919 *LBLB 21 12 


-- - 02 0 STOD 35 00 0 7 6 
 XRY -1 4 
021 + -55 077 F 16 23 00

02? RCLO 36 00 07 PRF8 6 -4 
023 1y -41 079 )?Y -41
024 4 -24 0eo Jsu E- 16 56025 ST-I 35-45 01 
 l08 RTN 24
026 I 01 - 082 *L8LE 21 15
0?7 SI-E 35-45 02 
 083 P:S 16-51 
028 RCL2 36 02 
 084 SPC 16-11 029 RTN 24 
 085 RCL8 36 08030 030 *LBLb 2) 16 12 086 RCL4 36 04- -- 031 RCL2 6 02 087 RCL6 36 06
-0 3 2 1 of -08 7 xL 3 6 03 + -55 -088 x -350-089 
 RCL9 
 36 09
 
034 RCL1 36 O1 090 090 -24

-45
035 - -45 - 091 
09 2 E Urt -21 

036 RTH 24-

037 OLBLe 21 16 15- 093 ENTt -21
 

- 038 CLRG 16-53- 094 RCL4 36 04

039 P:S 16-51 - 095 X2 53 -
040 040 CLUG 16-53 
 096 RCL9 36 09


041 Fl? 16 23 01 
 09? - -24
042 LU 32 -098 -RL5 36 05099 XY -41
 

044 R4 -31 
043 Sroi 35 01 

T-66 - 100 -45 
045 Fl? 16 23 0) 101 -24

046 LH 32 -102 
 S08 35 12 
047 STOG 35 00  103 x -35

048 Cl- -51  104 RCL6 36 06
 
049 RTH 24 
 J05 X2 53 
. tLBLC 21 13-
 106 RCL9 36 09
051 Fl? 16 23 01 -0? 
 -24
 
052 LH 32 
 108 CHS -22
 
053 R4 -31 
 109 RCL7 36 07

054 X:Y -41 
 o 110 + -55 - 055 - -24 111 -24


-056 LH 32 
 112 PRTX -14-

REGISTERS
 

0 s, 2 LA L 
 ss s 
 7 e 9
 

A r r e ed o46ed sed Used usedj " 
C, ,c?/ 
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a Lising ..., 
STEP KEY ENTRY KEY CODE COUMENT STEP KEY ENTRY KEY COD COMMENTS 

J 713 RCL6 36 06 - 169 Fl? 16 23 01 
114 RCL4 36 04 170 J70 LH 32-
JJ5 RCLB 36 12 171 RCLZ 36 02 
116 9 -35 172 - -45-
I17 - -45 173 xz 53 
118 RCL9 36 09 J74 RCL4 36 04 
J19 . -24 1?5 RZ 53 

120 120 STDA 3511 176 z oz 
121 PRTX -14 -177 x -35 
J22 RCLB 36 12 178 - -24 
123 PRTX -14 179 CiS -22 
124 P-S 16-51 8o80 et 33 
J25 RCLA 36 11 181 RT Z4 
126 2 02 182 *LBLd 21 16 14 
J7 x -35 183 FJ? 16 Z3 01 
128 RCLO 36 00- 184 LH 32 
J29 RCLI 36 0J 185 RCL3 36 03 

130 J30 t -55- 186 - -45 
13] -24 187 xz 53 
132 STOC 25 13 188 RCL4 36 04 
133 RCLO 36 00 -18s X2 53 
134 x -35 9- - "190 2 02 
135 RCL8 36 IZ 191 x -35 
136 -24 192 i- -24 
137 CHS -22 193 CH5 -22 l 

13r? Fl' !6 23 01 194 eg 33
x139 e 33 195 RTU 24

14o 140 PRTX -14 
J41 F)? 16 23 01 
142 L14 32 -

143 5T02 35 02 
144 RCLC 36 1 200 
145 RCLI 36 O1 
146 K -35 
147 CHS -22 -

148 RCLB 36 12 
149 -24 

,5o 150 Fl? 16 23 01
151 ex 33" 
152 PRTX -14
153 FH? 16 23 01" 
154 LU 32 210 
155 S703 35 03" 
156 RCLC 36 13 
15? RILO 36 00
158 RCLI 36 01 " 
159 -45 " 

,so 160 x -35 

161 RCLB 36 12 
162 KZ 53
163 - -24 
164 Ix 54 220 
165 PRTX -14" 
166 ST04 35 04
167 RTH 24 _____ 

168 *LBLO 21 14 
LABELS FLAGS SET STATUS 

dat __o 4ecoeC 1 albW.y If - o / qe FLAGS TMG cap 
a 4 b c ite d _______ /__ _V" __ W__o 04ON0FF1U M DEG * FIX R 
0 1 2 3 4 1I pa GRADE] SCI Q 
5 7 3 2- B ENODj _ _ 30W" fl3= 



188 

"rmrmDawdrptiln
 

Nun" Daniel Poc/m-. ewl,,u 
A"= ..I.C IA&"4 CC P 0-._809 61501 

PrOgra Dssouliion EtWIOO,, Varibkmes tc 7Adsrwow7.E A1 (o) an' /DiAcDnev~OJoi2 o/$ "# 

/' 
ye aa . 

Ans :,earreA1V~io Aus e oh"-hspdi4a*4*. ~ n ar. xc.~t 

mitd. A/2(~)('4.)=rf. s -- -7 

4gord be P, arebi,/ ,wso /eh4 6llloq eno Me &.6Aop;iwe' 

erA b /(.4 Ji)andd ~ on~J
 
. # 2i/ ' ofeyh I d r#n~f4 *,~ , (~/e,)v
 

.7q- ~ (b k s/,q$Affle mean. kng/li al/ii o/w (4) hw-- On _-94041 fra, 

At4 Ai, h9o. /e.1~4 M? emo1tyIje, A~hilk Zyt' /,V %e .014." P/ A~e /a~~v 

rqfoihefd. 8DMh -pw4 -of Ais. /~owr, ro re baded, 07 Su//nd(/o , q .o4' 

Operating Umfa aow Warlnns. 74eif..aSSMtpo, 
.MJ~in Oe 4va, n 0/ AIe eg"OA/wan .o6ow 

MatL~/~eI~/w/jn14Cp MVAk.. O 0d, odedino/ /,Arokr.e mmitr$ od 70e 
& eo~sde~d f~ pcii~6 tow" ~$Ofetos-- . 

AMiJoveo~, ~e'/ /~,~inld A ,iS,4sCVfe 

/0__CmClce fe * 
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__ 

User Instructions 
41 VO4V bfRTA LAIVffY P OT fSj 

M4, ..-v_WC , t 6 z, n -%WjV INPUT:A --r.~a,h- OUTPUT 

STEP INSTRUCTIONS 	 DATAPUT KEYS WTS 
_NITI
DATAUNITS 	 DAT__ 


.7 1fEaTll GROWTH ."n r ro) a,,d D _____- ) [Z1o 1c.o
 

S [_-I_] ElI] o
a 	 Doa ?Oe weiqhledl 46sroLpnk 4 ___ ii LI 

1'ele_ 	 _ _~ _11e _ _ L-T]L~ 

___Wd ad'eby 'ope 	 LI Lire 
_____ 	 ___-[-i II--I]}
 

2 	 fner /t n vlmeS -- I---] 

3 	 Col/eae 'nd _ L-][±_1_ r, 
___ 	__ __ _____ ___ __ __ ___ __ _-L__ 	 I [_§-1_-1/
 
___ _____ ______ ___ __I-___ F _ ][-___ 

11 	 WfIGHT 19ROWT/1 Anler Al,-o) nd b o'V LIwo) o 

b [LCI p. o 
___ ____ __ ___ __ __ __ ~ I_-_--] LIII]_-: 

a 	 Dato not weigbqd im/oeL rize 1 LII-] 
__ __ __I___ _ _ _ _ , I/D_] L-_-I_] 0."0 

.A 	 Fnier Me, i Palmer' W_ L] Eli lt 

Paa weifbleod b Lramnp/e __ I..J-sz LA 
l-_1 _1-- l 

5 	 nEnl, ._, t , n ,al/ier r* 6 [7-1] L I w 
_~~~~~ ~_______-______~ 	 Ll____I _--7]L] 

[-71:] [1-711 
- _-__]
6 	 Calculot r% X e, i-lL =el_ ra 

LII] [III] 

189 



005 

010 

015 

020 

025 

030 

035 

040 

045 

050 

055 

190 

(,1,,12Program Listing 
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

001 001 tL.La 21 16 11 057 RCL3 36 03 

-- 002 CLRC 16-53 058 -24 
003 5TOG 35 14 059 PRTX -14 
004 R4 -33 oo 060 RTH 24 

STOA 35 11 061 *LOLc 21 16 J3 
006 CLX -53 062 SPC J6-11 
007 RTH 24 063 RCL4 36 04 
008 *LSLC zi 13 064 RCL6 36 06 
009 STOC 35 13 065 x -35 

0I0 STt9 35-55 09 066 RCL9 36 09 
01 R -31 067 -24 
012 STO 35 01 068 CHS -22 
013 Rt -31 069 RCLB 36 08 
014 RCLO 36 14 010 070 + -55 

yx 31 071 STOO 35 00 
016 RCLA 36 11 072 RCL6 36 06 
017 RCLO 36 14 073 yz 53 
018 yx 31 074 RCL9 36 09 
019 -45 075 -24 

- CHS -22 076 CH5 -2z 
021 LU 32 07? RCL7 36 07 
022 STO2 35 02 ... 078 -55 -
023 RCLI 36 Of  079 P25 16-51 -
024 x -35 0o 080 5TOI 35 Of 

RCLC 36 13 081 P2s 16-51 -

026 x -35 082 RCL4 36 04
027 ST8 35-55 08 083 xz 53
028 RCL2 36 02 084 RCL9 36 09
029 R2 53 085 - -24 

0o RCLL 36 13 086 CH5 -2z 
031 A -35 087 RCL5 36 05 
03Z ST+7 35-55 07 088 + -55 
033 RCL2 36 02 089 P*S )6-51 
034 RCLC 3613 -o9o 090 5TO0 35 00 

x -35 091 RCLI 36 01 
036 ST+6 35-55 06 092 P25 16-5) 
03? RCLI 36 O1 093 x -35 
038 X2 53 094 5T03 35 03 
039 RCLC 36 13 095 RCLO 36 00 

0 " X -35 096 xz 53 
041 57+5 35-55 05 097 RCL3 36 03 
042 RCLI 36 01 098 -24 
043 RCLC 36 13 099 PRTX -14 
044 x -35 oo- 100 RCLO 36 00 

ST44 35-55 04 - 101 P2s 16-51 
046 1521 16 26 46 - 102 RCLO 36 00 
047 RCLI 36 4 -- 103 P:5 16-51 -
048 RTH 24 - 104 -24 
049 LBLE 21 15 . 105 ST03 35 03

o5 GSBc 23 16 13 106 CHS -?2
051 RCLA 36 11 107 RCLO 36 14 
052 RCLD 36 14 J08 -24 
053 YX 31 109 PRTX -14 

054 LH 32 110 110 RCL4 36 04 
X2Y -41 111 RCL9 36 09 

056 - -45 112 - -24 

o 1 2 3 REGISTERS~ 5 S 6 7 8 9 

u d eeded " d 4X 1X 6 y 7 y a 9 2 

so u S S3 
4 

S
5 S6 S7 8 S9 

A L 1B A/ 
) c 0"d 

D 
I_0 T b 
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Progm Listing 
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

113 RCL3 36 D3 169 ST#5 35-55 05
 
114 x -35 170 170 RCI. 36 OJ
 
115 CHS -22 171 RCLC 36 13
 
116 RCL6 36 06 172 x -35
 
117 RCL9 36 09 173 ST#4 35-5 04
 
118 -24 174 ISZI 16 26 46
 
119 -55 175 RCLI 36 46
 

120 120 RTN 24 176 RTH 24
 
121 *LBLb 21 16 12 177 *L8Lc 21 J6 15
 
J22 CLRG 16-53 178 GSBc 23 16 33
 
123 STOE 35 15 173 RCLB 36 12
 
124 Rl -31 ISO J80 RCLE 36 15
 
125 sTOD 35 14 181 1'X 5?
 
126 Rt -31 182 Yx 3)
 
127 STO8 35 12 183 RCLO 36 14
 
128 CLX -51 184 yx 31
 
129 RfH 24 185 LN 32
 

130 130 *LOLD 21 14 186 XY -41
 
131 570C 35 i3" r - -45
 
132 5Tf9 35-55 09 188 RCL3 36 03
 
133 Rl -31 189 - -24
 
134 srU 35 OJ 190 190 PRTX -J4 
135 R4 -31 191 RTH 24 
136 RCLE 36 15 192 #LOLA 21 II
137 I'1 52 193 1 OI
138 yx 31 194 GSBC 23 13
 
139 RCLO 36 14 	 195 RTN 24 "
 

140 	 140 yx 31 156 iLBLB 21 12
141 RCL8 36 12 197 1 Ol 
142 RCLE 36 15 198 cSBO ? 14 
- -13 J/x 52 199 RTN 24 
144 Yx 31 zoo
 
145 RCLO 36 14
 
146 yx 31
 
147 - -45 

148 CMS -2? 



149 LN 32
 
ISo 	 150 Sr02 39 02 

151 RCLI 36 01 
152 x -35 
153 RCLC 36 13 
154 x -35 210 
155 ST8 35-55 08
 
156 RCL2 36 02
 
157 X 53
 
158 RCLC 36 13
 
159 x -35
 
160 STW7 35-55 07
 
161 RCL2 36 02
 
162 RCLC 36 13
 
163 x -35
 
164 ST+6 35-55 06 220
 
165 RCLI 36 a1 

166 X2 51 -

-

167 RCLC 36 13
 
168 x -35
 

LABELS 	 FLAGS SET STATUS 
6,n, E 2-7/ . FLAGS TRIG DISP 

'~()i, a'(W) , fid e ,l 	 N]bac d 	 1 o0 ON OFF DEG 0 FIX 

0 	 3 4 10 GRAD CI SCI [ 
5 J5 M 7 8 9 3 202 R Nz2zim i 	 RAD []EN203 0- N _ n = . 
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Progra Descrption
 

Addrow - MCL ./3xop~R 150 _
 

Progr~n Dsw~puon, Equ vwhibim, .t. /Ae ffoero/l,aa P/on e; / /..-Or~~
 

re wri O 

,which 60r Ae pr of a, 6>ear reoc hej (-(,7~
oadKl ah ie a pt/o>lub.,f ZAoo (s,hAi haV

)Tr~ _ d ~ ~~.-o D- -p/ a-v-/4hd "/ .a e 

eoo o/ r2 Ir reacieud. 7Ae mei6od 4j P/*,1ow/Avi -_*o
1polmes -/ IV gced /,, e oi' 7AIr?~_0e ~ ... _ 

Vey~~1 /An- _&_ rseJedi .Peieve--(_!2kI~~~~kma 
pLPe 0.or weq& each -eve',pan ~d' fg pile hi, aye 

oqc e .9ab _4_ -.- KC-. 
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User Instructions 

11 FORP-kALFOR0 PLOr (0#) f'94 
.1,J,We,." he
Lfm 


INPUT KEYSOUTPUT 

STEP INSTRUCIONS 	 DATA/UNITS EDATA/UNITS 

_LE/GT// 6XOW/ 	 [ L 

AnaI* 	 EIIIi~nl*A Itrvat x~hn1h-oe-g / and 	 I[e 

ooo
 _ _ _ _ L _IIo.
* [n/er remnoi,na / nah - p- 2e kO/, e5 /,[ L_ III] , 

C/c/lte P, ,K ,ad Lat 	 __age LoJ re 

I LIZ 
1I/6IT 6'kO MT/ I [II] 

LIZ IIIl_ 

__ ____ ____ __ __ __ L/ IL o. ooo, 

2" [n/e, re,,o,'nin _ 
Weighz - ot- oge silres kj La ILIZIZ1 i 

I II L 
_ _ _~~~~EK]___ 

ICa/cu/afe r'a. Kid IM. 	
_ 

L____LKILI P 
K 

Fl	I II LI I 
I IILII 

LI LIZ1____ 

_ __ _ _ _ 193L 	 LI LI]_ 

II IIIJ_ 

_ __ _ 	 Lt lLIZ 
___ ___ ___ ___ __[_ 	 II 1 

LZ LII___ __ 



010 

020 

030 

040 

050 

194 

Program Listing (001 to 112) 

SUP 

001 
KEY ENTRY 
001 *LL. 

KEY CODE 
2J 16 11 

COMMEtqs STEP ICEY ENTRY 
057 -

KEY CODE 
-24 

COMTMES 

002 
003 

CLRC 
P.S 

16-53 
16-5) 

058 
059 

ST0 
X 

35 03
-35 

004 
005 
006 
007 

CLR 
STOO 

R4 
STOR 

6-53 
35 

-31 
35 11 

0 060 
961 
062 
063 

RCL6 

RCL9 

36 06 
Q3-

36 09 
-24 

008 CLX -31 064 CHS -22 

010 
009 RTN 

*LBLb 21 16 12 
065 
066 

RC 
+ 

36 07 
-5 

Oll 
0 
OJ3 
014 
015 

CLRC 
p s 

CLRG 
STOL 
Rl 

16-53 
16-51 
16-53 
351I 
-3) 

070 

067 
068 
069 
070 
071 

PRTX 
fx 

RCL3 
XV 

-24 
-14 
54 

36 03 
-41 

016 STOO 35 14 072 -24 
01? 
018 

R4 
STOB 

-31 
35"12 

073 
07+ 

5TO 
LN 

35 03 
32 

0 -0 
019 CLX 

RTN 
-51 
24 

075 
076 

RCLO 
-

36 14 
-24

021 %LOLA 
C22 RCLO 
023 yx 
024 STOB 

21 1-
36 14 

31 
35 12 080 

077 
078 
079 
080 

PRTX 
RCL6 
RCL+ 
RCL3 

-14
36 06
36 04
36 03

025 RCLA 36 11 081 x -3
026 
027 
028 

RCLO 
Y' 

STOC 

36 14 
31 

35 13 

082 
083 
084 

-
RCL9 

-

-4
36 09
-24

029 

03j 

RCLB 
RCLO 
1/X 

36 
36 

12 
[4 
52 

085 
086 
087 

RCL3 
CMIS 

1 

36 03
-22
01

03? yx 31 088 + -55
033 
034 
035 

STOA 
RCLC 
RCLB 

35 J1 
36 13 
36 12 

090 
089 
090 
091 

P.2s 
RCLO 

-24
16-51 -
3 4 -

036 
037 
038 

It 
RIN 

*LLE 21 

56 
14 

I5 

092 
093 
094 

l/x 
YX 

F2? 

52 
31 -

16 23 0Z

04 
039 P:5 

SPC 
)6-51 
6-11 

095 
096 

CTOC 
PRTX 

22 J3
-14-

041 
042 

RCL8 
RCL4 

36 08 
36 04 

097 RTN 
098 tLBL8 21 

24
12

050 

043 
044 
045 
046 
047 
048 
049 

RCL6 
x 

RCL9 

-

EHTt 
£HTt 
RCL4 

36 06 
-35 

36 09l 
-24 
-
-21 
-21 

36 04 

100 
039 
100 

102 
103 
104 
105 
106 

RCLE 
l/X 

yx 
RCLD 

Yx 
STOA 
RCL8 
RCLE 

36 15
52 -
31

36 14 
31 -

35 II -
36 12
36 15

051 X2 53- 107 IlX 52
052 
053 
054 

055 
056 

RCL9 

RCL5 

X:/ 
-

36 19 
-24 

36 05 
-41 -1M 

-45 _-

it 

108 
109 
110 

2 

yx 
RCLD 

yx 

STOC 
RCLR 

31 
36 14 

31 -

35 13
36 - _ 

o 32 4 
1.GSTERS 

5 8 9 

so Sl S2 S5 S6 57 S8 S9 

UGed 
AL ed2 e 

ef 
dc 

used Usedede d 2x D I~ Sy E y I Sxy 
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Pr ram Listing (13t.,
STEP KEY ENTRY KEY CODE C NTS STEP KEY ENTRY KEY CODE COMMENTS 

113 RCELD 36 J4
 

114 1'1/ 52 
 170o
 
1J5 yx 31
 
116 RCLE .6 15
 
117 V4 31
 
118 SrTo 35 12 -

J19 RCLC 36 13
 

120 120 RCLA 36 I1
 
121 TO 56 -
122 RTH 24
 
123 sLBLe 21 16 15
 
124 SFZ 16 2J 02 Ti
 
125 GTOF 22 15
 
126 *LBLC 21 13
 
127 RCLE 36 15
 
128 yV 31
 
129 PRTX -14 -

130 130 RTN 24
 

190
 

140
 

t50
 

210
 

IS0
 

220
 

LABELS 
 FLAGS SET STATUS 

P___X__Z_ FLAGSab c e 1 TRIG tI
/-t 'W0A 6 - c ON OFF 
01 2 3 4 

KWoo o []0r0 DEG 8 FIX 10
2Ai h4 ? 1 00 GRAD 0 SCI 0 

56 7 
 2 CR 0 RAD 0 ENG I
 
3 00 


n=3
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Program Description
 

Program The-Ford ,or P//(4) 

N'ft Danite"1,. / /9"0 
Addmu L-C.stAf , AICC P . Bo~0)( e 

P oprm Devcr40wo. EqmaIsona Variable, etc. k/len JYre - a/- aye daa a/ eyF(v/ A;, 1/fdtp&.w/ 

.__gea" _& Ol week) are alAibk, J zuravekvr 1 , PRS/f coor de ml,*

6"'e.vIoe A,7S. oo 4 am- xe-'zuasd wA6 -/Ae rq."e ayrr,'U,c 


9 eoomehv 47eol n-. lype AT tyrcs,;wt is area 4r Ovpw eICiS n
 

' mea e *Jv~ D -w*&-- Oen -,naun eh .~oria y~59 /O G A' / 

where 5 a; i- ore 756e mea,7r Lr 2 6 .4f .adZ. ga/uer. a' ' 

Opm nng Umt an Warrnng d'Lv e-1 - cite Ob/2 mansl be eyw;avi-1vrnC aA,, )Ae 079r/. 

hx z w W-en dala- 4 7vci ' . -4t~A.t' bw'Me e w~e 

-LAC-ezeOOneCt Ch) ~?eo e',: e/~sb wf-yAns/ he ef*Wed 

.4~ ~ ~~VqUcjDOad e.e~; wh6en afliy 7foe .,'-arwsw/ OP'"'oc~ 



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ 
__ __ __ _ __ __ 

User Instructlons
 

STEP INSTRUCTION.; INPUT 
DATAUNITS 

KEYS OUTPUT 
DATA/UNITS 

.f nil~2ir en'dr& (nden/er b in ca6e ol 
w~L~ft9rgw.9 

. .......... ___.____:___.____b 

- T-F0_C ,r --n p_"__.,- __.<,__ _ 

~ j~I 
r__0--~ 0.000Li0I] [I-- o.ooo 

[- Io0o000 

-JIFor; 
9 

elnq.i 
_R-

is lo e r-
____ -_--

] I]_g] 

-------- ]*F_--_[1,L 

_iF -0 value of l(.o),soe sed. _ __-LI L-_ 
epnrorm mtkp 3 enLer LIo' and.'/oin e 

.and4 To -ca/e-/afe r2. K Woo resL~iF~ 
______ ___ _ _ j~~[-] 

i&QLoLafel__ r2, K and W...To 0 ,_preo 

_ 

L-

- ~po:zm aep a, "FnkrW( ) , per:::? j/:j 

19___7_ 

197 

[] ] 

L_.Z 

!___-_L]lath] 
III-17_--1 

:_ZI ] -L-]L -J L -1 -

Lf/_-:-L[-7-


17.1_1 LII:] 

L----I [---1
 
LI_-] LIZ--

r * 

w 

,-

K 
wo
 

/<
 

i 
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(0,1,Program Listing 
STrEP KEYENTRY KEY CDOC com STEP KEY ENTRY KEV CODE CoMENT 

001 001 SLBL& 2f 16 11 0T7 RCL6 36 06 
OOZ CLRC 16-53- 058 )e 53
003 p:S 16-i 059 RCL9 36 09 
004 CLRC 16-53 060 060 -24 
001 STO 35 J4 061 CHS -22 
006 CLX -51 062 RCL7 36 07
007 RTN 24 063 t -55 

008 *LBLA 21 11 064 5701 35 O 
009 MO0 35 00- 065 RCL2 36 02

010 010 R4 -31 066 x -35 
01 RCLD 36 14 067 5703 35 03 
012 yv 31 068 RCLO 36 00 
013 $701 35 O 069 X 53 
014 
OJ5 

Xry 
RCLO 

-41 
36 14 

070 070 
071 

RCL3 
4 

36 03 
-24 

016 yx 31- 072 6PC 16-11 
017 5702 35 02- 073 PRTX -14 
018 RCLI 36 01- 074 RCLO 36 00 
019 -45- 075 RCL1 36 Of 

F27 - 020 RCLO 36 00- 076 -24 

021 -24 077 S703 35 03
022 RCLI M Ol  078 RCLO 36 14
023 RCLZ 36 02 079 -24 
024 + -55- o 080 PRTX -14 
025 2 02- 081 RCL6 36 06 
026 -24- 082 RCL9 36 0,9
027 FO? 16 ?3 00- 083 -24
028 PRTX -14- 084 RCL3 36 03
029 X9v -41- 085 A -35

3o 0.30 CHS -22  086 CHS -22
031 FO? 16 23 00- 097 RCL4 36 04

032 PRTX -J4- 088 RCL9 36 09
033 CHS -22- 083 -24 
034 p 56 - o 690 -55 
035 FO? 16 23 00- 091 RCL3 36 01 
036 PRTX -14 092 - -24 
037 RTH 24- 093 CHS -22
038 *LbLE 21 15- 094 PIS 16-51 -
039 P:S 16-51 - 095 RCLO 36 14

o-- 040 RCL4 36 04- 096 1/X 52
041 RCL6 36 06- 097 yx 31
042 x -35- 018 Fz 16 23 02
043 RCL9 36 09- 099 C70 22 16 14 
044 -24 - 1oo I0U PRTX -14 
045 C/IS -22  101 RMH 24 
046 RCL8 36 08- 102 *LBLB 21 12 
047 + -55- 103 S70 35 00

048 STOD 35 00- 1O R4 -31 -
049 RCL4 36 04 105 RCLE 36 15 

oo 050 X2 53 106 1/1 52 
051 RCL9 36 09 107 yx 31 
052 -24 108 RCLO 36 14 
053 CHS -22 109 yx 31 
014 RCL5 36 05 to I0 STOI 35 01 
055 t -55 II X:Y -41 
056 5TO? 35 02 112 RCLE 36 15 

REGISTERS 
o 

used uced 
2 

14Ced 
3 

III 
4 s6 7 a 9 

SO 
used 

A 

SS2 
s4,dd 

(2E 
re Xx 

S5 S6 
I6 y 

S7i 
S y69

bI 

8 

I 

S9 
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Program Listing
 
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

113 JIX 52 

114 yx 31 170 
115 RCLD 36 14 
116 yx 31 
117 ST02 35 OZ 
118 RCL1 36 01 _ 

120 
119
120 

-
RCLO 

-4536 00 
Jill -24 
122 RCLI 36 01 
123 RCL2 36 02 
124 + -55 ico 
125 2 02 
!26 -24 -
127 FO? 16 23 00 
128 PRTY -14 

129 X-Y -41 
130 130 CHS -12 

131 FO? 1623 00 -
132 PRTX -14 -
133 Ci4S -22 -
0134 Z+ 56 190 
135 F07 16 23 00 
136 PRTX -14 
13? RM 24 
138 #LBLb 21 16 12 
139 RCLE 36 13 

40-o 140 IIX 52 

141 yx 31 
142 GTOc 22 16 13 
143 *LDLJ 21 16 14 
144 RCLE 36 15 20 
145 yx 31 -

146 PRTX -14 
L47 RTH 24 
148 *L8La 21 16 ;3 
149 RCLO 36 14 

75- 150 
151 

Vy 
5T08 

31 
75 12

152 16 53 
133 XIY -41 
154 RCLB 36 12 210 
155 - -45 
156 ST08 35 I?
157 i 16 53 
158 RCLB 36 12 
159 - -24 

too 160 PRTk -14 
161 RTH 24 -
162 ALSLe 21 16 1
163 SF2 16 21 02 
164 CTOE 22 15 220 
16 *LBLC z1 13 

166 
167 

SFo 
RTH 

16 21 00 
24 

LABELS FLAGS SET STATUS 
W 0 .rin FLAGS TRIG DISP 

an ba,doIre 
0 

lbff)b V 
1 

c.t,C, 
2 

K d 

3 

'K,, / 

4 20y' 

ON OFF0o H IR 
I 0 0 

DEG 
GRAD 0 

FIX 
SCI 

6 7 83 
__ _ 

2 
1 3 0 

RAD 0 ENG 0 
n3=0I 
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"roram,Descripion
 

Addia We~g/J,P0DC BOX/4/
 
-------- .1wAkb'AtMilo, AIIpeL es
 

Proam Dem=W~ao, Equsuana vwbls, Ow. ..e//ond aml 1o/le (6") c/emon,hA/d Wve 
* aleso A ov1 lao can be o6/bve 4 i-"eans P/ 1he re/of,~wsh,,o 

and' LL Me~ /len7f 

mene period, 4 - shcr.t vlall~' 7bhe/ota/ ?'pqj. 0/
 

where L1 am A yA*be5 o/ h ) ef cid fer /Y 
-(=iz i le 

/ifis, 1he -cqhrnyield's an aqllbnale KeXhrp 

While 4 se/,~/d)re? 

7111ire ///7 eo dxpanded(d*,Au 2%a/t k cases,~ijq # 

.4Uii 9 e/~UA lb Ins l'ead ol 1e /4enulA ma/es, Od/ *e' ?VW-l"e 

$*~~~qieh(l.)/1O Iu Case a "Io,,decd""4ssedlwohich aaldlaod 
o,,///6Plat re8sd15, , e 

>y- .. 4) 

N4 04Cao. bg -eovil- ezandled ib lohl 7rowz* and 1.5 Re powreall/,ted Y'0 

OpwS n imt and Wming 14 r'~/ae of P' mms A en/errd~/:e. P, /ie e~' MdO- a6V o/
~pdtiI-dgLad 0<. -i C06e Wj ~rP E.'~/~d 

I- -Prlqwmo/ per f6 -yIluona, and le/ (/, q) 'phJOwad, o /e/
1me/adjg,,dj /q6/e %f'cn-ora/ /;?ler A1 nl 05' 7K$e 

in a 7s(R.. andf (5).- When ,Ve jvynt oj't n Is wsea il'* ,ve, 'hls, Me ocood art 
_ -n 4W' 
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I 

User Instructions 
11AIR, piO0T f8 6" / 

STEP INSTRUCTIONS INPUT 

DATA/UNITS 

KEYS OUTPUT 

DATAUNITS 

2 

i F# I___ n in'h'# '____o 

___ _____ ___ __ 

Fnler doto /ez-l-

___ __ 

0_7_ L 
V 

1 

L-_I] [--I 
IZiII I 
7 L,

FF1 

l 

L 

o. 

r, 

ooo 

, 

4 

5 

gempe erroneous dola 

Co/w /ale neava/ le of 

G OWTH I1 WEIG//T 

Enter -.oj), . b and 

X aao's C.v 

/h,'/,'l,'e 

_ 

_A 

o 

F,-/eLIZ] L I 

EfIZ] 111. 

W ILIILI 

L L- 1 ] 

E LII] 
EIILI__ 

c.v.c V-. 

o 

6 En/e,- data /rpip/s/ I" 

L _ 

W, 

_ 

1---LIZ] LIII 

I__W -l-] 

' 

V fe~oerrnea~da~,lr/e [-I] EL]E_-_-_-3__I ] i

8 Ca/Cu/1ole mnean Val11e o nd ek C. V 

NOTES : Te.aMoi/d Z erp'esses 
,,dews. Ah K v1.'ues a, ,i,,,a,1o. 

or[ 
rd _ _ _ _ _ _ _ 

_ 

_ 

___ 

__42 

L ILZ 
__ _ _ _~Il-_- I 
L-_] L]
LIZ L -II 

LI 
=0II] 

c.v. 

_ 
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Program Listing 

STEP KEY ENTRY KEY CODE STEP KEY ENTRY KEYCODE STEP KEY ENTRY KEY CODE 

001 001 *LBL Z1 16 11 039 Z* 56 075 9y -41 

002 CLRC I6-53 - 039 RTN 24 076 RCLD 36 14 
003 P.*S 16-51 040 040 *LBLE 21 15 077 RCLE 36 15 
004 CLRG 16-53 - 041 sPC 16-11 078 a -24 

005 TO0 35 14 042 i 16 53 079 yx 31 
006 Yg 31 043 PRTX -14 0 080 CHS -22 
007 STOA 35 11 044 STO0 35 00 081 RCL' 36 12 
008 CLY -51 045 S 16 54 082 , -55 
009 RTN 24 046 RCLO 36 00 083 LN 32 

010 010 LCLA 21 1) 047 -24 084 X Y -41 
011 5TOC 35 1 048 PRTX -14 085 - -45 
012 R1 -31 049 RTH 24 086 RCLC 36 13 
013 RCLO 36 14 050 050 R/S 51 087 -24 
014 Y 31 051 *LBLb ZJ 16 12 088 3 03 
015 CHS -22 052 CLRG 16-53 089 6 06 
016 RCLA 36 11 053 P:s 16-51 090 090 5 05 
017 + -55 054 CLRG 16-53 091 -33 
018 LH 32 055 STOE 35 15 09Z FO? 16 23 00 
019 X:.Y -41 056 X:Y -41 093 PRTX -14 

020 020 RCLO 36 14 057 STOD 35 14 094 F2? J6 23 02 
021 yx 31 058 XKy -41 09. RTH 24 
022 CHS -22 059 t -24 096 Z+ 56 
023 RCLA 36 I1 0 060 yx 31 097 RTN 24 
024 f -55 061 SOB 35 1Z 098 R/S 51 

M25 LA' 32 062 CLX -51 099 *LBLO 21 14 
026 X)Y -41 063 RTH 24 100 100 5F2 16 21 02 
07 - -45 064 *LBLB 21 12 101 CSBn 23 11 
028 RCLC 36 J3 065 STOC 35 13 102 1- 16 56 
029 -24 066 R4 -31 I03 RTH 24 

030 030 3 03 067 RCLO 36 14 104 *L9Ld 21 16 14 

03l 6 06 068 RCLE 36 15 105 SF2 16 21 02 

032 5 05 069 1 -24 106 G588 23 12 

033 x -35 070 070 yx 3J 107 1- 16 56 
034 FO? J6 23 00 071 CHS -22 108 RTH 24 
035 PRT9 -J4 - 072 RCL8 36 12
 
036 F2? 16 23 OZ - 073 -55 110
 
037 RTN 24 - 074 Li, 32
 

LABELS FLAGS SITT STATUS 

AB c D1E)
enf r I ank W or - of C r o '# FLAGS TRIG'. DISP 
i~a=te~L ' ihalie W c dCorr. W4 ON OFF DG C FX Ed ONOFF
 
00oHS DEG FIX
i 10 0 GRAD O3 SCII 
S6 3 25 H RAD 0 ENG 0 

.. 33 n: 

REGISTERS 
0 1se 2 3 4 5 6 789 

sou S 3 SedS541e S 
S7.
sd JS 1S8 Ja J 

A DB c D E b60 ) < b
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Program Deseription 

Progru TMa -- MuPnro Avet 

Addrm ICLAR14 1,.MCe P. O.-*&x 1501 

.-. .Program Demecdwo, Equations, Varlabims etc.-

../0?ea(1 La ).-oyq(4 s. (4-.9) 

_ ie-Pr/e4iand a .rJ Vlzti' ol ev6xQa h (i) canA,Imjted 4oh6/w 

7h-ecol~CW02' rahiejs -9XAa- ~4~ 1h roerlq,4 bel; /n? 7%0 each ~Olhe
j'hen ~~ h,~/m/~Acoas been dw/eo 7'erd and ~ 47o svi/ 5 Ai 

- ~ he 9. ~ /-~&~ o, 7,_,l m b-p~ Icwo~2 

Jr/al~~~~~and~paieo ero ~,hc4po~es Ahe /o,'ese C. ,:7 hh 


/f-vo/e'6 ew,, .vhth h4as coreq5od ~L.f~~z~o)
 

Orating Umft and Warnings. -o Akmst he he,-6 M~an 1 raz e 

_______ 4) 4 Ya/ue'g D mm4,3eAende-ed,; sel o,-.2h'en 



User Instrutions 

fI[ZING &ESA$ONILL7 OSClLZATIN6 6001474-1+I
 
ji/Hlllls/
 

SP DATA/UNITS OATA_ 

fed Pides . nd y cOrdA and ika/i'v/e ,oe----

L -" 

[1-] /. oo 
_ _~L 1oooo -00. 

- F-ooo.oo 

L[I 111 

3e d Pid4l I ond 2 o 

U_,'tsers lnshwrjios 

Card 17 

,% pare 

a?d 

. 
oLII---

IF--]F= 

/ 
z) 

,ecoide per do/a * le./d. 

L i e d.'/ eac 

_____ ________ ____ ____ 

______ __________-____LI] 

____L__ 

_-_-

LLI 

LIT] L-_-3
L I 

205-_ L_-

___________[ 

_ _ ___ _ _ _ _i_ _-_-__[ 

I--A 

IZ:_[_:L] 
-LIZ 

______-

__--__I] 

I L.]T_ 
LIZ-

205
 



010 

020 

030 

040 

050 

206 

Program Listing 01vw112 

001 
_ KEY ENTRY_STEP 

001 *LBLQ 
KEY CM 
21 16 11 

COMMENTS STEP KEY ENTRY 
057 RCLC 

KEY CODE 
36 13 

COMMENTS 

002 CLRC 36-53 058 x -35 -
003 ST00 33 00 059 RCL0 36 05 
004 ST04 35 04 0o 060 RCLD 36 1Z 
005 ST07 35 07 06J x -35 
006 S709 35 09 062 f -55 -
007 P2S 16-51 063 RCL# 36 04 
008 CLRG 16-53 064 RCLO 36 11-
009 RAO 16-22 065 X -35 -

010 RTH 24 066 t -55 " 
Oil 
012 

*LBLP 
sTO 

21 11 
35 14 "k 

06? 
069 

RCL 
+ 

36 01 
-5 

" 

013 -24 . 069 P:5 16-51 
014 CHS -22 00-0 070 ST05 35 05 
015 1 -0 071 RCLA 36 11 
016 
017 

+ 
LI 

-55 
32 - ' 

07 
073 

x 
X2V 

-35 
-41 

018 STO0 35 14 0?4 ST04 35 04 
019 x2V 

STOC 
-41 

35 13 
r-~.075 
1 % 076 

* 
STO 

-55 
5 14 

021 2 02 077 PZS 1.-51 
022 x -35 - c 078 RCL8 3608 
023
' 4 

P;
X 

16-24-35 . 060 079080 RCLC 
x 36 ;3-35 

SI 41 . - 081 RCL7 360? 
026 RCLC 36 13 082 RCLB 36 12 
027 XZV -41 083 A -35 
028 RCLC 36 13 '04 I -55 " 
029 2 02 08 RCL5 3605" 

-o x -35 086 RCLA 36 II 
031 P; 16-?4 087 x -35 
032 x -35 N 088 + -55 
033 Cos 4Z 089 RC 3602 
034 RCLD 36 14 56- 090 + -55 
035 ST 8 35-51 08 091 RCL9 36 09 
036 XZ 53 - 092 RCLC 36 13 
037 STf9 35-55 09 - 093 x -35 
038 R -31 094 RCL8 36 08 
039 0SBO 23 14 095 RCLB 36 12 

---
041 

-
STOE 

-41 
35 15 

096097 x+ -3-5 

042 P:5 16-51 098 RCL6 36 06 
043 RCLU 36 03 099 RCLA 36 11 
D44 RCLC 36 13 o0 100 -35 
045 x -35 /01 + -55 
046 RCL2 36 02 102 RCL3 36 03 
047 RCLB 36 12 103 + -55 
048 x -35 104 P 5 )6-51 
049 f -55 105 5T07 35 07 -

RCLI 36 01 106 RCLC 36 13 
051 RCLA 3611 107 x -35 -
052 A -35 108 XYY -41 -
03 t -55 109 ST06 35 06
04 RCLO 36 00 1o 110 RCL8 36 12 
055 4 -55 - I x -35 
056 RCL6 36 06 I 111 + -55 I 

REGISTERS 

ISO Il1 1 
2 d aced 

S5 
Used used 

S7 o 
t(ced
8 

aied 
96S9 

A B c - eI. use, sea ased E'e ee Co0a.-71'6 
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Program Listing
 
STEP KEY ENTRY KEY CODE COMENT4 WTEP KEY ENTRY KEY CODE COMMENTS 

113 RCLO 36 14 169 RCL6 36 06 
114 -55 170 170 x -35 

115 1 01 17L RCLE 36 J5 
116 -55 172 RCL7 36 07 
117 )/ 52 173 x -35 
118 5TOD 35 14 174 P;S 16-51 
119 RCLE 36 15 175 ST-6 35-45 06 

120 120 x -35 176 R -31 
121 SIOE 35 15 177 51-5 35-45 05 
122 RCL7 36 07 178 R, -32 
123 x -35 179 5T-4 35-45 04 
124 ST3 35-55 03 5o 180 P4S 16-51 
J25 RCLE 36 15 181 RCLO 36 J4 
126 RCL6 36 06 182 RCL6 36 06 
127 . x -35 183 x -35 
128 ST*2 35-55 02 184 STOE 35 15 
129 RCLE 36 15 185 RCL6 36 06 

130 130 RCL5 36 05 186 x -35 
131 x -35 187 RCLE 36 15 
132 ST14 35-55 01 188 RCL7 36 07 
133 RCLE 36 15 18-9 x -35" 
134 RCL4 36 04 T-o 190 RCLD 36 14 
135 x -35 191 RCL7 36 07 -
136 STiO 35-55 00 192 Y2 53
137 RCLD 36 14 193 x -35 
138 RCL4 36 04 194 P:S 16-51 
139 x -35 195 5T-9 35-45 09

140 140 STOE 35 25 196 R -31 -
141 RCL4 36 04 197 ST-8 35-45 08 
142 x -35 198 Rl -31 -
143 RCLE 36 15 199 ST-7 35-45 07
144 RCLJ 36 05 - io -200 P:s 16-51 
145 x -35 - 201 ISZI 16 26 46 
146 RCLE 36 15 - 202 RCLI 36 46 -
147 RCL6 36 06 - 203 RTH 24 
148 x -35 - 204 *LBLO 21 14
149 RCL7 36 07 - 205 $TOC 35 13-

Aso 150 P:S 16-51 206 Rt -32
151 Rt -31 207 STOB 35 12
152 5T-2 35-45 02 208 R -31
153 RI -31 209 STOR J531 -
154 ST-1 35-45 01 21 - 210 RCLD 36 14 " 
155 R -31 211 RCLO 36 00
156 ST-O 35-45 00 2212 RCLI 36 OJ 
157 Rt -32 " 213 RCLA 36 I1" 
158 RCLE 36 15 214 x -35

160 
159 
160 

x 
ST-3 

-35 
35-45 03 

215 
216 

f 
RCL2 

-55
36 02

161 PIS 16-51 217 RCL8 36 12
162 iZLO 36 14 218 x -35
163 RCL5 36 05 219 ± -55" 
164 f -35 2o 220 RCL3 36 03" 

165 STOE 35 15 221 RCLC 36 13" 
166 RCL5 36 05 222 x -35 
167 x -35 1223 -55 
168 RCLE 36 15 , 1 224 RTH 24" 

LABELS FLAGS SET STATUS 
AB 

-
na/ 

d 
. 

BO 
b 

C 
Jc deON 

E 
0 FLAGS 

OF F TRIG DIEP 

2 3 4 
fled'_

2 
_ oo0 2 

0I I DEG O 
GRAD 0 

FIX
SCI 

8 
El 

S2 3 
0 C 

I 
RAD M ENG 

n=2 
01 
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Progrm Descriptio I
 
hogm Ths-f4*i9at--p-onoQ// Arv,//a/, 64oP#0 'o0 Z 
Namea W j7/4 u 6. ~oe)aqph. Df Ju 79d./if 

P.rOFram Descdp*Io, Equations, Vari&Mos ot. i). i 'e a PV//Of/pt4 f4~ ~r/ 
V aie1k~j 0 dairo, ,* _m(Par . oayaj 4~'s~
 

0vL/p1es 4/he ners A',~ az~.nd C pl ~u/~
 
-oF 

70/ ynelra 

oi'c//of~ /e~p9oicvl) oelz.no/l e.v o
 

_-7;e pa__1.q~ekr A'S 47.a 0a.17owl,2 -~oi 

irhl!6h 1s a veon lq X'96 ot'kh/e 7o' a/exa're tPeasa...lo/4 

"F//;F5 awov;,'
 
Ia/ia4v evf/he . s ha~ed oe ,Me,.tv71wan
 

-- iiee~d#15nw/' es (tree /to~,i~ / .49). .71xch casdes, /h 47*dq_~ 

(gj , oba'd h3)_ arle s.&redl -,7~ XA9 kJO 3).

lIkafWe number (los) twsed when /, / amay .6e /YP/a Ced h*,-ail 

Fram - ACco- ;,fe as il/ne cage) w/0 1-eCARO rear 

Cd'k'4L*/on! may4 6e whenwh&7 o"med odafQ.
 

OperhingUmftanW~arnpg Le Mi1) 0 ,Po/l 

t)_TMe ralleS fme( 7 e u /as 
-. .In -ar. __ y c4i5 PUer'alAa h 



User Instructions
 

INPUT KES OUTPUT 

STEP INSTRUCTIONS DATAITrS _______ DATAIWUT 

.3Yout hove olreqdq reoqdl, eldeex f a4do LI] II 
e-0-oram Coed, a d"a o0-00____0IILI]not 1'4 

5 eOCC/c,/f Al) On~gd C L L K'O 

6 oesblvmok 69e /k,?thoacswa7,72 oa ?ren __
 

__t value,, "er om; [.ro AI]
 

?e4 Pen CO/C01/a l va/e -t~____ L~I II 
7b fte I mqa~t be repeafed ol ail/.e.9g, 1orede- 7b P[~]EIf 

draw a vna/kfycih29q/o7 Cwrv. I]LI 

Irr4t,,/tiler a'r o ca/cao /ed oiloue AwLI] II 
__parcmt. ierc hewi'n9 been eS1".no/ed 1;',lerjna1g. v I LI
 

-Qper-frn [~ C.0) sro- EAI
 

KD srol a~I 

c iTO 7Wc 

- - i) When 0 oaldpa/ is tyeqq//e, ___ II I
 
- - t~'l~'yr~nc amd e, wrdln9 7m-LIILII
 

VB6F. II____LI 
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020 

030 

040 

050 
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Program Listing 10to,,
STEP KEY ENRV KEY COOE 
 commms 
 SP KEY ENriY 
 KEY COOE COMMET
 

o
001 001 LBLA 21 It 057 RCLA 36 11002 3 03- 05 X -35
 
003 sr04 35 04 .. .. R 31004 P:s 16-51  0 - 050 RCLD 36 15005 RC.7 36 07  060 x -35 
006 RCL4 36 04 -.x RCLE 35
062
00 -3 .. L 36 111
007 X -35  063 - "41 
009 RCL5 36 05  064 RCLB 36 12
00 x -35  065 x -35
01l0 0 - - 066 - -45011 
 -45 
 06? RCLC 36 13

012 srO 36 08  068 RCLn 36 11
013 RCL8 36 08  " -35
014 RCL4 36 04 
 070 070 RCLB 36 120)5-3 
 01 RCLQ 36 12
 
016 RCL6 36 06 - 07? A -3
 
017 RCL5 36 05- 072 - -4
 
0le x -J5 - 073 -45
 
019 - "45- 074 P $ 16 .1
 

02 5TO8 35 12 - 076 S0 3 05
 
021 RCL9 36 09 - 076 S 36-51
 
"022 RCL4 36 04 - 078 CLD 3614
 
0243 x -35  079 RCL5 36 05


"024 RCL6 36 06  06 080 x -35
S5 RCL6 36 0- ON RCLE 36 15
026 -45 
 082 - -45
028 35 -C 03D83 )4:Y -41
028 TC4 36 13 -094 RCLB 36 12

00 RCL4 36 04 085 x -35
0"0 RCLZ 36 
 086 - 

- - 031 RCLI 36 01 - RC- 365
 
- - 032 PS 16-51 - 087 RCLA 36 -2
 

" 033 RCLB 36 09 - 09 S 1-?
089 PZS )6-51 
034 x -35- 0 - 090 Sr06 35 U6035 RCLI 36 01  0.1 
 3 -C

036 - -45 - 36 5 
037 STOD 35 14 -093 P:L 3606 
038 R4 -31 -09J 35 
039 RCLS 36 09 094 x -41 

x -35 06 RL 36 -0XY 
041 RCL2 36 02 - -5 
042 - -45 - -- 5 
043 x -35 - 098 3 
044099 
 RCLO 36 4 
045 RCL3 36 03 - 0. 55 
046 RCL8 36 08 - 101 RCL4 36 040467 3S650 102 -24 047 PS 6-5 - 103 CHS -2z
048 RCL3 36 03-
 104 P.S 16-51 04 9 -35 105 STO? 35 0?
 

S - -45 -106 RCL7 36467
 
051 RCL4 36 04 -107 RCI. 36 46
 
052 x -35" 108 3 -
053 gCLO 36 14 - - 08 -45
 
054 RCL6 36 06 110 10 - -4
 
056 f -35 
 111 STOA 35 11
056 
 -E 
 r-- 122 
RCLO 36 0
 

MEISTERS 

S1 Cr C' C ~ S5 I " S7S7 ISO S 

A a C D EC , ed W'd Used tz 
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Program Listing 01to, 
STEP KEY ENTRY KEY CODE cOkuNTS STEP KEY ENTR KEY CO04 cOuMMtSu 

113 RCL8 36 08 169 -24
 
114 x -35 170 170 CR5 -22
 
115 RCL7 36 07 J71 TAN. 16 43
 
116 RCLI 36 Of 172 P 16-24
 
J7 x -35 173 i -zq
 
118 t -55 174 z 02
 
119 RCL6 36 06 175 - -24
 

120 120 RCLZ 36 02 176 PRTK -14 
121 K -35 177 STO6 35 06
 
122 + -55 178 C68% 23 16 11
 
123 RCL5 36 05 179 STH 41
 
124 RCL 3 36 03 ao- 180 RCL4 36 04
 
123 x -35 181 x -35 
126 - -55 182 RCL3 36 03
 
127 RCL8 36 08 183 CS8n 23 16 I1
 
J28 )(2 53 184 - -24
 
129 RCLI 36 46 185 I/X 5?
 

130 130 i -24 186 PRTX -14 
131 STOE 35 15 187 ST07 35 07
 
132 -45 188 RTN 24
 
133 5700 35 14 189 *LBLC 21 13
 
134 RCL9 1o- ST0B 35 12 36 09 190 

135 RCLE 36 15 191 RCL6 36 06
 
136 - -45 192 - -45
 
137 5T0E 35 15 193 SBa ?3 J6 11
 
138 -24 194 571 41
 
139 5TO8 35 12 195 RCL7 36 07
 

140 
 140 RCLE 36 15 196 x -35
 
141 RCLD 36 14 197 PI 16-24
 
14 - -45 198 Z -24
 
'03 RCLA 36 11 199 2 02
 
-44 - -Z4 20 200 4 -24
 
145 sroc 31 13 201 RCL4 36 04
 
146 RCLD 36 14 2V? x -35
 
147 RCL4 36 04 203 RCL8 36 12
148 ; -24 204 RCL5 36 05 
149 RCLC 36 13 205 - -45 

150 150 -24 206 RCL4 36 04 
151 MO0 35 14 207 K -35 
152 RCLB 36 12 208 + -55 
153 RTN 24 209 CHS -22 
154 tLBLE 21 15 - 210 210 ex 33 
155 RAO 16-22 -211 Cs -22
 
156 RCLI 36 01 - 2J2 1 O1
 
157 CHS -22 - 213 f -55
 
158 PRTY -14 - 214 RCLA 36 I1 
159 ST04 35 04 - 215 x -35 

160 160 CHS -22 - 216 RTH 24 
161 RCLO 36 00 - 217 *LBL* 21 16 I1
 
162 XZY -41 " 218 P; 16-24
 
163 t -24 219 x -35
 
164 CHS -22 U2-0 220 2 02
 
165 SY05 35 05 22L x -35
 
166 PRTX -14 222 RTH 24
 
167 RCL3 36 03
 
168 RCL2 36 02,
 

LABELS FLAGS SET STATUS
AB 0 FLAGS TRO rose 

it xb- ' OFF!rgxI-pV+z2 d ION 0 19I DEG 13 FIX 9 
012 31O GPAD " SCIlJ 

7 9 3 2 0 0 RAU 0 ENG5 i 3 0 C9 .n .=.. 
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Pnognin Desription if 

rZLA/?M MACC APO- 5oA' /510 

Program Deacripon, Equatfon*, VWAriale,gc. (1yee- a/so R-oan roo~/ 

3) 7Il~/p or 11x esh',no11'04 o7 R4 ir /1'*riI A "A0724hiS A 'A. 
A'eqmszo4 Ano/li , ' ?/76e' ,6 - (1isope4N 55 

~~s~e/?,/e'/~~)*te ipram ,oar.io'c/w'

of CIf0~k ~fa/le o/ d! is ene,,e,7, 'he 70011AWln/,,
 

should he' '~a
 

6)j2 p'de fPprsi*fee va/44s 

-- a) h qe - tciC 

Ond b) 0dd o-5 lo h*e n~pi2eol e 

- A]/1~ 9 hte fIwo xig,' Caiod 4 kzes (ti/a~~-e" r_ 

_7pLetolear ,$21~r.o- 04_A~e .e *eseOI0na 4se o?'/ 

qnqor Aacors/U 

- ___------ t ~~d/ p/~b/ h rm so m k 

- --6 ~ 7 and F mast' follow .sp .6. 



___ 

_____ _____ 

User Instructions 

r 6,fOAV7T Feom rmagwIV 1ATA47,4IAXOMAL 
r' INSTRUCTIONS INPUT KEYS OUTPUT 

DATAUNITS DATA/NITS 

D anFvll-z .o 

Z Ent'," data ____ ___ __re-_ r" / DtrLl-D [II _LI] 

T (Cc) 

_ __ _ _-L3 IEsb e a,4,band R2 
_ [-ILI] L I 

____________ _-I________-1___.[1171 

4 To estf,"'ro ,eVU o c, 7' r, eniri-d . [ i 7] I 
I_ /1.. K wi/I be e2rp/-e5sedl/ I'>he e/4/s 11] 17] 

~o4 saecled foa,- 1Mwe At___ [71 li 
_ _ _ _ _ _ _ _ _ __I__ 7__-]I 

r es,!n i , ae o4 C, ener 7r, and.l _ -1, -..

i A/ T ,I:f- --
- i a. y .. .11a. 

7q.. hi smonlhi .... ___. I K_- l ,"f men mod% If. 1
offrI/ll_ T I 

ill gt f iar 
i'i nag'ea rd __ Lnw ___ _ 

213/ 1 1 I 

____ ________ ________ ____1__ 7711 F I 
____ ____. LI] [Z-1 

___-7171-_ 

213 
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020 

030 

040 

050 

214 

Program Listing
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENMY KEY CODE COMMENTS 

001 001 *LBL. 21 16 it 057 RCL8 36 12 
002 
003 
004 

CLRC 
P:S 
STO0 

J6-53 
16-51 
35 00 o 

058 
059 
060 

RCLC 
x 

ST3 

36 13 
-35 

35-55 03 
005 P.S )6-51 061 1 O1 
006 CLK -51 062 STtO 35-53 O0 

010 

007 
008 
009 

RTH 
*LBLA 
P.S 
ST04 

24 
2 11 
16-51 
35 0 

063 
064 
065 
066 

RCLO 
RTH 

SL6I 
ST+: 

36 00 
24 

21 01 
35-55 45 

01 R4 -31 067 RCLI 36 46 
012 
013 

$ 03 
RI, 

35 03 
-31 

068 
069 

3 
-

03 
-45 

014 
-015 
06 

RCLO 
Yx 

ST02 

36 00 
31 

35 02 

WiO 070 
071 
072 

STO[ 
Rj 
X2 

35 46 
-31 
53 

017 R1 -31 073 STfi 35-55 45 
018 
09 

RCLO 
y 

36 00 
31 

074 
073 

IN 
*L9LE 21 

24 
15 

0o 

021 
Srt 
RCL2 

35 01 
36 02 

076 
077 

RCLO 
RCL4 

36 00 
36 04 

022 4 -55 078 x -35 
023 
024 

2 D? 
-24 -oo 

079 
080 

RCL1 
Xc 

36 07 
53 

OZ5 RCL4 36 04 081 - -45 
026 
027 
028 

RCL2 
RCLI 

-

36 02 
36 01 

-45 

082 
083 
084 

STOO 
RCLO 
RCL3 

35 14 
36 00 
36 03 

OZ9 RCL3 36 03 085 x -35 
o30 

031 P.S 
-24 

16-51 
066 
087 

RCL8 
RCL9 

36 08 
36 09 

032 STOC 35 13 080 x -35 
033 

- 034 
R1 

STOB 
-31 

35 12 090 
089 
090 

-

f 
-45 
-35 

" 035 R4 -31  091 STOC 35 13 
036 STOA 35 11 - 092 RCLO 36 00 
037 
038 

7 
STOI 

07 
35 46 .... 

-- 093 
094 

RCLI 
x 

36 01 
-35 

040 
039 

041 

R4 
CSBI 

041
8 

-31 
23 01 

OR 

- - 095 
096 
096 
097 

RCL7 
RCL 

x 

36 07
36 08 
J6 08 
-35 

- 042 
043 

570! 
RCLB 

35 46 
36 12 -

.09 
- 099 

-
5704 

-45 
35 11 

044 WS8 23 01- Too 100 RCLO 36 00 -
045 
046 

9 
5T01 

09 
35 46 

101 
102 

RCL2 
x 

36 02 
-35 

- 047 
048 

RCLC 
081 

36 13 -
23 01 -103 RCL7 36 07

- 043 RCLA J36I - 1o RCL9 36 09 -

- RCL8 36 12 - 105 x -35 

051 x -35 -107 OB 35 12
052 Sr*1 35-55 0 - 108 x -35 -

053 RCLC 36 II --It 109 RCLC 36 13 
054 
055 
056 

36 13 
x -35 

ST42 35-55 02 
NEISTERS 

0CLC110 y).Y 
111 -

112 RMLO 

-41 
-45 

36 14 

0 1 2 3 4 5 X 7 8 9n E'xy 1'y X Z xy
so Si 0o S2 ISO
S S_ __ _ _ _L, t S, I S9I T(oc) 
A o B b C C D used jE I# sed 

_ 
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Program Listing (1to.., 

STEP KEY ENTRY KEY CODE COMMENTS TEP KEY ENTRY KEY COOE COMMENTS 

J3 RCLO 36 00 J69 PRIX -14
 
114 RCL5 36 05 70-5 - 170 RCLB 36 12
 

171 PRTY -14
J15 X -35 

116 RCL8 36 08 172 RCLC 36 13
 
117 X2 53 173 PRIX -14
 

18 - -45 174 RTH 24
 
119 x -35 175 *LBLC 21 13
 

120 	 120 RCLA 36 11 176 RCLC 36 13 

121 X2 53 177 x -35 
122 -45 178 RCLA 36 11
 

123 -24 179 + -55
 
124 sroc 35 13 1-0- 180 RBCL 36 12
 
12M RCLB 36 12 181 -24
 
126 RCLA 36 11 182 PzS 16-5)
 
127 RCLC 36 13 183 RCL0 36 00
 

-1-28 	 x -. 18f j/X 5275 


129 - -45 185 yx 31 
130 130 RCLO 36 14 186 CHS -22 

131 i. -24 	 187 PRIX -J " 

132 9708 35 12 188 RCtj 36 1z
 
133 RCL9 36 09 189 PCLO 36 00
 

134 RCLC 36 13 " "'- iO -24
 

1305 RCL8 36 08 11 CHS -22
 
136 x -35 192 P.S 16-51
 
137 - -45 193 RT 24
 

138 RCLB 36 12 194 *LBLc 21 16 13
 
139 RCL7 36 07 	 295 ST01 35 46
 

140 	 140 x -35 196 Rl -31 

141 - -45 197 - -45 
142 RCLO 36 00 198 RCLC 36 13 
143 -24 199 x -35 
144 STOR 35 11 200 200 RCLi 36 46 
145 RCL9 36 09 201 RCLC 36 13 

146 x -35 M2(2 x -35 
147 RCL.8 36 12 203 RCL 36 11 
148 RCL2 36 02 204 4 -55 
149 x 	 2 2 02-35 205 

1so )50 r -55 . 206 A -35 
151 QCLC 36 13 207 -24 
152 RCL3 36 03 -208 PRTX -14
 
153 x -35 " 209 RTh 24
 

154 f. -55 20 210 LBLe 21 16 15
 
155 RCL9 36 09 211 RCLC 36 13
 
156 1( 53 212 x -35
 
157 RCLO 36 00 213 RCLA 36 11
 
156 -24 214 + -55 
159 -45 215 X Y -41
 

160 	 160 RCL6 36 06 216 -24 
161 RCL9 36 09 217 P S 16-51 

162 Xx 53 218 RCLO 36 00 
163 RCLO 36 00 219 P;.S 16-51 

164 -24 220 1/ 52 
T


165 -45 221 YV 31
 
164 -24 222 RTH 24
 
167 PRIX -14
 

S168 	 RCLfl 36_11 , __________ _________ 
, LABELS FLAGS SET STATUS 

Ao TI 06S 

a b Ic, , d 	 i I ON OFF 
ja, f'er.7 m-	 r o 0- 56l DEG 11 FIX 110 1 2 3 4 2 1 i 9 GRAD 0 SC 

5 	 I 3 2 0 RAD 0 ENGO18 
, 	 3 0 3 n=3, 
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X 

Pr~dmm Dewdrptio 
Progra TM* -_J'easonaI _qpw AorT 9 /.qLk 
PNn...... i ba/(,s De* 19"V9r 

Adr A A to, N e, o . 6-oa, P~/ . P~ e __ 

Program Dearpio. Equaflons. vUwwf t. lili//ok #7d A. 4 *,e%/0' 

-~ - Yix b? X.,-.. _ 

/6_L~eda ehrno '9 e pap, mel,'s L.O-ad /f 0/.jv 'eF ~ o/w 

~ 077n ,, 0 Z, wa-e zid X1 

lwo 4,.,.6'i /I- ean w, ' 'tc*? - 71eoera ,ym _Nhei~oa 
H034t 7A s,) 4 're7 a W'Yes-o 4.f ond.(, dar4, es ape 

-fromi1~~~ 

and
 
A'b/V
 

ofid __ C T)(TSi7.~za77Y _b 

__W~ ow 7wfsmmr9e /mref iv,'9e&) Weona, 

jol Me Wa/er a, k wep~oli , w4lle iso ean OirNmalk?1 7 a.pll'
 

ad7% mcw~h,4- + pmfe 

n~~b e /o~'d ~~//Oa' /oP// 0 "(se 67wara),. 
0/o) tej e ricead.-pv~nl~ v//*.., 711"#s/on~ A be s
/f'na/ed effn W/1e4 Mhe /v~sh. 14%ed e-ok/dl.ia.v~ir' 9 / e~q/'so/ 

OprUng U mbwWWorrag/-4Om 9 b'e~re~ Pjen wh 75- spe / -. 

-- ga' ~i~d, Me 'r~/,~- J'6F ,..2 ,he.' s.edl. 
* ,a/we4 0/' ~ _Ko~,d o~w~,ed4 #,Is rnd 

shoud &c~o/~redhe~~v)on Af-,f O~e" ,Aewi, 



_____ ____ ____ 

___ 

___ ___ ---

__ _ 

User Instructions 
4 £# Lt: YGA/ODM£HfRAT/illf : SOMT/ONX f9 

STEP 	 INSTRUCTIONS 


L 	 : d constan/sFedgr in04/q order, Ihe 

__0__ _____ 

_ _rI-S70 _ __ _ _ 

2 	 Find ,Poluh :,ns 

2.0 enqh at a ?iven oge 
.i weigh/ ae a qiven Oq 

V2 oqe oe c 91ven /e g7 


2. i qea 71'een jwvt______LfX a 
2.4 toO gie legth oid age 

2.5 -4,oro_ qivm weiq' nodoaqe 

*
Z., lenq a f po,2tor i/fleeti op eup-W

Z.(7 wen'l* at In/leei p'91_1re4ps01f 

2.9 groilble at o given /englkL 
Zq !?qotv rvie oi o gi'yen wveihl 

E.'raole d and 0 rom (' gagrms). 
infe,- w. 

..... _ _ _ _ _ _ _[ 

-

ffores: 

fxlp enI /egih-,,,igi:,o/o-o enl
ii ,,,,hip. 

" 	s#:, .6 can p .,4,,.n& 
oglg whew p<i. 

INPUT
DATAIUNITS 

L10 

K 
o 	_ __=_ 

4e 

~ 

Lt 


Wt 

1 

W6 

Wma,( 

OUIRU

KEYS DATAUWIT 

LII_] [-_-]
[--j L---]
 
L-rO2 =A z 

=-or A(,sO7 f K 

I =0 to 
sroL l 

I__ 7r7I b 

[ [II-

] -I_]
 
-] [- .] 

L t 
[7

FT LI] 

L [ZI W 

[-I] [I__r 4 

LIi d17Iy/d 
[ [w=d1 / dc 

[-___
LII] 
L':_rC1l EL]LI_-I] 
_ 	 II d 

L---] LII] 
_--I{ S 
Ih L_£ ---LI 	L I I--

Ihe [1L-I] 
LII] ---I]
 
Ii_] LIZ 

217
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040 

050 
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Program Llsting ,0,.112)
 
SIEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

001 001 6L8L2 2i1I 057 RTU 24 
002 
003 

RCLO 
/M 

36 14 
52 

058059 *LBLCG58I 21 13 -23 O1 -
004 
005 

Yx 
ATH 

31 
24 

oo 060 
061 

RCLO 
I 

36 00 
-55 

-
-

006 #LBL3 21 03 062 RTH 24 -
007 RCLD 36 14 063 *LBLI 21 O -
008 RCLL 36 15- 064 RCLA 36 11 -

F10 
009 

Yx 
-2 -
3)-

065 
066 RCLO 

-24 -
36 14 

Oil RTN 
012 JLBL4 
013 RCL1 

24 -
21 04 
36 Of -

067 
068 
069 

yx 
CHS 

1 

31 
-22 
O -

014 RCLO 36 14 - 070 070 -55 -
J15 
-i6 

x 
x 

17N 

-35 
-35 
24 

07J L 
07-S 
073 RCLI 

32 
-2? 

36 01 
018 *LBL5 
019 3 

21 05-
03 

074 
075 

RCLO 36 14 
-35 

F25- RCLE 36 15 - 076 + -24 
021 - -24 " 077 RTP 2# 

. 022 x -35 078 4LOLc 21 16 13 
023 RTH 
024 sLOLS6 21 

24 -
06 - 060 

079 
080 

cSBO 
RCLO 

23 00 
36 00 

025 RCLI 36 01 - 081 + -.15 
026 RCLO 36 14 082 RTH 24 
027 x -35 " 083 *LBLO 21 00 

oi 

028 
029 

-
031 

y 
CHS 
e x 

RTH 

-35 
-22 
33 
24 

094 
085 
086 
087 

RCLB 

RCLO 
RCLE 

36 12 
-24 

36 14
36 15 

032 *LBLA 21 LI- - 088 -24 
033 
034 

RCLO 
-

36 00-
-45 - oo 

089 
090 

Y= 
CHS 

31 -
-22

035 US86 23 06 - 091 I 01
036 CHS -22 - 092 t -55 
037 # -1 093 LH 32 
038 2 -5  094 CHS "12-

04 039 6CL2 23 0- 095 RCLI 36 01 -
oo RCL 3 1- 096 C585 23 03 
- - 041 

042O 8TH 
2-35 
24 -098 097 RCLO 

x 
36 14 

-35
043 *LBL8 21 12- 099 -4 

044 RCLO 36 00  o0 100 RTH 24 
045 
046 

-

G585 
-

23 05 -
JOL 
102 

LBLE 
5T02 

21 25 
35 02 

0 -0 

047 

048 
049 

051 

G586 
CHS 
1 
+ 

RCLE 

23 06 -103 
-22 
of -

-55 
36 15 -107 

- 104 
105 

106 

Xy681 
RCL2 

-
-

-430-
3 O2 

-45 
-25 

-

052 RCLO 36 14  108 RTH 24 
03 -24 -109 *LPLe 21 16 15 
054 yx 3i 110 110 ST2 35 02 
055 
056 

RCLB 
x-,112 

36 12 
-35 

1.Ill___ y -4100__
CSBO 23 0 

0 1 12 0 d 3 14 
REGISTERS 

5 16 7 8 9 

b It 
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"m Listing (113 to,,,,,
 
STEP KEY ENTRY KEY CODE COMMENT STLP KEY ENTRY KEY CODE COMM
 

113 RCL2 36 02 169 *LBLd 21 16 14
 
IJ4 - -45 170 170 ST02 35 02
 
115 CHS -22 171 RCLB 36 12
 
116 RTH 24 172 VY -41
 
11? tLBLa 16 If1
21 173 -24
 
118 RCLD 36 14 174 RCLO 36 14
 
119 LH 32 175 RCLI 36 15
 

x
120 	 120 e 33 176 -24
 
121 CHS -22 177 y i1
 
122 1 01 178 1 of
 
123 + -55 179 - -45
 
124 S92 23 02 ISo L80 RCL? 36 02
 
J15 RCLA 36 It Jot x -35
 
126 x -35 182 RCLI 36 01
 
127 RTN 24 183 x -33
 
128 sLBLb 21 16 1? 184 3 03
 
129 RCLE 16 15- 185 x -3.7
 

130 	 130 RCLO 36 14 186 RTH 24 
131 - -45 187 ALBL7 21 0?
 

132 RCLE 36 15 J88 SPC 16-11
 
133 -24 189 LOG 16 32
 
'34 RCLE 36 J5 -1-'- 190 -62 "
 

135 RCLD 36 14 1 0 00"
 
136 -24 12 3 03
 
137 YX 31 193 5 05
 
139 RCLB 36 12 194 7 07
139 x -35 - .195 4 04 

140 	 140 RTH 24 196 -35 
141 *LBLD 21 14 197 -62
142 C58C 23 13 198 6 06 
143 ST02 35 02 199 7 07
144 RCLO Do -- 4
3600 2 200 04 
145 - -45 - 201 z O 
146 GSB6 23 06 - ZO? -55 
147 CHS -22 203 PRTX -14 
148 1 O1 204 3 03 
149 + -55 	 205 x -35 -

Iso 	 150 RCLO 36 14 - 206 CHS -22 
151 1/y 52 . 207 3 03 
152 1 O . 208 4. -55 
153 " -45 209 STOD 35 14 "
 
154 Yx 31 210 210 PRTX -14 "
 

155 RCLA 36 11 21 RTH 24 "
 
156 RCLO 36 14
 
15? ; -24
 
159 x -35
 
159 RCLI 36 O1
 

18o 	 160 x -35 
161 RCLD 36 14 
162 x -35 
163 RCLZ 36 02
 
164 RCLO 36 00 	 2
 
165 - -45
 

166 CS86 23 06
 
167 K -35 

.168 RTH 24 1 	 1 1 1 
LABELS FLAGS SET STATUS 

A BCi _ f 1*-6Lt W4,W.Z. L~di/de -49. 0_ _ FLAGS TRIG DSP_VP 	 4t 
ab c d/I 	 ON OFF , - , -

a-~,-/-	 ' l, -"o * 0 m DEG H FIX R 
40 ged 2?oed "Mied ,W 10 H GRAD " SCI 13 

5 7 W r 3 2 0 M RAD 0 ENG O
used 0 	 n=3 
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Program Descrption
 

Addres 

Progiur 

Daniel Potdq -

-ICAg/1 ' -460a P.0. 
Mo kati Mfelo Malnila 

Dsmilfln, Equatons, Varlab4. ot. 

/50/ 
Rbi//ppis___ 

q7lMr liM7/zed t, O/6O 

ea., 

S/~A 

/?.P/ 

4~4 -o (i -eD)P 4 
/, 

--d Id' - KO*Pe" XD 

I he-n Dl-e', ogn iv7q/ezion polint 

In D 

a e 

___ ( - . 3 

/qe ero/;zed y'6P lor we, Hf I's..

go b 

wi (bo . b/i, 
,FJJW4o i) e). COrre~pond Ac, 1he /'orma/,l "40eca/" V8P henfOs _ nd1 

0 - 1:I-h:.L'3 Vand da' ftw ek). ony zit.)esb a/edmlm ejoa;V0,S 

Opmrang Umft )-and 4)and Warnng or>/1 h~are ^~ o/S,. ,WhcnL) 

J~andmt w;b oi hnAoa'd 



User Instructions
 

STEPa 

I 

IMSThUC11O 

_ _ __ __ 

,/er-k1K , .o, j4 

___ ______ ___ 

3 

___ ___ 

_ _ 

__ 

TTPISTUT~INPUTIDATA/UNITS 

_ 

K 

KMOUTPUT
KE_ _

EII 11 1 
LI--1II 
[7ZLII= 

DATA//ITS 

.e 4n~er --] 

3 Anr TOL (&tolo &iror.,e. oox) 70L I-7-11 I OL 

4 

6 

Co//ale f(a) and4y(b):ar/k a h,3h z - vog,,c 

enkr a /ow Z-i'alueo/(b) 

,Mole : (a) l&e , ,, 
/w.,, -M, not i1he 

-~~~e riew vqlmes of Z(q)or,7 Li) 

Jit~ro/ t 2 

___ 

b) P'.. 
ease. 
md/ 

Z C 

Z b) 

__ 

___ 

_ 

i]-l1
FA I F1-
I 1 I 

LIII LIII 

I LLI II 

L--F-~1-1bLII 

;'Co 

z

_ 

_ 

___ 

_ 

_ 

__ _ __ 

_ _ 

_ _L 

2 
__ 

L1LLII LI 
LI LI]!

I LII1LI LII
I 11 I 

_ _ __ _ __ I II]I 
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010 

020 

030 

040 

050 
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Program Listing ,0,.o,1,
 
STEP KEY ENTRY KEY COOS COMMENTS STE KEY ENTRY KEY CODE COMMENTS 

001 001 JLBLa 21 J6 J! 057 -24 
- - 002 - -45 059 RCLB 36 12 -

003 X1(Y -41 059 XY -41 -
004 STOI 35 01 060 060 - -45 
005 x -35 061 STOD 35 14 -
006 STOS 35 05 062 RCL 36 12 -
007 X:v -41 063 - -45 -
008 ST04 35 04 064 RCLC 36 13 " 
009 CLX -51 065 RCLB 36 12 

010 RTH 24 066 - -45 
Oi1 #LBLe 21 16 15 067 z -24 
032 STOr 35 15 068 X(O? 16-45 
013 RTH 24 069 CTOI 22 Of -
014 AL8Lb 21 16 12 7 070 1 01 
015 ST06 35 06 071 Xyv? 16-3 
016 RIN 24 072 GTOI 22 O1 
017 *LOLA 21 11 073 RCL8 36 12 " 
018 5TOB 35 12 074 RCLC 36 13 " 
019 CSBO Z3 14 075 - -45 

02 ST18 35 08 076 ABS 16 31 
021 RiM 24 077 4 04 
022 *LBLB 21 12 078 + -24 
023 sTOA 35 L" 079 RCLO 36 14 
024 STOC 35 13 " 080 090 RCLC 36 13 
025 CSBO 23 14 - C81 - -45 
026 507 35 07 - - - 082 ABS J6 31 
027 ST09 35 09 " 083 WY? 16-35 
028 RTH 24 " 084 GTO1 22 01 
029 "BLE 21 15 " 085 RCLI 36 46 

030 RCLB 36 08 086 RCLO 36 J4 
031 X 0? 16-43 087 RCLO 36 12 
032 CT05 2? 05 088 - -45 

- 033 RCLB 36 12 099 ABS 16 31 
*034 RCL' 36 13 090 0.90 X)Y? 16-34 
035 - -45 091 GTO2 22 02 
036 ABS 16 31 092 WIZy -41 
03 RCLE 36 15 093 RCLC 36 13 
038 X)Y? 16-34 034 RCLB 36 12 
039 GTOS 22 05 095 - -45 

2 02 096 EMTt -21 
041 -24 097 ABS 16 31 
042 EEX -23 098 -24 
043 CHS -22 099 x -35 

- 044 
- 045 

9 
RCLB 

09 
36 12 .. 

oo - 100 
.. 101 

RCLB 
4-

36 12 
-55 

- 046 x -35 .. .. 102 S700 35 14 
- 047 + -55 103 CT02 22 02 

048 STOI 35 46 104 L6LI 21 01
049 RCL8 36 08 105 RCLB 36 12 

5----- RCL7 36 07 106 RCLC 36 13 
_ 051 
-052 

RCLB 
-

36 08 
-45 

107 
109 

+ 
2 

-55 
02" 

053 
054 
05 

RCLA 
RCLB 

-

36 11 
36 12 

-45 
Ito 

109 
_1 
111 

STOD 
tlL2LL 

-24" 
35 14 " 
21 02_ 

056 ; -24 112 RCLB 36 12, 

REGISTERS 

0I 12 13 Z.- !45M 7 we 8eoo 19 t 
so SI S2 r r S5 So 7 18 S9 

Ned I sred Cseed used TOL 



223 

Program Listing 
STEP KEY ENTRY KEY CODE COMMkNTS STEP KEY ENTRY KEY CODE COMMENTS 

113 STOP 35 11 169 ex 33 
114 RCL8 36 08- 170 170 RCL3 36 03 -
115 ST07 35 07" J71 x -35
1J6 RCLO 36 14 172 3 03 
117 S TOB 35 J2 173 x -35 -
118 CS9D 23 14 174 RCLI 36 O -
119 Sro8 35 08 175 RCL3 36 03 

120 120 RCL9 36 09 176 +. -55 -
121 x -35 " 177 - -24 
122 X(O? 16-45 1178 -45 -
L23 CT03 22 03 179 RCLS 36 05 
124 RCLA 36 11 180 180 3 03 
125 5TOC 35 13 181 x -35 
126 RCL? 36 07 182 CHS -2Z -
12? ST09 35 09 183 el 33 -
128 *LBL3 21 03 184 RCL3 36 03 
129 RCL9 36 09 185 x -35 

73o 130 48S 16 31 186 RCLI 36 01 -
J31 RCLB 36 0 187 3 03 -
132 pa5 16 31 168 x -35 -
133 X Y? J6-35 189 RCL3 36 03 -
134 GTOE 22 15 , 190 -55 -
135 RCLB 36 12 191 Z
136 RCLC 36 13 12 -45 -
137 ST08 35 12 193 1 of -
138 X:Y -41 194 + -55 -
139 6STC 35 13 195 RCL4 36 04 -

140-- 140 STOP 35 i1 196 x -35 -
141 RCL8 36 08 197 RCL6 36 06 -
142 RCL9 36 09 198 - -45 -
143 5T08 35 08 -199 RT 24 -
144 X.Y -41 -200 
145 ST09 35 09
146 M77 35 07 -
147 GT0E 22 I5-
148 *LBL5 21 05 
149 RCL6 36 12 -

150 150 R7H 24 -
151 *L8Lo 21 14 
152 ST03 35 03 -
153 RCL5 36 05 
154 2 02 210 
155 y -35 
156 CHS -22 
157 e' 33 
158 x -35 
159 3 03 

7-o - 160 x -35--
J61 RCLJ 36 01 
162 2 02-

163 x -35 
164 RCL3 36 03 
165 + -55-

166 -24 

167 RCL5 36 05_ 
168 CM5 -22 j 

A-

aeaftp 
B 
b 

£b)
r 

Ic 

LABELS 

jd 

E 
•/,7

eI 

_0 
0 

FLAGS 
_D 

FLAuS
ON OFF 

SET STATUS 

TRIG DISP 

S78c vs0M 
2 W1LZ 3 U 421 

3 
F- 19 

DEG 
GRAD 

0 
0-

1 FIX 
SCI 13 

i5 5 7 - 8 3 2 0] DO RAD 0- ENG 1 
3 0] 0 n= 
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Progiram Desci~rption 

Plm 7W41 Moifr Vm Mean. AK/e~q i 
N&Me 9a ie/ ayDM*e -JeA/a O 
Addres IALL A R A MCC A.0. b0ox 1501 -

Aoll', Afelro _Aaolla ,./pplhes_-

Proram Deemoipun, Equauons, vwArsaia, etc. rolal ,-bh,4 6') ia7.eaeiva 

- - -. 3'Zey (-a) -azexa) ZepJ,7W.0.'
 
z X z t z 

~w1eea. -t 0 ) &4 Ko1i L & ~ x*eei ej oea? 
p~l ~eta6y Wherr __t ir M"5 -mvbtr~q. We age at-"pVe

Ol4T-AAvl7ea 6 a/~/71Arn yai d where IW /A* .. _!;' !,* 
- .*e f ~k v e~e6/a/n,16) ~aerelec~,4(d4 

~j.. 14-- 

zeo and O/? 761t ha'.'Th-,0/ e'cra-~ 6 



User Insiructions
 

iNPUT KES OUTPUT 
STEP 08MTUCT1ONS -DATAJWETrS _ _______ DATA/WiMh 

T 6,er Z,, D. AL. ad,,,.4,DJ,..c[l]~I .0 

Z ,Fnier voccrss~ve 
oafgh in higheci 

__Zero co7C 

ealebes, q1or-b.' 
/e,,y#, c/az~ .J,'A 

w,#A Yhe 
7LVI-

____ 

____ 

C 

~l l]
WL 

L-ILI /( I 

1. AP1eo'es ablled,;7 !6/r2 a(e/k he us&(___ u l 
-! es,/i,ayvn ZrID , press A'S ____ II 

4 When a//z 1 r Yalpv4es have beenl e71gred, do,]LI ___ r 2 

__ foorre Is? Ae/hod____LI]I] 

6~i~vneas SepR i CAO~oe L]LI 

7 6nier- ADV 1,onowla he en/er I1 1C.D - ' I 

9 I&1*r .ruceessioe ealches , .t~rh/i-a w/i AeII]LI 

gy"~ /;l h14hest L&,~ 
eolc -ji 

/ass i ,,- gefWLII 
[I/I LIon 6,/)ag 

=L 1 
9. Zf VQfieS O/,/v;ed 17 dye 8 v-e/,bhUSec jer LZLI 

___~ ~~A ~j ,5~l/OA, ress R/S ____ RSLI 

/D When all eald. salyci how' hem' enm'add ____111Iz 

__(nd MEIA)4 ZIKO wiMA A~D -aak~2L]LI CL~ 

__ 

__ 

dl 

o/p 

Value *yL t A4 1elaxs 
47* 4-vo/) jnwsy he e- /-, 

L, iq9/0"t,1,/iglyE"f__ 

___ 

____ 

iILI 
II 
LILII 

225
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Program Listing 

STEP KEY ENTRY KEY CODE STEP KEY ENTRY KEY CODE STEP KEY ENTRY KEY CODE 
001 0 1 LBL= 21 16 11 078 *LBLB 21 12 075 RCL9 36 09 
- - 002 CLRU 10-53 039 SPC 16-I 076 . -24 

_003 P S 16-51 40 040 ST f335-55 03 07 -45 _ 
004 CLRC 16-53  041 RCLO 36 00 - 0?8 ENTt -21 _ 
005 ST 35 0 z 042 RCLD 36 14 079 EHTt -21 

_-006 Ri -31 	 043 yx 31 8 080 RCL4 36 04
007 5101 35 46 	 044 RCL2 36 02 081 x 2 53 
008 Ri -31 045 RCLO 36 14 	 092 RCL9 36 09 
009 STOO 35 14_ 
 046 yx 3 " 083 -24


010 010 Ri -31  - 047 - -45 	 084 RCL5 36 05 
Ol 

012 CLX -51 049 RCLO 36 14- 086 - -4 

_013 R H 24 

1 STOO 	 35 00 048 RCLO 36 00 085 nUY -41
 

050 050 Y 31 	 087 -24 
014 *LOLA 21 11 051 -24 088 STOB 35 12
 

_ 015 SPC 16-11 052 
 LH 32 - 009 -35 
016 ST43 35-55 03- 053 ChS -22 090 090 RCL6 36 06 
017 RCLO 36 00- 054 RCLI 36 01 091 X2 53
 
018 RCLO 36 14 
 055 -24 	 092 RCL9 36 09
 
019 yx 31 	 056 PRI -14 093 
 -24
 

0o 020 RCL2 36 02 - 057 RCL3 36 03 
 094 CHS -22
 
021 RCLO 36 14  058 LN 32 	 09! RCL7 36 0?
 
022 , 31 	 059 PRTX -14 0 6 t -55 
023 - -45  060 RCL2 36 OZ 1 09? -24 
024 LH 32 061 RCLI 36 46 098 SPC 16-11 
025 PRTX -J4 062 - -45 099 PRT -14 
026 RCL3 36 03 063 ST02 35 02 100 100 RCL6 36 06 
027 LH 32 064 R4 -31 101 RCL4 36 04
 
028 PRTX -14 063 R/S 51 
 102 RCLB 36 IZ
 

_ _029 RCL2 36 02 U66 
 xY -41 	 103 x -35

0 030 	 RCLI 36 46 067 Et 56 	 104 - -45 

031 - -45 068 RTH 24 105 RCL9 36 09 
032 ST02 35 0? 069 sL9LE 21 15 106 - -24 
033 Rt -3 070 070 PIS 16-51 -107 SToA 35 11 
034 R'S 51 071 RCLB 36 08 108 PRTX -14
035 1yV -41 .... 072 RCL4 36 04 109 RCLB 36 12 
036 p 56 0?3 RCLA 36 06 -11 10 PRT -14 
037 RTN 24 	 074 x -35 111 P:S 76-51 

9112 RTU 24 

LABELS 	 FLAGSA B C 0 	 0 SET STATUS 

0 FLAGS TRIG DISP 

0 0 DEG 0 1 FIX []12 31 GRAD [ SCl O
 
5 8 
 3 	 2 0 0 RAD 0 ENG O 

3_30 0 n7Z 

0 3 REGISTERS 

so si S2 S3 S4 ss S6 S7 SB S9 

AI 	 i/e Z yB ZX.Y Zoe. 
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Program Deseription
 

ftogD T#. u,:Q _dO,,7es-' O ,tpaf-e'j- Afe,.hod. 
Nam e Danel Paulya /epY' Date 113 
Addum z A ,A' / o ot ,'Makab,4C, 4lo.-a 


Ale It'o Mamn'a , Phi./<,'Ynes
 

Program De crlptlon, Equations, Variables, etc. 

"oe,e-i,) .-r1oWed 7V7 0 / Z/K ,s 700o/ e/oo, ,eV Ae o1 

Ay.,owereon 4o¢rkq__L iar! f0 a I IA (, -. ), C ir-jte 

Jo a ,fAe.* kny* elo a/ ohi LgI~ Th r C/f-ears/Oa: lf,il. 

7he melhod Aas been mod,:'ea hy ,wl-e (M'1S ) who .roed .hat t . 

con 6 & esb*'ed -vm Yhe slope o ,,ra4 paHrf q Ploe 

&)r ,_ aC/ 1h,e aeorrespoo,,o o L4 , where' So /In ad 1y are 

deftled as .aboe . When k !S no! known tkslno I _1 $A'od OY _ 

flol sonaes k.. Me sloe AC 

.oih me/ods Aete f/r a Me h'were "od,'Ced ase M/h ocnew, 

F,...... 'e 1 ,olme* D Aher4e aPo,,vae . A/eo, Me 

ges-i- - v efs......nelod are aced q ,whre age. 

Operating Umlts and Werning. (1) prop rJ/'~, /b n '/f~ e~1/e4 
/4~~~~~~~~~e fZ~ZX IreFoi~9 q-aA ad7u/C 7%aI/oa he 

*p!~tA~hA /eppfbV/ 4/ony>~v , M6e slltrj H/ .sech~n are ~e~d 

.(1) Do noM use '/ein/.oa uQ/, do/a _o6,w/Ced , ... 
..... a selee,s fcoro c.a Iau.3er ,e s .. .. 5r /,6/ inr . .. .. 



Uisw insiructons
 

_________________________________ 	 ATAAMJKEYS DATARXM_~ 

I fs/er A t &0, and ;Ob/h~e A I]LI 
OY X is tnknown ewlzr I 1 s,'ecad) __ _[11LI 

£Ener~ C/aOs"n~o and IC,~ Coe~jLL]LI 

J1 	 11 dalo pel" /i lo be khc/md& ,/be, WL 
-regmisl .a/y, do FT
 

___ do - nslead f t' k, v,,,e erroeoerv.) II
 

4 	 Whien o/I vaues -lobe ,.,o/uced howe been [I I 

.-	 En'er prhm ! w/sye o:z(ov.zl) Qno ____ EII LI 
re- iniYc*/z F7-1[2 -L1 2 or IA 

__(do -'- ;ISAsd J Z#'brmole eOneoVi ell,-;i)LIIL 

8 	 Whey all/vlv/. k he anladecl Iw Lee,~e,,bv.dLIIII 

t Ve - :F not n"~t1 stes 6-? us/;IQ lafi _ II]II 
__ ve 1~2 orz/K ar. 0u A 6. eq_ II LyI
 
__ cna,1i qenri'joxacheyed.LI]I]
 

.s, 
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005 

010 

015 

020 

025 

030 

035 

040 

045 

050 

055 
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Program Listing ,0,.o,1, 
STEP KEY ENTRY KEY CODE COMMENTS STEP 
 KEY ENTRY KEY CODE COMMENTS
 

001 001 *LBL* 21 16 11 057 4 -55 
- 002 P.S 16-51 058 114 52 

_03 CLRC 16-53 059 RCLO 36 00 
004 P.'S 16-51 0o 060 x -35 

_ 006 
S100 
R4 

35 24 
-31 

061 
062 

LN 
SPC 

32 
16-11 

007 STOI 35 0 063 PRTX -14 
008 Ri -31 064 RCL8 36 08 
009 2 02 065 RCLC 36 13 

010 - -24 066 - -45 
011 STOC 35 13 067 C581 23 01 
012 X(Y -41 068 PRTX -14 
013 ST05 35 05 069 RTH 24 
014 CLX -51 070 070 *LBLO 21 00 

RTH 24 071 RCLC 36 I1 
016 xLBLb 21 16 12 072 + -55 
017 ST04 35 04 073 GSI 23 01 
018 
019 

P:S 
0 

16-5) 
00 

074 
075 

RCL8 
RCLC 

36 08 
36 13 

0 60 ST04 35 04 076 - -45 
621 
022 

5T05 
ST06 

35 05 
35 06 

077 
078 

GSB 
-

23 01 
-45 

023 ST07 35 0? 079 RTH 21 
024 STOB 35 08 00 080 *LBL1 21 J1 

ST09 35 09 01 RCL5 36 05 
026 P'S 16-51 082 -24 
027 CLX -51 083 RCLD 36 14 
028 RTH 24 084 Yx 31 
029 SLOLA 21 11 085 CH5 -22 

030 STOC 3500 086 1 01 
031 RL -31 087 f -55 
032 ST08 35 08 088 LN 32 
033 GS80 23 00 089 CHE -22 
034 5T07 

RCL8 
35 07 
36 08 

o --090 
091 

RCL1 
-

36 0) 
-24 

036 GSBI 23 01 092 RCLD 36 14 
037 RCLO 36 00 093 -24 
038 RCL7 36 07 094 RTN 24 

0o 
039 4 

LH 
-24 

32 
095 sLBLE 
096 PIS 

21 15 
16-51 

041 5PC 16-11 097 SPC 16-11 
042 PRTX -t4 098 RCL8 36 08 
043 X:Y -41 099 RCL4 36 04 
044 PRTX -14 oo - 100 RCL6 36 06 

RTH 24 101 x -35 
046 gLBL8 21 12 102 RCL9 36 09 
047 
048 

570 
R 

35 00 
-31 

103 
104 

-24 
-45 

o5 
049 S(08 

C5B0 
35 08 
23 00 

105 
106 

Eit 
ENTt 

-21 
-21 

051 
052 

RCL4 
V 

36 04 
-35 

107 
108 

RCL4 
X2 

36 04 
53 

053 
054 

CHS 
eA 

-21) 
33 o 

109 
110 

RCL9 
; 

36 09 
-24 

CH5 -22 
056 o1_~REGISTERS 

111 
112 

RCL5 
F::Y 

36 05 
-41 

0 l g e a K 2 we d 3 
we d 4 Z , 5 6 7 we d a re, 9 

so S S2 s5 S6 S7 I 589 

A b oDE IB 
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Program Listing ,,13o..d,
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

113 - -45 _ 
114 - -24 170 
115 9TOB 35 12
 
116 x -35
 
11? RCL6 36 06
 
jig Xz 
 53

119 RCL9 36 09 .120 - 120 -24 
121 CHS -22 _
 
122 RCL? 36 07
 
123 + 
 -55
 
124 -24 
 180 
125 PRTH 
 -14
 
126 RCL6 
 36 06
 
127 RCL4 36 04
 
128 RCLB 
 36 12
 
129 x -35


'30 130  -45"
 
131 RCL9 36 09
 
132 
 " -24
 
133 STOA 35 11 
134 PRTX -14 190
 
135 2CLO 36 12 

136 CHS 
 -22
 
137 PRTX 
 -14
 
138 P.S 16-51
 
139 RTN 
 24_
 

140
 

ISOO
 

150 

210
 

160 

LABELS FLAGS SET STATUSB c p a , 7- FLAGS TRIG DISP 

0,A4- c d ON OFF 
o Q E DEG 59 FIX 9

2 7 8 3
,Vmp 3 

2 0 0 RAD 1 ENG i 
5 16 17 RAD 0 SCIN=G19133 C = 
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Program Description
 

popu 115. Leyoyin~rk e cAmsres 
Nun 00,7-",e/ PaulyDt 3 w./: 
Add. 1ZciAAM mcP 6oy /60/,o 

,4fako6,$_Aeb,-o 41al~la/f ,, Otoe 

P-ognm.Dcon.mEqzatdon, vadabtc. '/; /s~ 0/ 4, "r '0 a'd 4,Z (Me 

va/4e _Nld 017'4~ad i' (rp/a6,'e a~e as ase4'ft rnn 

/eVA_7I eoo'veicd aakh Corres a,1he ;'yoe desorvied 4.)&~ 

6(/9a9Y93) 0'nce fAe pv,?1S a ee^ jt-ae.oo, )*e 

Can7 6e Jrelevk- 6oAI'c. are /v he hncluded '-i M~e esll1/hn a/ 2 

mo z_,sesAt",kd. iU" 

lbe yc~q 2 Ir), );iey W,: pcf a/ai7ed/n~ ean ired , ;K 

/; 1he 0/"Af C,'ars. comm.) : e.'5ow 

san~ovdii~xeof of 2 ,ja7o/ A-,W~r ? Z.I/ 7ehe value ot 

nz~kedt 06' ~i7/rore4 occur 427 Je ased aS .1046 'oe,-

i7A2/'n, ohic4 will/ lh proaace a sm/ue of Z ,nwved 1 MAr (z ec. 

op-rn umft aod woning. jc/eoh'n Vcpo~! A)" ),heukI?/J f~fonca! 6e 
obo ealr~rull i'rx zif') ;lyQ1 ,o~t eoyV~I/zw 

L4!~f'/-af -Of MAe dccive "7c4Ji he ,h)A~efud nor ,7/rn erA;*~ad 
4~~~i!Lil eJ/I%o ~ 

http:jt-ae.oo


User Instructions 

an ItTON 4AAl IfAII1S M.13 

Rmn OflPUT 

DATAR
M KEYS DATAAX M 

__l LII LI] 

l i /,.I/ Con- I -,.ze.C/s g /si II]
 
_.ride ,' C/ls o Wl ,d, b/e ______ --
LI] LII 

4SI I Fa.LI 1 . ,

ofWhen a//fr ece Aawe 6ee,? @A'*4'er t,- _ _ L ][I,fe ,,,,c 
- .gol e 1 mean cig.e ,e .u'4ncda^o1 deyl,abOji _____ LL L I 
- a t riee rala 01a 16he .s-n'Varcd ____ _ _ LW IILIlI §70' 

£ o,,r e" ,,,,n*"e m [ 1[L I 

Ae F-A--1
 
- M,e inean LI II S.d.(s 

__ Z cvtid KC -yrom Aean ts,.,gfh]LI 

If/A~',eand trw*kr 4 4 and '0 [][I
 
& [-1] LIII
 

,) J, LIIF - ] -- 0.0 

£ n L ., [YI [I--I ,. 

&,,1,,da/4oCef3ie Z adjIrOlye L7]I] Z 
LIILI z. 

_ I II LII : 

I] III1 

I II 

233 



010 

020 

030 

040 

050 

234 

(0to,11,Program Listing 
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 
oo0 001 *LBLA 21 16 11 057 RCLE 36 15 

00? 
003 
004 

CLRG 
TOD 

Yv 

16-53 
35 14 

31 o0 

_058 
059 
060 

1 
+ 

-24 
of 

-55 

005 
006 

STO0 
K; 

35 00 
-31 

061
062 

11rSTOI 
16 3435 46 

00? RCLO 36 14 063 sLBLO 21 00 
008 y 31 064 RCLE 36 15 
009 5TO 35 O1 065 RCL8 36 08 

010 

Oil 

Rt 

RCLO 

-3J 
36 14 

066 
067 

x 
5100 

-35 
35 00 

012 Yx 31 068 CHS -22 
013 
04 

STO 
CLX 

35 O 
-51 070 

069 
070 

ev
ST1+ 

33
35-55 01 . 

015 RIS 51 071 RCL8 36 08 
016 RCLO 36 14 072 x -35 
017 YA 31 073 ST#? 35-55 02 
018 ST03 35 03 074 RCL9 36 09 
015 Rt -31 075 RCLB 36 08 " 

020 709 35 09 076 f -55 . 
021 - -45 077 RCLC 36 13 
022 5TOC 35 13 078 x -35 
023 RCL3 36 03 079 RCLO 36 00 
024 RCL2 36 02 oo 080 f -55 

- 025 -45 081 CHS -22 
- 026 RCL3 36 03 082 eX 33 

027 -24 083 ET+4 35-55 04 
- 028 5708 35 12 084 rCL8 36 08 

029 RCLO 36 00 085 -35 
030 ACL3 36 03 086 ST+5 75-55 05 " 

031 - -24 087 RCL8 36 08 -
032 ST06 35 06 088 RCLI 36 46 " 
033 RCL3 36 03 089 X:Y? 16-33 
034 RCLO 36 00 oo 090 GTOI 22 O 
035 - -45 091 I o1 
036 RCL3 36 03 092 ST48 35-55 08 
037 RCLI 36 of 093 GTO0 22 00 
038 -45 094 *LBLI 21 Of 
039 -24 095 RCLI 36 01 

'o LH 32 096 RCL4 36 04 
041 RCLC 36 13 - 097 RCL8 36 1Z 
042 - -24 " 098 x -35 
043 STOC 35 13 099 - -45 
044 EEX -23 " Ico 100 RCLf 36 01 
045 4 04 " O101 -24 

046 CHS -22 .. 102 RCL6 36 06 
047 

048 
049 

ST7? 
CLX 
RT9 

*LBLE 

35 07 
-51 
24 

21 15 

103 -
104 S O0 
105 RCL6 
1506 1 

-

-4535 00 
36 06 
30 -

- -
051 SPC 16-11 -? 

052 SM0E 35 15 - 108 RCL2 36 02 
053 PRTX -14 - 109 x -35 
054 RCL7 36 07 Ito 110 RCL5 36 05 
055 Lii 32 111 RCLB 36 12 
056 CHS -22 112 x -35 

REGISTERS 
0 ed I ed 1 Used 5 d 04/I'd TOL S' 8 

SO Sj 1S2 $ S4 S5 S6 IS7 S8 S9 

A 
__ _ _ 

B 
__ 

D 
_ 

D,0 
_ __7 

C 
_ . _ _ 

D JE ZZ0 
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Program Listing
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE ComeT"


113 + -55 169 ST44 35-55 04
 _ 114 RCLO 36 00 
 170 	 170 RCL7 36 07"_ 115 Xy -41 
 171 RCL8 36 08

116 -24 
 172 2 02
117 CHS -22 
 173 
 -24
118 RCLE 36 15 
 174 "55

119 + -55 -- 175 	 STO 35 02
120 	 120 STO0 35 00 176 X 53
121 X>O? 16-44 
 177 RCL3 36 03
 
122 CTO2 ?2 02 
 178 
 x -35
 

179 ST+5 35-55 05
 
123 UT03 22 03 

124 *LSL2 21 02 
 180 	 180 RCL2 36 02125 RCL7 36 07 
 181 RCL3 36 03
126 1 O1 
 182 x -35
127 0 00 
 183 ST+9 35-55 05
128 
 -35 
 184 RCL8 36 08

129 RCLE 36 15 
 185 ST+7 35-55 07130 	 130 RCLO 36 00 186 1 01

131  -45 
 187 ST46 33-55 06
132 A8S 16 31 
 188 RCL6 36 06133 X)Y? 16-34 
 189 RTh 24134 GT04 22 04 
 19o -190 *L9L8 21 12
135 RCLC 36 13 
 191 SPC 16-11
136 RCLO 36 14 
 192 RCL4 36 04
 
137 
 -24 
 193 PRI 
 -14
138 sPC 16-11 
 194 RCL9 36 09
 
139 PRTX -14 
 195 X.:l
140 	 140 RCLO 36 00 196 

-41 
-24


141 PRIX -14 
 197 PRIX -14
142 RTN 
 24 
 198 RCL5 36 05
143 *LB.3 21 03 
 199 RCL4 36 04
144 RCLE 36 15 
 200 - 200 -24

145 
 -62 
 -201 RCL9 36 09
146 9 
 09 
 202 RCL4 36 04
147 r -35 
 203 -24

148 STO0 35 00 
 204 X(2 53
149 GT02 22 02 
 205 
 - -45
 ,so 	 150 sLBL4 21 04 
 206 IX 54

151 0 00 
 - "207 PRIX -1415? SIO 35 o 
 - 208 RCL4 36 04
 
153 S102 35 02 - -209 Im 54 
154 ST04 35 04 2 10 -24 
155 ST05 35 05 2IJ PRIX -J4 
156 ST08 35 08 - - 212 RTN 24 
157 RCL0 36 00 
158 STOE 35 15 
159 CTO[ 22 15 

160 	 160 *LgLb 21 16 12
 
161 CLRG 16-53
 
162 ST08 35 08
 
163 R4 -31
 
164 sr07 35 07
 
165 CLY -51
 
166 RTN 24
 
167 *LBLA 21 I1
 
J68 ST03 
 35 03
 

LABELS
A NCI 	 FLAGS SET STATUS

/"-I e/cre DL IE., 
FLAGS TRIG O4SPa.7 ,' b,#ahI*(-) c d -

Z 0 

0o 	 ON OFF
0 $~ 	 1 qd 2 Isd3 1'7 u id 2 0 DEG W1 0- m' GRAD 0] SCIFIX WE 
Used wu~ed ule 2~RAD 0

uso 	 lAGd G__ ENGE2:5 67 8 	 13 2 0 a AD 0 ENO C 

3 3_ _ Z n=3 



-- 
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Progm Descriptio 

Pipogmt.I n, mMe~ 1en9 6s, 

P,oga. D..crtplon, Eqaons, Vardatbeo etc. ,4X' deMnony/r/ed hy [bed (1973)2 eseimnofes o~ 
~nbe obloa~ieed from /e,;gM'sx ,o abiano Z~ eo 	 zmneon __ voae 5o) la~9? 

,ec(A/t~el~() ndlft e t'ond 6£e (Ceso!Vqta T zo *~emean IC* 3*.) by 
_fyqfl becone, - i'56Fe~ons,, wvhlb in/er/,n,9 of / ynra/2edl 

a- $-x~ X. 00t0 X Y 
)

e-____________ b 

z 	 L( 

X. 0 

.4:(O 'J~ while 1/ /e /i7er Pc-/'i of ' ........

-where 

~:I* (log. o. Ooooi /2) As shown -Ay XJo;/a andl -laugb ./9I/hes' 

e~ta7~nshove On e~rpl/,ii6 volullji for A ,Ie. 

0 

Once_ K h"s been co/cu/bcld Abe. malue of2irs 	 obelieed awI7g a veryf. 
(1973 Z17620).--- kgd~$f h orrn 9 iven b7' fkd 

Operntng Umft and warnings hmeoi~ I'ulk xhen dlea/l,7 lv,% low bt2/&eslneocn he* t /o 
1'6~. V,;'ne. 7o &e/er ,,v'a/ ymes~es 70a/ 0;, ;usmed_v-10PeS '/f, 	 arv 

h, Aerton. 70 Irue value~s (rollw 7vYoan ,e ,eee).
 

__ A~I-es/inro/ed wlb' an e'-,m- a/ i-'55 Atzv~ o. oox
 



User Instmructions
 

STEP 

I In/,o/,le 20 
INSTRUCTIONS INPUT

OATAJUNITS KEYS 

[r i] 

I/.1 Eli--

OUTPUT
DATAIT8 

o.ooo 

- -

_____ Li] [---i 

I_ II ] 

_ _.L.I Eii 

I I 

L _.-A C--

I 

7 

__ 

237I_[5_ 

ill) I -_J 
] 1I I 

i i 1] 

Ii i 

i-i] El
El~l.. ] 
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Progmm Iistling 
STEP 	 KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

0ol 	 001 *LBL. 21 16 11 049 RCL4 36 04 

002 CLRC 16-53 ow 050 RCLB 36 I2 

003 P:s 16-51 051 x -35 
004 CLRG 16-53 052 -45 
005 CLK -51 053 RCL9 36 09
 

006 RTH 24 054 - -24
 

007 *LBLR ?l II 055 STOR 35 I
 

008 LS 32 056 PRTX -14
 
009 RCLO 36 00 057 RCLB 36 12
 

10-	 o10 14 56 058 PRTX -14
 

oil 01 059 P'S J6-51
 
Ole ST40 35-55 00 060 060 R7N 24
 

013 RCLO 36 00 061 *LBLe 21 16 15
 

0J4 1 0 062 RCL8 36 12
 
015 - -45 063 ex 33
 

016 RTNI 24 064 CHS -2?
 
017 *LBLE 21 15 065 1 01
 
@018P:S 16-51 066 + -55
 

019 SPC 16-11 067 ' -35
 
02--	 020 RCLB 36 08 068 RCLB 35 12 

021 RCL4 36 04 069 CHS -22 
022 RCL6 36 06 070 070 RCLA 36 11 

023 x -35 071 er 33 
024 RCL9 36 09 072 x -35 

025 	 . -24 073 X Y -41
 
026 - -45 074 -24
 

027 FHTt -21 075 SPC 16-11
 
028 ENTt -21 076 PRTX -14
 

029 RCL4 36 04 r 077 STOO 35 00
 
030 	 030 ,e 53 078 RCL8 36 12 

031 RCL9 36 09 073 CHS -22
 
032 - -24 080 080 RCLO 36 00
 
033 RCL5 36 05 081 - -45
 
034 XY -41 0982 PRTX -14
 

035 - -45 "'-- 083 RTI 24
 
036 -24
 

037 STOB 75 12
 

038 x -35
 
039 RCL6 36 06
 

040 	 040 Xg 53 

041 RCL9 36 09 
042 - -24 090 

043 CHS -22 

04 RCL7 36 OV
 

045 + -55
 
046 -24
 

047 PRTY -14
 

049 RCL6 36 06
 

LABELS 	 FLAGS SET STATUS 

A___ B____ ___D_0 FLAGS TRIG DISP 
a.. 1 .ir b, c d1 ON OFF 

a _____o _ o DEG N FIX M 
0 1 j2 342 ; GRAD 0 SCIO 

9 3 2OH RAD 0 ENG 06 7 	 113 0- N n= 3 

REGISTERS
 
0 4sed 1 12 3 4 5 6 7 a 9 

$7 SS6B $9
 
S3 

so si S2 	 S4E 5T x% sf , S7 S8 S9 

A 0 	 IC 0 E 
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Pnogrm Descrption
 

PRogrmTIean/.Me 	 ~/ -

NaMe DanP .-. Date &~ Vf 

Addra. CRAI .. 8.(/O 

,lokaf~~~~~ii~'/no -~ -______MoicPo~ppe 	 

4ogram Omcrtpdo, EquaUona, Vailable, &Mc-jrol/ mor/a/Mo I' mcj - i 	 ..#e 

-~~~A $ -o/	omh4er-ol leeoyele, e per 11bnv 1 iA'71e'r #eode 
1&ktylh sial '-o Ie.,7 o r r ~ 0ob wh~ere V/A__! 

__wk,e. 1Y.L~ Mal nilmber 0/ /6b7qo ln,~ecaced oand o 1he__ 

Operatng UmftandWarncg d)6't//a'd,(/q-9 IreC110, CO) XbI'o/ eCn' 
-~ - rdeA// cno' sources cyq bi~ and eiimvrs. 

______20 /ffr~e 4 ~e o/'A7I~y PQ/uexr41 
______________ on On crj,Ma/_~/ . 



__ 

___ ___ 

_____ 

__ 

User Instructions 

mL.Q ,L T- Af .mW,6, K, T''wm . 

STEP INSTRUCTIONS INPUT OUTPUT 
DATAIUMTS KEYS DATA/UITS 

i_ e, K, 7 and' ,b/ M oec,,/ /'& ) 4. LI--I I--1 

A1 [-IL-I IZ 
biler K a4nd 46/a/;i Al ('ionrve .) W14 

e,'n/e __ 3 I Th/ l p-4, t CVp.da/ __c [1-1 L-I] 

__/p )oi'~4hes (T4 a3.s~e) see epf2rhng ___ 111L
 
_, /I ',,.nd /4.,./,'oz
ri/ 9 2.41 

_ _ _ __ _ _[I II I] 

__[ 
 LII LI 

LI--:] 7--

_ I-_1177] 

___-3 
 LI---LI
 

____[ :L-] LIII_]
LII] LI--1 

_______I .....I§71 

I ] IIIl 

241 
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Program Listing 

STEP KEY ENTRY KEY CODE STEP KEY ENTRY KEY CODE STEP KEY ENTRY KEY CODE 

00 001 *LBLA 21 11 038 lo 16 33 075 x:V 741 
002 3 03 - 039 RIN 24 076 LOG 16 32 
003 . -62 040 040 *LBLC 21 13 . 077 -62 
004 5 05 - 041 IU -31 078 6 06 
005 X)Y? 16-34 042 -62 079 7 07 
006 C5SC 23 13 043 0 i 8 080 5 05 
007 R -31 044 3 03 081 7 07 
008 LOG 16 32 045 8 08 082 x -35 
009 -62 046 2 02 083 4 -55 

010 010 4 04 047 7 07 084 X;Y -41 

011 6 06 048 X -35 085 LOG 16 32 
01 3 03 049 CHS -22 086 -62 
013 4 04 050 050 -62 087 0 00 
014 x -35 051 3 08 088 8 00 
015 X .V -41 052 7 07 089 2 02 
016 LOC 16 32 053 6 06 090 090 4 04 
017 -62 054 6 06 091 x -35 
08 6 06 055 1 Ol 092 -45 
019 5 05 056 t -55 093 -62 

020 020 4 04 057 e x 33 094 2 02 
021 3 03 058 ex 33 095 1 01 
022 x -35 059 ENTt -21 096 0 G0 
023 + -55 060 060 RTH 24 097 7 07 
OZ4 X;Y -41 061 *LBLB 21 12 098 - -45 
025 LOG 16 32 062 3 03 099 lox 16 33 
026 . -62 063 . -62 100 100 RTH 24 
027 2 02 064 5 05 
028 7 07 065 X)V? 16-34 

029 9 09 066 GSBC 23 13 
030 930 x -35 067 R4 -31 

031 -45 068 L0 J6 32 

032 -62 069 . -62 

033 
0O4 

0 
0 

00 
00 

070 070_oo 
071 

4 
6 

04._._ 
06 

035 6 06 072 2 02 10 

036 6 06 073 7 07 1o 

037 - -45 1-4 074 x -35_ 

LABELS FLAGS SET STATUS 

A1,, K,T"oM ,W,/ , r.M Came, Cmwd D E 0 FLAGS TRIG DISP 
a b c d 1ON OFF 

0 12 3 4 2 
0 0] 
1 Is 

co DEG 9 
GRAD 0 

FIXH 
SCO -

5 67 8 9 1 - 313 2 C
0 

W RAD 0 ENG 
n= 

[ 
_ 

REGISTERS 
0 1 2 3 4 5 8 9 

SO Si S2 S3 S4 S5 S6 7 S8 S. 

A B C D I I 
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Pr~rmm Dewciption 
Progrm Two /A-rneDe,1,/koe 

__" Don/el Pac4'y We 20o~fp",/ 
Add,, IC AAI,. 41CC P. 0. B8ox Is-o, 

Prom.gmuaonEuan, vabum tc. As demown~vo/ed /;7 -7awlV 119J06))lacrooh
 
es~~'rno/e aw o6/al,,ed ,4 ie,'al -1
he 05e 4 ~>*<~ 

/0, l 0. R(07 0. OTRI t 0.- 64?d 

_ __ _ L 0 . L bz /0 ? , 0T. ~ 

___~~~ -. 00&b - 0.-77? q, 0 7 0. 6X43 /?0K 

where ~ o X~L~Ore. parOne/erx Me Bra.. 6'0oa7On o/ rF,f&(P 


- fo9nua w'en 0/ The &,cA_ 1 _
 ad 7 hie o#envlrnewme/l,/ */npO&V~le 

J~vekoi--he9 orecsea. i,7 .9-am &ie. weiqhl ci m////- 9 ,fd 

c0,On o,,nual &-i Ondor eTrgegd, C 

'~ lh&- ",.6soOcmlq. styedr m-7C) Me_ roiieS lo dC-espvo1d/4 7?w 

T'~ oe~j~i , / f). 7h /a 4e hel 79 always >0 OC 17eyabi-,e _/c pe 
ralwe foc'on lb cion he e,/eivdColiaso 

OperungUrnit ndWarnings.. I!! # 'e Core dl 1le C/0i 'aloe (,/;7/ Fes 
_____Meesf//m/ 'ofe v/ Prded; 4 ei5pre''/a, 6) on l o' l 

_____ t~,/~6, nd so~dhe 4 o/ac/t'0eao o/ 0 -I?/o. 
____- rIn 1he Cqsr c ,plo p/ekes (occuwig olle,1 ,. lho3SC)~ 

-ersmalej. R lend fo be /oo low , a,70 6£"o, 6,_ 

aO/OCkr 41f 13. 



_ _ _ 

___ 

__ 

___ __ __ __ __ __ ___ __ _ __ 

___ ___ ___ ___ ___ ___ __ ___ 

User instructions
 

STEP INSTRUCTIONS INPUT KEYS OUTPUTOATA/UNITS DATA/TrrS
 

.!~In 7Like Ongd m (Ash~ lamped) Ff L;______1____ ____ ____ ___ - IZ 
--(allCoo n LE_] Li . 

2 hingle reovopy 

r...V error _._._].
 

- (41) and i o#) li/IL[-6__n-[I -e a# 
_ FY-[I_] 

E-] I 

_ __ __ __ _ LI LIZ-D 
C re C[---1 [---_A]

lE: ] 
_ _ __ __ __ _ _ _ _ L ] LIZ 

CoeeEV I_~ LI-I 
lEJ---]
_ _ _ __ _ _ _ _-F _I -l 

___________LI LI_
 

L iiF --l 
E-]
I_


_7 ] LI] 
_ F ll4II 

245ZLI_ 



005 

010 

015 

020 

025 

030 

035 

040 

045 

050 

055 

246 

(,1t,12Program Listing
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS001 001 *LbLk 21 16 11 
 057 ) 53
 

002 SIOC 35 J3 - 058 RCLC 36 J3 
003 
004 

R$ 
STOB 

-31 
35 12 - o 

059 
060 

2 
+ 

02 
-55 

R -31 061 X -35 
006 STOR 
007 CLX 
008 RTH 
009 *LBL4 

35 11 
-51 -
?4 

21 Il

062 
063 
064 
065 

z 
A* 

PRTY 
RTH 

-Z4 
54 
-14 
24 

10 SPC 16-11 -066 *LLC 21 13 
011 
012 

....013 

014 

RCLa 
RCL 

x 

RCLC 

36 12 -
36 2-

-35 

36 13  070 

067 
068 
06069 
070 

5PC 
RCL4 

11 
+ 

16-11 
36 11 

001 
-55 

-24 07J RCLB 36 12 
016 
017 
018 
019 

P9T 
RCLA 
Xf 

RCLUB 

-14 " 
36 II

53 -
36 12 -

07? 
073 
074 
075 

I 
4 

x 
RCLC 

02 
-55 
-35 

36 13 
020 

-- -
---

-

021 
0? 
023 

x 
RCLB 
RCLC 

-

-35 
36 12 -
36 13 -

-45 -

076 
077 
078 
079 

1 
* 

1 

01 
-55 
-24 
O 

024 x -35 - 0 -0 00 -4 
RCLC 

026 3 
1027 YX 

36 13-
03 -09 
31- . 

08) 

03 

PRIX 
SroD 
RCL4 

-J4 
350 
36 00 

028 4 -24 083 RCLA 36 11 
029 Ix 54 085 Ii -35 

3- PRIX -14 086 -24 
- 031 RTH Z4- 087 RCLO 36 -2 

- 03? *L6L8 21 12- 068 RCLO 36 10 
033 GPC 16-11 - 089 RCL 36 11 
034 RCLA 36 11  0895-"00 x -)5 

- RCLB 36 12 - 091 x -24 

036 1 O -- 092 X 53

037 -t -55 033 2 0e2 
038 x -35  09 X -35 

039 RCLC 36 13  094 + -5 

o' 1 O - 096 RCLO 36 0 
"041 f -55  097 RCLO 36 01 

- 04? -24  098 RCLP 36 12 

043 PRIX -14- 099 R -35 -
044 RCL4 36 11 "- 100 -4 

046 
X
2 

RCL8 
3 

36 12-
0lot 
102 

3 
Y
4 

O3 
31 

047 
046 
049 

1 

x 

O -
-55-
-35 -

103 
104 
105 

6 
x 

0 -
-35 
-55 

051 
RCLB 
RCLC 

36 12 
36 13-

106
107 

RCLO 
12 

36 01
53 -

- -052 
053 x 

-45-
-35 

10 
109 

X 
IX 

3 
54 

054 

056 

RCLC 
1 

+ 

36 13 
01 

-55 _ 

Ito 

REGISRS 

Ito PRTX 
111 RTH 
112 *LBLO 

-14 
24 

1 14 -

0 1 2 13 45 6 7 8 9 

SO $1 S2 S6 S7 SO S9 

A - 47 C -7 E 
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Program Listing (113 to .d)

STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS
 

113 SPC 16-11
 
114 RCLB9 36 12 170
 
115 RCLA 36 11
 
116 	 1 O
 
117 + -,55
 

118 x -35
 

119 RCLC 36 13
 
120 	 IZO -24 

12! 	 1 01
 
122 - -45 
123 PRTX -14
 

124 STOO 35 00 180
 
125 RCLA 36 11
 
126 RCLC 36 13
 
127 - -45 
128 1 0!
 
129 + -55
 

130 130 RCLO 36 00
 
131 1 01
 
132 + -55
 
133 x -35
 
134 RCLO 36 00 190_
 
135 RCLA 36 If
 

131 - -45
 
137 x -35
 
138 RCLC 36 13
 
139 RCLA 36 i1
 

140 	 140 2 02
 
141 + -55 "
 

142 x -35
 
143 z -24
 
144 ix 54 2oo
 
145 PRTX -14
 
146 RTH' 24
 

150
 

2)10
 

ISO 

220
 

LABELS FLAGS SET STATUS 
A B C D E 0 cae A coe ci C CO_ _ _ FLAGS TRIG DISP 
a71 r/, M -W b Ic d e I ON OFF 

0 I 2o DEG 9 FIX M0 2 3 4 2 1 0 C? GRAD 0 SCI l 
5 6 7 8 9 3 2 []H RAD 0 ENG ED 

I13 0] [ n=o 
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Irgm Desription 
r__:lou/oIbn dj'e. (Alerrenkr Meod )
 

Mum Dwame / DOle D'at 'IOtn /1?10 
f....... LCLAM , /CC P.o. Box /501 

.... Manla ___._oOf.,_Mgfro , 

PnWpM fosapan, Equaton.Vw~e, 1.'nePs (19'7?? Table I ) wlhe //o 
....c~ e'o, e st:'mofhr, , ,opul/a/,n 'ue_(As)a.7d ,SAV'-- e (wr # ) 

.... 
 Formulae for estimating fopulation size (N)by the Petersen method 

Reference Type Estimates of 
__ __ _or .... ...... ~ -. .... . ...- . . . .. 

sampling population size (N) %arianceoflVi 
Tn T2,(1 - nil 

. . . (A)Bailey(1951) Direct N yarNv = 

+"I + ll ).... ... 
(B) ailey 119521 irectN' Iar =ln+ ili+= N T 2).-. .. 

. . Chap- IT I I I ra 
... man 1951) DirectN " n.I+ I I I var, =N .[;T"+ _'hnT 

Schaefer 1195 It 

.... (+ ,*m(+)]..... .
1)( : -. .. 

DlBaileyllg95) In- N= I)_ I ,,arN= - . .
 

..... ... (hap- serse m nlT + 21
 
man 11952
 

__..phere. Ti6J#, MIwnbr o/ f4h. laqqed (oe /01.q;i9 oceoalvn), n4
total_number of./ .ad/'jv/duo/r i ¢o:.red darI>;9 97*e e /'e ep/v'ieg, 

.....
_o7d__ .__eu~..her oflao9ed 1'/d','uo,'s' rvo'ered $/woueec 9 

- -. $ch. -of h~ hp,9o (A-I0) Viren 1xr hao *'X odm.vaq,es qw, 
-akawkan/am . ondl *e *- ,o awh roola Ae ra1Ae1kd ,7'b

~d1aA' awr Wel//' or (/'?r ,) analS C (,q ). 

.etin Ufft.0 Weivings.AeC...hor ?Om neO. So 
..... - p . ... '2e. . . . .L -. ...... 

- JfzfLg~?ffed/epn,4ry ploe. ..ie onk'/, Q./lede/e,.,,),ed 4n/b¢. ~ a~ arnHlm ph.!nq i¢_ ct.rs/ed oc'l - 6q?) 4 O/Oned; "i'Ve,'W o/ 
_. ?? / (#n)..i*_.Obi l<ed. ih d, h4 e/io,, o /o'.za'O!P eshoola 


....wn-/- pat4;79 Al. 



User Instructions
 

STEP 

7 ZrW'a'e 

INSTRUCTIONS INPUT 
DATAIU4IlTS 

_7 

KEYSOUTPUT 

I 

ELI 

DATAIWNIT 

0.00 

Coinpaie r , . b ( _-_nd [o Erl 

4 

__ SPECAL CAS'6 (if/for 

En/er CaIch doa 

&Cdant) __ _ 

____L_-

C 
__ZZ 

_ L i__ 
_L] 

[to Z
L-[I 

i 

__ LI LII] 

_ 

_ 

_ 

_ 

___ _ 

__ 

___ 

_ _ 

__ 

__ 

__ _ 

__ 

_ _ 

_[II-I_ 

_ 

__LI 

__ LII LIZ 

LIII 
IZI IZ 

LII-_ 

_____ 

________ 

_______ _F___L] 

________ ____ ____ _ L IZ 
] LIZ

249
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Program Listing 
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

001 061 *LBL. 21 16 It 049 -Z4 
002 CLRG 16-530 050 PRTX -14 
003 P2S 16-51 051 RCL6 36 06 
004 CLRG 16-53 052 RCL 36 04 
005 CLX -51 053 RCLB 36 12 
006 RTH 24 054 x -35 
007 LBLR 21 I 055 - -45 
008 

009 
Vy 

STO0 
-41 

35 00 
056 
057 

RCL) 36 09 
-24 

010 010 X:y -41 058 STOA 35 11 
011 -24 059 PRDI -14 
012 RCLI 36 Of 060 060 RCL8 36 12 
013 Z# 56 061 PRIX -14 
014 RCLO 36 00 062 P:S 16-51 
015 ST ! 35-55 O 063 RCLn 36 11 
016 1 01 064 RrL9 36 12 
01? 5T 2 35-55 02 065 - -24 
018 RCL2 36 02 066 CHS -21 
019 RTH 24 067 PRIX -14 
020 *LBLE 21 15 068 RTN 24 
021 P2S 16-51 069 *LBL8 21 12 
022 SPC 16-11 070 070 1 01 
023 RCL8 36 08 071 CS8A 23 11 
024 RCL4 36 04 072 RTM 24 
025 RCL6 36 06 
026 x -35 
027 RCL9 36 09 
028 -24 
629 -45 

030 010 ENrr -21 
031 EHTt -21 
032 RCLf 36 04 080 
033 NZ 53 
034 RCL9 36 09 
035 - -24 

03G RCL5 36 05 
037 Vy -41 
038 -45 -
039 -24 

040 040 ST08 35 12 

041 x -35 
042 RCL6 36 06 
043 X2 53 
044 RCL9 36 09 
045 -24 
046 CHS -2z 
047 RCL7 36 07 
048 -55 

LABELS FLAGS SET STATUS 

A__ c,_ D E _ C I_b _ O 0 FLAGS TRIG DISP 
a. b 

ni c+2aIZe 
c 

2 

d 

3 

e 

4 

I 

2 

ON OFF 
o0 -1 
1 [ DO 

DEG ' 
GRAD 0 

FIX 
SCI 

H 

5 7 8 9 3 32 L 9 RAD 0 ENG 0 

Used jced uxed REGISTERS 
5 

so sI S2 S3 S4 S 5X6 y S7 X s S9 

A , W0 Bbe C D E 



-- 
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Pmgram Description 

Address 	 -. A ARAI1, MCC P. 0.6o% /60' 
Aoho4,, ,0e/eo 4104//a, Phl'A~gi,,e1s' 

Prr Descrption, Eouationa, Vaftlwe, etc. Wh'en 0 ,o///04 is /'//'c7ed d*049 41l 
~o~4/~49'.' crnt/ 'ec' , e co/chle? /4o-e, iand whve- _750e 

~s~ck.rz~reduc4,,n occad',s laxe enougih ;/'- Me e11/6'Cf'i 0/ e~
c,'a/g',ent! morloI4' Ono' /0 he 10noa-ed, .'We Aowbe'/ 

mh ich osto/er co /ch /e;or ( 0 6/A 0 q1~ /6 eeu~70/' t Ile . ,ne i, 
plo/ed o~o/rn'z' M'e cama /a/'.s'e coc4 cip lo Lhao e id('4) 9,**'eS' 

o/ Mke 0a cho,/,/1/' CO1'//'./ e,7'( 0,17d 1he /;7/erce ol wh*,Lh (9';s/o4 
divide.lqe. on~ el,,/Ina/e of The &w1/Arhed' el~oci "iree 

71e o c'ace ap/e 17al or I.' orfe co" & adusaImeoy ;b he 

doi:tri /oll 	 /e 7Ikew, ee-Ile values-11/ o6-4 odsl Ie ore rep/aced 16V 
ii nch catre o vo/IA- ol r s l*r~7 ,1,ed f~ 

._sf/mofe 	 /i/ and~/ -a cci''omal'v Cen'ch da0/. 

Opeatng Umitaand Warrns 



__ 

__ __ 

___________________________________ 

___ ___ ___ ___ ___ ___ ___ _ 

____ ____ ____ 

___ 

_____________________________ 
_____ ____ ____ ____ ____ ____ ____ ___ 

___ ___ __ __ __ ___ __ ___ ___ __ ___ 

User Instrucilons
 

r.v (yC),=(VPA) m.4",Fi, Vi 

STEP INSTRUCTIONS 

A0 OLS T/. 


I Fn/ler!,F nd 0cci/ofe IVVI.] 


___ (M £rrnko/ POPY//4-11 


3 OC/U1016 Ashinq mzv.ollhf ( Fj in 0 gipen 7h'n, 
Sk ,,rvol, ond ppeu/o*;9n sie ot ,he b ,eg,., 

of Mo in,ervo(, 9on9 hbo.word jn,"c/i 
0i hore been c'onsidered. 

41 ColUlgc At* ond IV/ oS,'n " /oh 

"a/erakd ;n AD'P 0.0'i][1Uer e. 

_____ ________ ____-___-__ 

___ ___ ______ ___ __[7-I~ 

INPUT OUTPUT 

DATA/UNITS KEYS DATAJIT 

rI ],- L q Lo-I-

LI
 

A LILEuliiFt LII] 

C; LFl] II 
[II 1[ ] ,,"2,

I III 
[ [ ]
 

a, LI'- [ .... ]. 


__ IJ ] 

__ 17 : l]IV-__]253...L ] II] 
______ [77T IZ IIIL 


_I__ J[ I.111] 

] LZ 1 
I-

EII.... ]il 
 ZII 

__2__.3 
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Program Listing ,01,o,112
 
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

001 001 *LBLa 21 16 I1 057 RCLY 36 09 

_ 002 5T07 35 07 058 RCL3 36 03 
_003 R4 -31 059 -24 
004 5T09 35 09 060 060 x -35 
005 R1 -31 061 RCL6 36 06 
006 STO? 35 02 062 x -35 
007 z 02 063 RCL4 36 04 
008 -24 064 Xr 53 
009 CHS -22 065 RCL5 36 05 

010 010 e 
x 33 066 N -35 

Oil ST04 35 04 067 RCL7 36 07 
012 RCL9 36 09 068 x -35 
013 RCL2 36 02 069 -45 
014 1 -55 070 070 ST08 35 08 
015 5703 35 03 071 X2 53 
016 RCL7 36 07 072 RCLO 36 00 
017 x -35 073 X)Y? 16-34 
018 RCL3 36 03 074 CTO 22 O! 
019 CH5 -2Z 075 RCLI 36 01 
01o0 ex 33 076 RCL5 36 05 
021 C45 -22 077 x -35 
022 1 O 078 RCL8 36 09 
023 4- -55 079 XY -41 
024 RCL9 36 05 00 080 -24 
025 x -35 081 RCL9 36 09 
026 i -24 082 X:Y -41 
02? RTN 24 083 - -4
028 *LBLA 21 11 084 ST09 35 09 
029 ST07 35 07 085 CTO0 22 00 

030 030 Rt -31 086 xLBLI 21 01 
031 ST06 35 06 087 RCL9 36 09 
032 RCL4 36 04 088 SPC 16-1f 
033 x -35 089 PRIX -14 
034 RCL? 36 0? 0oo 090 RCL2 36 02 
035 RCL2 36 02 091 4 -55 
036 CHS -22 092 ST03 35 03 
037 ex 33 093 ex 33 
038 x -35 094 RCL6 36 06 
039 4 -55 095 x -35 

:40 040 STO 35 01 096 PRT -14 
041 #LBLO 21 00 097 RTH 24 

- 042 RCL9 36 09 098 *L9L8 2!2 12 
043 CRS -Z2 099 R1 -31 
044 ex 33 T--- 100 ST06 35 06 
045 ST05 35 05 101 R? 16-31 
046 RCLZ 36 02 102 RCL2 36 02 
047 RCL9 36 09 103 2 02 
048 
049 

-

STo3 
-55 

35 03 
104 
105 ex 

-24 
33 

o5 050 RCL4 36 04 106 x -35 
051 Xz 53 107 X:y -41 
052 RCL5 36 05 108 RCL2 36 02 
053 x -35 109 ex 33 
054 CH5 -22 1to 110 x -35 
055 
056 

1 
-55 

111 
112 

f 
ST05 

-55 
35 05 

0 rOTOL e'isu. d 2 hAlt 13 ZZ 
REGISTERS 

14 lieof 5uceduseed I' 
6A'[ l 'a. " ayf1 te F 

So S1 S2 S3 $ S5 56 S7 S8 S9 

A B C D E 
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Program Lislng (1to, 
STEP KEY ENMY KEY CODE COMMENTS &P KEY ErmY KEY CODE COmMET 

113 RCL6 36 06 
114 X.+Y -41 _7o 

15a -24 
116 L 32 
117 CHS -22 -

118 RCL2 36 02 

120 
119 
120 

-
SPC 

-45 
16-11_ 

121 PRTX -14 
122 REL5 36 05 _ 
123 PRTX -14 
124 RT' 24 10 

130 

190 

140 

2o0 

150 

210 

160 

220 

LABELS FLAGS SET STATUS 
fiA- MWK'BC FLAGS TRIGO o 

a 
-V 
0 /o 

..~t b 

" ' 
!sB7 

c 

2 

d 

3 

a 

4 2 
3 

ON OFF.
o/'0 0 

0 aI 
2 0- 9o 

DEG 
GRAD 

AD 

11 
10 
10 

FIX 
SOI 
ENO 

3 
0' 
0' 

3 07 8 n= 
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Program Demciption
 

omfr D.oprndPodIS Do%-OOE 1fl 
Add. .. 14FF .1bro/Iorel-/9 

_Looestft 4 _Fnql,icl__ 

PW=ra Dgscopeon, &WmWM~a vwrabg, O PoOn, PR M8 CO/Ccd/a/gs ? iawe /F,4 
NP'a1fie te epU0,16,, 

t s)41 exzp f(F 1') -

whr,'gj at age96 I Vi and 44l / 6 uo-~. '''~aol4Me~bw 
@~. ei1Lc3 ze1 Ante perlod dur , 1 e cola6 0,. ,ars 4~~/adnd 

7hC CompofafIprceedv L0a~d 92'/9~a"k~/,~iO/4 
.L) 

4 ( j,IV) 

is ~W(1) o f'v* mee1h~*~'oo,o o7d4qoe r o~5 

...An ,_,lrno1p $ VPA I's o es/ul'm e A'csPV' r o17ac,,("ot.' n404

a/m/djv ~~~~~~*t' 1 
4 (P,ae I9V. 

, qd 

Co'i'~jp 1 ,~~+ue ra"iee. heA, Ft p~i/ ~r.ieyg~s-o 
mo~~~~~~~~y~~rq e o _io1't75 9___qpiq~l o/g~-0,'es A ."-r/v~

ond fl.P/he~~~~~~~1~ w ce ,,_ ~~dw4-r,4e Ice'? 4 +Wl./a~qvtvSa03Xa~co e ,. '' ed ,. 



___ __ _ ___ ___ __ _ 

User Instructions
 

INPUT KEYS OUTPUT 
STEP ,.s~uc1oNs DATA/UNITS DATAN SII-i£11-[__
_A J __poromneer 

_ 

Z. 
__ 

LI[- £ 

__ _ _ __ _ _ e,'her" / I F;I 7£Y/ D [i] IA. 
___ _ _ _ o . . ii -l17a. { 

_ _ _ _. .. ._._ . . M___Q_ _ [ P J;[ _j__ 

____ _____________i _ 1 I.
Jni/_ 'ze I !i :I 

h) enfer uper , ' /i es /e-._. I ].......
__ lcas .andled(7 #, clogs,/e,-vo/ LL. / IIl.. iI 

imesa4 I., l ye 

W7~~~:l CO- x~ 
__ 0d Cvrney/e /f/ ad 6 

teompa Z I I.4 ro rao/es o e2±f, eo : l ... ',r I 
__L_("f .'at do~e piv,'os/q) cr' ierfor __ . Bx -I I z .

pmlqsVano per --] ,0.1 
.._.. _ _ _ _ . .. . .. . . . .- II I ____ %'eo/ s~ Cs) yr (ond <1) w i7/ ,no/ki . ..... 

leq/- / (0a,-d rla e; .l. ... lt 
e ',d I ___ 

II-iorf: 

t~l/ #v v A i " . , -,li .. ....... .. 1 1 I
 
ii_ 

I II I 

D; -------- - I -; II I1 

257
 



258 

Program Listlng
STEP -KEY ENTRY KEY CO)DE COMMENTS STEP KEY ENTRY VEY COOE COMMENT001 001 *LBLa 21 IG If 049 PRTI( -J4 _ DOZ t -24 050 RCLY 36 09

003 XCY -4f 051 - -45004 STOO 35 14 052 RCLC 36 13
005 4 -24 053 WZY -41
006 STOo 35 O0 054 1 -24- 007 CLX -51 055 PRTX -14008 RTH 24 056 RTH 24 
009 VLBLe 21 16 15 057 *LBLc 21 16 13
010 010 RCLA 36 11 058 5TOO 35 1z
 
Oil RCLD 36 14 
 059 X)(v -41
WEo y 31 0- - 060 5roe 35 os
013 RCLt 36 07 061 X Y -41014 RCLO 36 14 
 062 - -45
015 yx 31 
 063 sro7 35 07
016 - -45 064 CLX -51
017 RCLP 36 LI 
 065 RTH 24
018 RCLD 36 14 
 066 *LGLB 2 12

019 yx 31 
 06t CHS -22
020 RCLB 36 08 068 1 Of


1oz RCLO 36 14 069 I -55022 yx 31 070 070 RCL2 36 02023 - -45 071 X:y -41
024 -24 072 -24025 RCLO 36 00 073 SPC 16-11
026 2 OZ 074 PRTX -14027 -24 075 RCL2 36 02028 yx 31 076 - -45

029 ST06 35 06 
 077 PRTX -14
0_0 030 RTM€ 24 078 RTN 24

031 *LBLA 21 11 
 079 tLBLb 21 16 12032 STOC 35 13 080 5TOO 35 14
033 CWBe 23 16 15 081 R4 -31
034 RCL5 36 05 
 082 sO 35 00
035 T9 35 09 083 CL( -51
 
036 x -35 
 084 RTH 24037 RCLC 36 13 
 085 1L8Ld 21 16 14
038 4 -55 086 X Y -41 "
 039 RCL6 36 06 087 -24 "
 040 040 x -35 086 ST05 35 05 
041 ST05 35 05 
 089 RT 24 

" 042 RCL7 36 07 " 090
 
043 STOB 35 08
 
044 RCLB 36 1Z "
 
045 - -45 
046 ST07 35 07 

7 -047 RCL5 36 05
 
+ 048 SPC 16-11 

LABELS 
 FLAGS SET STATUS 
Z '/ FLAGS TRIG DISPa.. 14/M/KD l, ,LZ d. 
 1 )ON OFF 

0 13 0 DEG 0 FIX M2 3 4_ 21 N GRAD 0 SCl57 02 0 O RAD 0 ENG O 
3__-_ n=rJ
.REGITERS t 

0 /KD T K 3 z 4 IZ ( 7 L, 81_ 
SI Si 33 $4 $5 S6 S7 58 S9 

A L .B ,E C D .. 1C _ _ T11 1
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"mgrm Dewcrption
 

Poumo~ ~ e~% Oa4#~/r 
Memo Qg el ot fAP. P 

Ad s __-C L AR M, MICC -P.O0. Box 16501 
MfokojZlMer' Man//a Pn/~pes 

Program DWWPAWuo, Ewiuao vs.Ae, Wtc - POe 'r (0972?) coaor e o/#r e.'vem~
J~i'e t ,*einerrol Atix, 

/fI JVA/f)r-J 

w4~ 4i4e.Jnuother akng* 1 :~s$e ca/oh 0/'k01//'bes W M,~skC 
* qk4p* Ll A -L2 - 4/am4 eshfmakd a wl/ue e, 4A*A Ihe /otest ,ck7 see

___CI caa eui'bei-/ 0/ J xme nomlle/4 

-s --- m~?e / ,'p'o/e x.A'-' W, eFWp*1 

Fi~ F=Z-AfEdo 

7.e mney! S A56s'ed am danes (1/97-1 1914-1 

operamting m inig //i77//o44 kln 0//f4,r/ ~JAewan 7he e. 7*! coh:'( Ow. 
*q *A-/ ,y'rWe 6,.bivM (4Q7-1 19"'i) 01, n~s he e"z-er 

Wkeve Yet. y9*ir me~od A-r o /0 0 xe/ 0/ /cdo'.7re/s' 
-ecohort -qo/0, a,_se'7SVYIe 7b dh4-s iweAv'ae ch'as£~ey, 

-IW49q- A4.w/ch dard; ,W-~ /h~ lWa;sw / ma, he m"' "yi7/. o 
---- ose /ewy/A-__pgjeddr 9 -p l"'&Z) yPeoeae ro/54eam~ sNhewne 



User insdirL etons
 

STEP NOTA/WThIS low____ KMOUTPUT _ 

o ii/,e 'enl& eowta~ 
__________K 

DATTMNITS 

4. L 
L~i-oD 

FI1 I1Z 
ZII 

DATA1WIW 

JL FiiYD FE7Z 

4r 

SRan I',eg/w'iq ofl CA RI&' 14C CA 
_____ __________ _____ _____ 

roToed eifyo . . 0.got 

To eoaa/ At Va Lww~ ao'-l_ 
__jo iathf4.n& ft~ ols 944 Me1If!! 

'& LADlL 
F 7 

i 171! 

6 

7 

___________________________et__________ 

__ ~ ~ ~ enl clsaidn id~~ ~r~ acs 

01"n ameeAye~c~dess/,'f 

To woa'pwoL total !!Yke ot '70WAM, "do mm" 

W~/ f irh, o~~,e 

________ ____ ____ M __ld _yard 

4L 

N/ 

___I.I 

_ __ __ 

L 1i fillY 
P. f 

Vj 11 

111 

[1.7 [7L 
iI~fl o . 

___ ______ ___ ___ __ ___ __ ___ _ L I261I 



262 

Proram Listing ,0,i,,2
 
SIP KEY ErTY M C .NTS STEP KEY ENM'Y KEY CODE COMMEN 

001 Ol LLA 21 ) - _057 f -55 
0OZ S107 35 07 -058 ST03 35 03
003 R4 -31 - -059 RCL4 36 04
004 
005 

ST06 
CLA 

35 VA 
M I1 

00 _ 060 
_061 

1g
RCL5 

53 
36 05 

006 RCLO 36 14 062 x -31 
007 yx 3o6 CHS -22 
008 RCLI 36 46 064 1 01 
009 ACLD 36 14 .. .. 

010 010 

Oil
012022 
013 

yx 
-
-ARCLA 

RCLO 

31 
-45 
It_3636 If 

36 14 

065
066 
067 
068069 

+RCL9 
RCL3 

-5536 09 
36 03 

-24-34 
069 -35 

014 Y" 31 070 070 RCL6 36 06 
015 ,CLI 36 46 07J x -35 

- - 016 RCLE 36 15 072 RCL4 36 04 
01? - -45 073 X? 53 
018 STO) 35 46 074 RCL5 36 05 

--019 RCLO 36 14 075 x -35 
0 0 0 Y 31 ... . 076 RCL7 36 07 
- .--021 - -45 077 x -35 

022 X.Y -41 078 -45 
023 -24 079 ST08 35 08
- -024 L 32 0o 080 X2 53 
025 RCLC 36 13 - 081 RCLO 36 00 

026 -24 - 082 X)Y? 16-34 
027 RCLD 36 14 083 CIO 22 of 
028 t -24 084 RCL1 36 01 
029 STOs 35 2 085 RCL5 36 05 
030 RCL9 36 09 096 x -35 
031 C689 23 12 087 RCL8 36 08 
03Z ST09 35 09 088 XVY -41 

F4 033 RCL2 36 02 089 - -24 
C34 GSBB 23 12 - oo 090 RCL9 36 09 
035 ST02 35 02 - 091 X:y -41 
036 2 o2 - 092 - -45 
037 -24 " 093 ST09 35 09 
038 CHS -22 - 094 GTO0 22 00 
039 e x 33 - 095 *LBLI 2101 

o4o 040 ST04 35 04 l --096 RCL9 36 09 
- - 041 RCL6 36 06 097 RCLB 36 12 

042 x -35 098 -24 
043 
044 
045 

RCL7 
RCL2 
CHS 

36 07 
36 02 

-22
046 3 -O 

1"0 
7 

099
00 
101too 

- 10 

5TO9SPC 

PRIX 

35 0936-1 
-14 
14 -

046 -3 0-02 RCL2 36 02 
047 + -35 1- 03 RCLB 36 12 

0 "0 

+ 

049 STO 
050 *LBLO 

051 RCL9 
052 CHS 

-55 -
3501 
21 00 -

36 09 -07 
-22 -

1048 
105 
0-6 

-- 108 

602 
0 

088 
e 

-24 
35 2 

-55 
23 12
2 33 

-

053 33- 109 RCL6 36 06 
054 ST05 35 0- Ito 110 x -35 
055 RCL2 36 02- ItI PRIX -14 
056 RCL9 36 09- 112 RTN 24 -

REGISTERS 

jS2 jsaaIW13 15 8 6A [ 7~e/ W 9 
K/r rsA ,4t- s9DJ 



____ 
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Pgram Listing 
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COENTS 

113 L8L0 21 12 169 PRTW -14
 
114 RCL8 36 JZ 17o 170 RCL3 36 03

171 -24
115 x -35 

116 RT N172 
 PRTX -14
 

f 17 *LBL 21 16 1/-

24 


173 RTH 24
 
_H18 XV -41 


119 5709 35 09
 
120 120 RCL2 36 02
 

121 # 
 -55 
122 RCL9 36 09
 

123 X)Y -41
 
Igo
124 -24 


125 -24
 

126 RTH 2_
 
127 *LBLb 21 16 12
 
128 CLRG 16-53
 
129 ST05 35 05
 

13, 	 130 R4 -31
 

13J 5T04 35 04
 
132 CLX -51
 
133 RIN 24
 
134 tLOLc 2J 16 13 190
 

135 STOE 35 J5
 
136 R4 -31
 
137 5T06 35 06
 

138 RCL5 36 05 

139 Yx 31 
140 	 140 RCL4 36 04
 

141 x -35
 
142 5o0 35 00
 
143 CLX -51
 
144 RT 24 200
 

145 *LBLC 21 13

146 ST+3 35-5 03 

147 RCL6 36 06
148 RCLE 36 15
 
149 4 -55 -


I 	 150 STOG 35 06 

151 RCL5 36 05
 
152 yx 31
 
153 RCL4 36 04
 
154 W -35 210
 

35 01 -
ST0 


- G RCLO 36 00

107 + -55
 
158 2 02 

159 -24 

160 160 5T07 35 07 

161 x -35 -

162 SWfZ 35-55 02Z
 
163 RCLI 36 01 

155 


__o
164 STO0 35 00 -_ 

165 RCL7 36 07
 
166 RTH 224 

167 *LBLE 21 15
 
168 RCL2 36 02
 

LABELS 	 FLAGS SET STATUS 
AIr B e C A - E 	 0 FLAGS TRIG DISP 

0_ 0 m I DEG W FIX 

3 4 2 	 1 O 50 GRAD 0 SCI M
 
2 0_ RAD 0 ENG0
 

0 Id 1 acd 2 


5 6 7 	 8 gn3
 



_ _ 
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Pogram Description 

Ro gg Ze~ Y~rMe - PA
 
Nowne Pou4 
 Daf IfueA ~iL 	 ARAl,/* CC P.0.a( /50I~ 

Moa/, eko Mom/.42__x'// , 

Pmgrmi Dssutpdon IquMons, vwadlM In lo0.IOeS, * /07?Iy, (19~( CiiO.7rdrf d 

es//aq* M e 0' 

64~de~rq *m i#*,ra/ 4d, .1is becappes 

~~a~~age 9 *I~ Ped	 agee P

{ZO.LS4K.*. 

!~#' 	 L 
100~s~e'o e- K*1h 

hoVV$Vu ~s/' - r~ds / ~ r /)Vc afa,

~~~~~C C~~~~~xoo ' 4 . -ned. 	 .Ae 



User Ingtrutkon8 

INPUT KESOUTPUT 

STEP INSTRUCTIONS OATAIUNITS KESDATAAWITS 

__ORIGINYAL VRSIOM1 (1q57)____[][li
 

I I£fn/er p~ o i i vo/des' 
 W. [TP -lZ
K =J70 [TI 

______ A F-27LK 

IC,! pele YIR F LII II Y//? 

__JoWS VIRSION (1'957) 

3 nker Mro'~me ler roluer 0( 6 o0e omi//A ___ 1177 L? 

___fJAP~LfLL YF,?S[OA' (19 66) ___I- I 

5 Frn'er rA'"Dn5eler Palae j7[_ l]I40] 

6 ck/w/a/e rvlalba YV/A I Y'Lc17[1] 

-- 0Z ______ 

______ 111 _J 

___ _ __ _ _ __ _gil111_ __ _ __4_ _ _ [ 

- -.~ ~ 2651 LIIie/~o~eo,,d p~e~ 



010 

020 

030 

040 

050 

266 

Program Llsting 101to12
 
ST KEY ENTRY KEY COOE COMEN' STEP KEY ENTRY KEY CODE COMMENT 

001 001 *L8La 21 16 11 057 RCL3 36 030"58
002 RCL2 36 02 

003 -55 _ _058 #. -55 

039 -24 
004 5T03 35 03 ceo 060 -45 
003 RCLO 36 14 061 RCLB 36 12 
006 RCLO 36 00 062 x -35 
007 - -45 063 RCL4 36 04 
008 ST05 35 05 064 x -35 
009 RCLA 36 11 065 LLb 21 16 12 

oto RCL0 36 14 066 SPC 16-11
 
GIl - -45 067 PRTX -14 
(-1z qTO6 35 06 068 RCLO 36 14 
013 RTH 24 069 RCLI 36 46 
014 *LSL8 21 12 070 070 - -45 
015 ST04 3 04 071 RCL2 36 0? 
016 CSB 27 16 If 072 x -35 
017 RCL3 36 03 073 CHS -22
 
01e 1'X 52 074 ex 33
 
019 RCL5 36 05 . 075 x -35
 

RCLI 36 01 076 PRIX -14 " 
021 x -35 0?? RIN 24 
022 CS -22 078 tLBLA 21 i " 
0?3 ex 33 079 ST04 35 04 "
 
024 3 03 0eo 080 G59a Z3 16 J 
025 x -35 091 RCL6 36 06 " 
026 RCLI 36 01 082 RCLO 36 03 " 
027 RCL3 36 03 083 x -35 " 
028 + -55 084 CHS -2? 
029 -24 085 ex 33 ' 

03O -45 086 CVS -22 " 
-- - 031 RCLS 36 05 087 1 O1 " 
-- - 032 RCLI 36 01 0e 4 -5 
-- - 033 x -35 089 RCL3 36 03 

034 2 02 090 090 -24
 
035 x -35 091 RCLI 36 O1
 
036 CHS -22 092 RCL3 36 03
 
037 e* 33 093 # -55
 
039 3 03 094 ST07 35 07
 
039 X -35 095 RCL6 36 06
 

oo RCLI 36 01 096 x -35 
041 2 0 097 CHS -22 

x
042 x -35 098 e 33
 
043 RCL3 36 03 099 CHS -22
 

- 044 + -55 1o 100 1 0 1
 
045 -24 101 * -55
 

- 046 -55 IO? RCL5 36 05
 
047 RCL5 36 05 103 RCLI 36 01
 

- 048 RCLI 36 o1 104 x -35
 
049 x -35 105 CNS -22
 

=
050 3 03 106 2 33 
051 x -35 107 3 03 " 

108 x -35 " 052 CHS -22 

3 109 x -35"053 er 


054 RCL1 36 01 1o _ 110 RCL7 36 07
 
055 3 11_ -24
03 J -4 5 ,1i1 
056 x -35 


E 0K o 11J2 M 13.7 4 REGISTERS
 
2 M F " t- wed /4/K 91- C 

6 S7 $8 9
45
2
I0$1 r3 r 

A c DJ 
W.0 C _____________ E_ __ I'___ 
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Program Listing 
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMNT 

113 ST08 35 08 169 GrOk ZZ 16 12
 
114 RCLI 36 O1 17 1701 *LBLC 21 13
 
115 2 02 171 STOE 35 15
 
J16 x -35 172 RCLC 36 13
 
117 RCL3 36 03 173 C14S -2Z
 
118 f -55 174 I 01
 
1i9 STO 35 07 175 # -55
 

120 	 120 RCL6 36 06 176 ST09 35 09
 
121 x -35 177 3 03
 
12Z CHS .22 178 x -35
 

x
123 e 33 179 RCL8 36 08
 
124 CHS -22 o 180 1/g 52
 
125 1 O" 181 RCLE 36 15
 
126 f -55 182 CHS -e
 
127 RCL5 36 05 183 I O
 
128 RCLI 36 0) 184 f -55
 
129 x -35 J85 x -33
 

130 	 130 2 02 186 GT07 35 07 
131 x -35 187 1 o" 
132 CHS -22 188 -55 
133 ex 33 189 -24 
334 3 03 Too 190 CUS -22 
135 x -35 191 1 01 
136 RCL7 36 07 M19 #" -55 
137 4 -24 193 RCL9 36 09
 
138 ST#8 35-55 08 194 me 53
 
139 RCL1 36 Of 195 3 03
 

140 	 140 3 03 196 ' -35 
14J x -3Y . 197 RCL7 36 07 
142 RCL3 1 2 0236 03 198 

143 f -55 199 9 -35
 
144 ST07 35 07 !W- 200 1 O1
 
145 RCL6 36 06 201 -55
 
146 x -35 20Z -24
 
147 CHS -22 203 e -55
 
148 ex 33 204 RCL9 36 09
 
149 CHS -22 Z05 3 03
 
151 1 206 yx 31
150 01 

151 + -5 207 RCL7 36 07
- -152 RCL5 36 05 09 3 03
 
153 RCLI 36 01 209 x -35
 
154 x -35 1o 210 1 01
 
155 3 03 211 + -55
 
156 if -35 Z12 4 -24
 
157 CHS -Z2 213 -45
 

x
158 e 33 214 RCL9 36 09
 
-55 x -35 215 RCL8 36 08
 

0eo 160 RCL7 36 07 216 yx 31
 
161 -24 217 x -35
 
162 RCL6 36 08 218 RCLE 36 J5
 
163 8.Y -41 Z19 e -35
 
164 - -45 220 220 RTH 24
 
165 RCL8 36 12
 
166 x -35_
 

167 RCL4 36 04
 
169 x -35 , 

LABELS FLAGS SET STATUS 
A~Ib i 57 'Jomf,57 c&Il '66 0 ~ E_ _0 FLAGS TRIG DISP 

a b c d e ON OF" 
,Age wed 	 _? 0 DEG 0 FIX

0 	 2 3 4 2 1 0] M] GRAD 0 SC1 a 
5 7 8 1 - 3 2 0 U RAD 0 ENGO 

I3II _ 1 0 n=3 
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"ramm Descaiption
 

Nae~1. r-oe/ie4 Date O0a~ch, /9W/ 
Addrm ---- _ICLAeMf, MCC P.0. -Box ,s-ot 

MoI._fak, Me/ro Ala,4,/o, Phlllo,~e~sl 

PrOgWam Descrhptlo, Equations, VarwWga etc. pnv 7492O esI/.,io/e 23 e/d ~c~
 
-9re,) qmo-vA awa lel *~/dParaIneT A#m a,7 ##,~ $e
 

Y/A Z+ K 

+3e (.t-e ) e (i-e 

or f F.fe 

3(1-C)3 

Al 

Operatng Umit and wrnings, sCe _,77UoSt bule asedl- 011y; ',UC



User Instructions
 

STEP INSTRUCTIONS INPUT KEYS OUTPUT 

DATA/UNITS DATA/UNITS 

t, rLI = 
__ LI1-_ I 

ir EI:_Ea--] 

11,66f (D= L_)_SPICIAZ ____:17 

2 al'ok yieldlper reci'' F E4-J [711 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _) _:[_ _ _ _ _ ;;] 17..1

___ K--;l6'6 b? L//)(~ tII-_-]K 6f 
Y/
t_-_-_ 1177] 

.5 Co/ccwlok /dpa- recra,,y F I1 

{.1;;II;
;_1 Y/R,
 
age 4,_-_. JI -1.1] 

_ __ __ _I;I__ ILI-I] 

_ _ _ I ;lI-LI;-_a 

_ _ I10fl71-IHIi] 

W& /er, ,,c,-.U, of I ;11 .A;; 
- _e____I.. A; I.- I 

- A' "yied per,- r.' ,,/ __.__ _ II _ I 

see,. --lO avio6e [1.]I_;J]Wen f"

E--AI2
 

___[7] L-

269 [ ] 

< 269 
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Program Lising ,0, ,,1, 
See KEY ENTRY KEY CODE come S sTE KEY ENTRY KEY CODE CO"ENTS 

001 001 *L8L4 21 If OR RCL 76 05 

002 STU[ 35 46 05 x -35" 
003 P:5 16-51 059 RCL4 36 04 " 
004 RCLI 36 01 00o 060 # -35
005 
006 

RCL0 
-

36 00 
-45 

06) 
062 

5705 
CLk 

35 0 5" 
-51 " 

007 
008 

P:5 
RCLA 

16-51 
36 11 

r63 
004 

RCL7 
x 

36 07 " 
-35 " 

10 
009 
010 

x 
C/S 

-35 
-2 

065 
066 

RCL6 36 06 
-55 

011 e 33 067 ST07 35 07 
012 ST03 35 03 068 RCL8 36 09 
013 RCLE 36 15 069 1 Ol 
014 RCLO 36 24 07 070 -5r 
015 ; -24 071 STO 35 08 
016 1 01 072 QCL2 36 02 
011 f -55 073 RCL8 36 08 
018 5T02 3'0z 074 - -43 
019 PCL1 36 46 075 x -35 

0 -0 020 RCLO 36 00 076 RCLI 36 01 
- -- 01 i -55 077 RCL8 36 08 

022 RCLP 36 11 078 t -55 
02D -24 " u . RCLS 36 08 
OZ4 ST0 35 01 00 080 -53 
025 1 O" 081 -24 
026 ST07 35 07 08? L51K 16-63 
07 ST06 35 06 083 I o 
028 STO4 35 04 084 - -45 
0? 0 00 085 -24 
030 ST09 35 08 06 RCL3 36 03 
031 ST05 35 05 087 x -35 

- 03Z *LBLO 21 00 088 ENT? -21 
O33 5709 J5 09 089 ENTt -21 
034 RCLI 36 O o00 090 RCL4 36 04 
035 RtL8 36 08 091 x -35 
036 + -55 09? RCL5 36 05 

- 037 EY~t -21 093 1 -55 
039 ENTt -21 094 STO4 35 04 
039 RCL2 36 02 095 X.Y -41 

04o 040 + -3 096 RCL6 36 06 
o01 x -35 097 X -35 
04Z RCLI 36 01 -- 038 RCL7 36 07 
043 RCL8 36 08 099 # -55 
044 + -55 1oo 100 ST06 35 06 
045 RCL8 36 08 - 101 ? 16-42 
046 4 -5502 -24 
047 -24 103 RCL5 36 09 
048 LSTX 16-63 104 '1?Y -41 
043 1 o 105 Wy? 16-3? 
010 4 -55 106 CTO0 22 O0 
031 -24 107 RCL3 36 03 
052 RCLJ 36 03 108 RCLI 36 O1 
053 -35 109 Yr 31 
054 CH5 -22 Ito 110 x -35 
055 
056 

EHIt 
EqRt 

-21 
-21 

11 
112 

I 
RCL3 

Oj 
3603 " 

S 1 2 1 
REGISTERS 

ux, d 5ed 6U 7 e ed 19 

o s C S5 se Er 7 SO S9 

K- 6-D F 
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Program Listing
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY COE COM.ENTS

T1 - -5 169 srOa 3s51
114 RCL2 36 02 
 170 170 CLX -51
115 yx 31 
 171 F 'At 24
116 X 35 
 172 *L8La 21 16 11
i7 RCLI 36 O 
 173 P.S 16-51
 
118 ; -24 174 ST2 3502
119 SPC 16-11 
 u- R 120 120 PRT -14 
 176 STO 35 00"
 
121 RCLB 36 12 I"177 
 P5 16-51
122 Nr -35 
 " 178 CLX -51

123 RCL1 3616 ] 179 RM 24
 
124 x -35 
 180 180 *LBLc 21 16 13 "
 125 RCLA 36 11 
 181 P9S 16-51 
126 i -24 
 182 STOI 35 o 127 P.S 16-51 
 183 PZS 16-51 "
 
128 RCLI 36 01 
 184 CLX -5f

123 RCLO 36 00 
 185 RI 24
 

130 130  -45 
131 P!S 16-51
 
132 RCLI 36 46
 
133 RCLO 36 00
 
134 4 -55 
 10
 
135 x -35
 

x
136 e 33
 
137 x -35
 
130 PRTX -14 
139 PIS 16-51
 

4 - 140 RCLI 36 01
 
141 RCL2 O'02
 
142 - -45 
143 P.S 16-51
 
144 RCLO 36 00 2W 
145 x -35
 
146 CHS -?2
 
-47 ex 33
 
J48 x -35
 
149 PRTX -14
 

150 150 RMI 24
 
151 tLBL8 21 12
 
152 STOI 35 46
 
153 RCLn 36 11
 
154 PS 16-51 
155 ST05 35 05 "
 
156 P.S 16-51 
157 RCLO 36 14 "
 
159 x -35
15-9 j 03

i-o 160 x 
 -35
161 RCLE 36 15 
162 
 -24 "
 
163 STOP 35 11 
164 RCLl 36 46 
 0
 
165 CSBA 23 11 "
 
166 P:S 
 16-51
 
167 RCL5 
 36 05.

168 P S 16-51
 

LABE FLAGS SET STATUS 
A//R D)1 C TRIG DIUP::I 1/BR DI * 1 	 FLAGS 

b Cc d ON OFFa t *,0	 __o 01 DEG C FIXR1oop.o.2 
5 

3 4 	 2 1 0 GRAD 0 SCI I
 
3 2 R 0
0 PAD ENG O 

3 r030 n=3 
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ram Descrptkon
 

Polps~ ede~ewi //com:p/e/e e-F&vncho, 

iem N bb7e/ /buly Date AA2r~h /U1/ 

AdO-vu ICLARIY,-AICC P.o ~O 

Piogrun Deacipon, Equaflona. Varlablee, etc YYl ori~~i*, oxi .rhowwi Q'ieve (/QS7) 

/A F/K e"iv /et x, P,Q)J) 

,ve'l'/l t//4 4'P4) gnd 6bv4~ s ymbol 0/ $Te,>ch~e l,6 iwal;7,, 

cL',,d WbeV , 'f o a'nal ~~.~lee h~ere *aemo heA 5ofe 

YheMe ?nverallrea il9f wed lo/ derere qiw/h6, y'ieldoer lrei'& 4av 6e 

oo'npiv/ed _74-om 

w'e3y , ,, / P=Zb/15K0ff O=(b/ 0 )+fLOndqa'7d~a 
drfA'ied as~abol'e. 

7he roti//,,ewhi esh'Whok 1ke wla/~es o/ 1he /4comphle bdio, /uer/,o4 i Z 4A 

/"k Vm%''mn 0 04Z.6, fohmlllcad 6q R//1 JYhudde X ,7.e U*S &xeK 

operatng umita and ng k3xecuhm, he Is oboul// rco.'cowd.. 



_____ 

__ 

User Instructions 
CONvE~zRrION fAcTof "k" gz 

STEP INPUT
INSTRUCTIONS / STTAJINSTRUCTIONS_________ OUTPUT
DATA/UNITS 

__ATAiUNiI"8
 

i [nler 0oro1r7e,* eed K I- ] [1111 

___ _ _ __ -z-li_ [6ThD[ FK] 

SOola/be c,/lue of fac,,"' "k " "k*
[77 k[A--
i_-. - E-71 

_L--__-L-] 

~?epA2/ esi~viI~ -L-] -M [ii-

F-=] Li 
__ -I
[--Lii
 

ndF
__ O lt~'lb/, 9/o Z_ _... L i [--L]_ 

__s/e_od i o,d / _p__ Lii] Li..] 

LI-]_ [I...]
 

- Li][Ii 
~i_--
I 


I_117] LZ-] 

Lii] L__i__ 

Lii] LI]1 

273 
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Program Listing 

STEP KEY ENTRY KEY CODE STEP KEY ENTRY KEY CODE STEP KEY ENTRY KEY CODE 

001 001 LBL 21 1 038 ST#9 35-55 09 075 CHS -22 . 
x 


03 RCL7 36 07 076 e 33 .002 RCL2 36 02 
3 03 

003 f _55 040 - 040 RCLJ 36 O 077 

-35 078 x -35
004 $T03 35 03 041 x 

03 079 RCL1 36 01 
005 uK 52 042 x3 ed 08 2043 -35 0 

080 2 02043 x -35 
044 CHS -22 081 x -35006 ST09 35 09 


r
008 RC05 36 5 045 e 33 082 RCL3 36 03
 
009 RCLO 36 0 046 RCLI 36 O 083 + -55 

010 01O .45 047 3 03 004 -24
 
1 1 ST07 35 07 048 x -35 085 sr.4 35-5 04 

O1 2 SOLI 35 O 049 RCL3 36 03 086 RCL8 36 08 

08? RCL1 36 01013 x -35 0 050 + -55 
088 A -35051 -24014 CHS -22 

089 3 03


33 052 ST-9 35-45 05
015 ex 
016 3 03 053 RCL 36 05 090 090 x -35 
017 x -35 054 $104 35 04 091 CHS -22 

e 33018 RCL3 36 03 055 RCLA 36 1! 092 

019 RCLI 36 03 056 RCLO 36 00 093 RCLI 36 OJ 

0 01 -55- 057 - -45 094 3 03o0 + 


0-24 058 SMeB 35 08 095 x -35
 

022 T-9 35-45 09 -059 RCLI 36 01 096 RCL3 36 03
 
STL9 3 09 060022 060 -35 097
060 x # -35 

023 RCL7 36 07 061 CHS -2- 098 -24 
099 ST-4 35-45 04024 R 30 062 eA 33 


026 2 Oz 
 063 3 03 100 100 RCL4 36 04 

064 x -35 101 RCLA 36 11O26 -35 
028 CHS -22 065 RCLJ 36 01 102 RCLC 36 13 

029 ex 33 
 066 RCL3 36 03 1203 - -45 

067 * -55 104 RCL3 36 03 

03 3-3068 . -24 
03 030 3 03-


!c x -35
 
03 x] -35
O3 RC 35 069 ST-4 35-45 04 106 CHS -Z2 

-
-- 032 RCLI 36 01 


36 08 107 ex 33
02 070 , 070 RCL8033 2 


071 RCL1 36 O1 
 108 x -35 
034 x -35 

. 09 RCL9 36 09
072 x -35 


073 

035 RCLJ 36 03 

? 02 110 110 -24 
036 4 -55 

111 RTN 24
 
OR + -24 074 x -35 

LABELS FLAGS SET STATUS
 
A K 9 C D E 0 FLAGS3 TRIG DISP
 

I ON OF
oO FIXE[c e 0____ DEG H 


0 1 2 3 4 2 I ] 0 GRAD 0 SCI 0
 
6 73 2 0 RPAD 0 ENG 0
 

a b 

3 D 9 n:J 

REGISTERS 
0 to 5K 2 m 1 Z 1 d z 6 7r, a 

$2 $3 $4 S5 56 S7 O Scso 


F k I__kD 
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Plow. 	 nTe_O veronfC'1" 

Address ... MfCC P.- 6ox1LAR44M.. 

Progrm 	 oemouI, quumns, vwAooie, owc t4oe-qw'imc-'/"' /'e rc 
the. VO (i~ . 0/ *e A~* ey o -/ o'io ahosv) 0/*~.#~bA* G. 

exp (-zig) 	 a. 

- AVere t 

Operalng LmbtmWWwmngge. 0171q In Cofj4ct*0 WI'A Aee ecvj2 116a 



User Instructons
 

SEINTUTOSDINPUT
STEP ISTRUCiONS ATA1UNITS 

KESOUTPUT 
KES ATAMMT 

a 

4q 

2E/cPond P vaI/aers 

Remo,'e erronetoa$ dfat 

e'o/e4/a/e p'o" ' 

palr 

Po 

p 

LIILI 

:F711LI 

I]I 

5f Frnler P-r,/uerL 

6 Akimofe 9 (HIM A M 

7 11 Pond, R on- Wrssed 
__co/cp/a/le paoee'co 

a I A rale&L~I]LII 

k, ,he ro~*e[11LI] 
n 4.r ,ue -___ 

[717]~ 

I]Fh] 

(A 
; CIIAM) 

A 

*1Al on errorieou'r vo/Cie ,$ 

srM 5. analdyr qns. l 
P- valmes a// over- qql7 

/ 

__LiheII 

L 

]177 

A LII] 

____ 

I 

_______ ___ ____ ___ ____K277I 

ED 



__ 
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Program Listing 

STEP KEY ENTRY KEY CODE STEP KEY ENTRY KEY COME STEP KEY ENTRY KEY COME 
001 DOIf 81.& Z! 16 IfJ 038 RCL9 36 09 Ors Ilk 52 

002 CLRC 16-53 039 -24- 076 ST42 35-5 02 
003 P.5 16-51 .o40 040 RC1.5 36 05 077 1 01 
004 CLRC 16-53 041 X Y -41 078 ST+3 35-55 03 
005 CLX -51 042 - -45 9 79 RCL3 36 03 
006 RTI 24 043 + -24 00 080 RTH 24 
007 LBL4 21 H. 044 STOO 35 12 081 #LBLC 21 13
 

009 STHI 35-55 01 045 x -31 082 SPC 16-11
 
009 R -31 046 RCL6 36 OG 083 RCLA 36 11
 

00 010 STO0 35 00 047 X.?3 084 MVy -41 

Oil Rf 16-31 048 RCL9 36 09 085 -24 
OJZ -24 049 -Z4 086 RCLB 36 12 
013 RCLO 36 0o 060 050 CHS -22 087 + -55 
014 FZ? 16 Z3 02 051 RCL7 36 07" 088 I/X 52 
015 CTDO 22 00 052 + -5! 089 PRIX -14 
016 Z+ 56 053 -24 090 093 RCLI 36 01 
017 RrH 24 054 P TX -14 091 RCL2 36 02 
018 #LOLD 21 00 055 RCL6 76 06 092 -24 

019 1- 16 56 -056 RCL4 36 04 093 i -35 
020 RTN 24 -- - 057 RCLB 36 12 094 PRT -14 
021 eLB 21 12 - 058 x -35 095 RTN 24
022 5F2 02
16 21 . -- 059 - -45 096 *LBLe 21 16 15
 
023024 GTO4 2211 oo 060 RCL9 36 09 097 RCLA 36 11
GLBLP 21 15 
 061 - -24 098 CHS -22 
025 P.S 16-51 062 ST0O 35i1 099 1 O 

026 SPC 16-11 063 RCLB i61 100 00 -55 
027 RCLS 36 08 064 PRX -14 lO0- PRTX -14 
028 RCL4 36 04 065 NVY -41 102 RCL8 36 12
 
09 RCL6 36 06 066 PRIX -14 103 )(Y -41
 

030 A -35 067 P:S 16-5J 104 -24 

031 RCL9 36 09 068 RT 24 105 I/X 52
 
032 -24 069 *LBLO 21 14 os PRIX -14 

033 --.45 070 070 RCLA 36 11 107 RT 24 
034 EHTt -21 071 (Vy -41 
035 ENTt -21 072 4 -24 
036 RCL4 76 04 073 RCL8 36 12 

017 xe 53 074 + -

LABELS FLAGS SET STATUS 

a c d ON OFF
I0 0 0 DEG l FIX Of 

0 12 3 4 1 C 0 GRAD 0 SCI 0 
62 p C RAD 0 ENG 0 

_ 33 0 n:3 

REGISTERS 

so si S2 S5ss S46. so= s7 V.
I oxxr r x I - x 

A 6 8 ccI cDE I 
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Pirm Dewdrption
 

-DeftMmPu4 Doe/ 	 IMA-Ch 1979 
Ade/j' 	 NeAerechAande 

Prorm Dssrtwv~Equagono 	VadabW *to. The rtock'- tea'lu'rc e/anihjoVa~,
 
OVS has
8e~4i ,~ /97) 7wie JN

- , *whereP v rg 	 'Ao4au 

R it M~e )7um b ' of rwdr. 010" ' /o na 0 ' ~~ 	 zw y 

-1--PI,) ~'r f-e07ol -i&,'.~i( wher 

P ~ -?rd t/)Q// Iq recri,, P/gf o4'. 7heA-/e 

7Vu'0/&,i'~*c4ba"'d bf,-1;r)qrbjMe 	 e h7A-,"om'C jVeal, 6A)
*/i5e o~prgfrd Avic/Yn/7-r ,e ysirlx p-. yo/uer. 7he 
-II-ra/yec *o7m~ p~resaosor oe,*,we,: m~eo, ralues ~k. h(4~e 

.P~d -- 4q A'.'cke (197S).d7jjeo 

17OCerain Ut~ anW lWarngs w AM Values obytomed Amvofh 
* 421-t?/esa.' a~x/ _ade A 	 2 ?.1bmer

p/An aney /,;r v~zlme grd', o6/a,eo cle/eke 7y~ W4/me oj edm~ 
a'srocl41,'cQ' w/, A, A,?A'I'i eJ q~ 



Prw.onsse~gs L"-!i 
User Instructions 

.PpR (2) .- ~meM- Ream) - PRIO 

STEP INSTRUCTIONS INPUT OUTPur 

UTDATAAMKEYSDATAJU ITS 
NS R C 

I Jnilio/iie 
___ 17 [1] 0.000 

Ig! FORM (R' ono P b,"d'A4re, rnIli_: II LI 

n i e/Ie- p l'L R p LaEI 

3 f'emove ervneou.9 cOWLpo/ P 17] II 

placu/o Ptoratnelers ol d~rf - lvqw.,/_____ IIw[11] 
__rr [_g_L jl]

FII )LIII] 

4U) __(M) LII]&!E 
Yenraue F-61 FIII 

0,4 ~~ ~ ~ 117 LIIX]I/wqp"I6-RM
5 &w 0si/=6~~'IfoS 7 /e P.wro4'e LI6I] [II

Q//~[II ;O ,Fi.]' 
eiV~okof [~l2[8]16 1 (, i ov~i6/edo. _ __ _ 



010 

020 

030 

040 

050 

282 

Program Liming 
STP KY MEN'YKE COME COMMENTO STEP KEY EMnhY KEY COOE COM 

001 	 001 L8L, 21 16 11 057 RCL 36 12 
002 CLRC 16-53 058 f -35 
003 PS 16-51 059 - -45 
004 CLRC 16-53 00 060 'L9 36 09 
005 CLX -51 061 P1S 16-51 
006 RTH 24 	 06? i -24 

x

007 *LBLR 21 I 063 e 33 
008 LH 32 064 STOA 33 It 
009 KY -41 065 F2? 16 23 02 

o0 STOO 35 00 066 RTH 24
 

all LH 32 067 PRTY -14
 
012 - -45 068 RCL8 36 12
 

OJ3 RCLO 36 00 069 CHS -22 
014 F27 16 23 02 oo 070 5TOB 35 12 
015 CTGO 22 00 071 PRIX -14 

016 Z 56 072 IJX 52 
017 RTh 24 073 PRTM -14 
018 #LBLO 2! G0 074 RCLA 36 11 
019 1- 16 Y6 075 RCLB 36 12 

RTlM 24 076 -24
 
021 *LBLb 21 16 12 077 1 O1
 
022 5F2 16 21 02 079 el 33
 

023 CTDA 22 11 079 -24
 
024 *LBLE 21 15 080O0 PRTX -14
 

025 P:S 16-31 081 RTH 24
 
026 SPC 16-11 082 eLBLC 21 13
 

027 RCL8 36 08 083 STO0 35 00
 
025 RCL4 36 04 *08 RCLS 36 12
 
029 RCL6 36 06 085 CHS -22
 

x -35 	 086 x -35 
x


031 RCL9 36 09 087 e 33
 

032 -24 088 RCLO 36 00
 

033 -45 089 x -35
 
034 EHTt -21 o60 090 RCLA 36 1!
 
035 EHTt -21 0V1 x -35
 

036 RCL4 36 04 092 RTH 24
 
037 X( 53 093 *LBL 21 16 14
 

038 RCL9 36 09 094 CSBC 23 13
 
039 + -24 095 RCLO 36 00
 

W - RCL5 36 05 096 -24
 

041 VY -41 097 RTH 24
 
042 -45 098 *LBLe 21 16 15
 
043 + -24 099 SF2 16 21 02
 
044 STOB 35 12 Too- 100 GSBE 23 15 

045 x -35 "01 LH 32 
046 RCL6 36 06 102 PRTX -14 
047 )(f 53 103 ST03 35 03 

048 RCL9 36 09 104 RCLB 36 12 
049 -24 105 - -24 

050 CH5 -22 106 CHS -22
 
051 RCL? 36 07 107 STOI 35 04
 
052 + -55 108 PRTi -14
 
053 -24 109 RTH 24
 
054 PRTH -14 r :Ito 110 *LBLO 21 14 

055 RCL6 36 06 _ s705 35 05 

056 RCL4 36 04 .RS_____ -31 

5 R 6US 7 8 9o a 
7 Zx so•I 'X 	 XX 

a, SCbI 	 E I I 
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Prorm Ling 
STEP VEY ENTRY KEY CODOE c ET STEP KEY IENTRYKEY COOMT
 

113 Sroo 35 00 169 x -35
 
114 RCL4 36 04 T'i'- 170 PRTI -14 
115 i -24 J71 RTH 24 
116 CHS -22 
117 1 o
 

)18 -55
 
119 RCL3 36 03
 

120 	 120 x -35
 
J21 e* 33
 
122 RCLO 36 00
 
123 x -35
 
124 LOG 16 32 loo
 
125 RCL5 36 05
 
126 LOC 16 32
 
27 - -45
 

128 Me 53
 
129 ST46 35-55 06
 

130 130 1 O0
 
131 ST47 35-55 07
 
132 RCL7 36 07 "
 
133 RTH 4 

134 $LBLc 2) 16 13 19r0
 
135 RCL' 36 06
 
136 RCL 36 07
 

137 1 OJ
 
138 -45
 
139 STO0 35 00
 

140 	 140 + -24 " 

141 RCLO 36 o0 
142 x -35 
143 RCL7 36 07 
144 -24 2o
 
145 1 o "
 
146 -62 

147 1 01
 
148 5 05
 
149 1 Ol -


ISO 	 150 8 08 _ 

151 x -35 
152 10" 16 33 
153 ST08 35 08
 
154 RTM 24 210
 

155 *L8LB 2)12
 
156 STOO 35 00
 
157 RCL4 36 04
 
158 -24
 
159 CHS -22
 

leo 	 160 1 0_ 
161 + 55 
162 RCL3 36 03 
163 x -35 
164 ex 33 _ __ 

165 RCLO 36 00 
166 x -35 . 
167 PRTM -14 _ 
1698 RCLH 36 08, 

LABELS 	 FLAGS UrT STATUS 
A P R B 

e3i. R&oi, m) e0 *.<) ..	 FLAGS Two aS 

1 2 3 4D2GE, ej 1 0 0 GRADO0 C0 'C' 

3 2 W8 I R 0D EN 07 - T _ 
1.1 	 3 0 0 n3 

0 
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"mgrm Description
 

P ogrpm M. --_~k, JYock geaw'YlneolCw~ 

2 

were Pis The pwten/al ctock, r!ipe, RQ Me corsudi) ,91f A/ IU/(V 

cc is an //a, a/ ei~~ - ''dep !ndelvt 7fo//4 9~an O4des of e. 

whov 'eP/Qcerl,;Y' a-6 dcza vc (,'.. -*e pe07 alwli~ A /6e cem l 
liaukr ,1e .j*o6 - m"11"nen/l eurye ) czsd j: 2v6e 9 /Ae pwn/ c,_ 

c'ite 0/ mc'"umr ~iv'e f 

7he f"/' o# cures andl 1he &/,,,A/'n/11 e r(ll//'_ XL4A1)/'6 )'a 
owme/od 0lI~ed A4 C'7,.i- ?I, ?8 tgwh4.4Lou/Id he ccvisulled 

dewsandal -$- ~,ier)~$ 

-pwvmo2iomfarea 8__albned at.aorI7 



User Instrutlons 
1SCHAEFER A41D FOWRODUS. 

STEP INSTRUCTIONS INPUT 
DATA/UNITS 

I~~~~~ 	 _ _ 

I En/er co/ch-ond-eVfort dot 	 rcok, 

_ _ _,. 
.3 fernove err-aeoud'exvd~17 

C//A FE MODEL 
_ _ __ __ _ _ _ _--

AlP/ob o/ Ct on/I _ __ 

___ I oil 

/ et 0 o,7d RS Y 

6 Co/eu/ol Colch fo- onr0ler/ I ,e,tb e,orrl -

FOX AIOVEL 
______________________________I 

7k/~ol ot /In C/fl ont 	 _ 

8 Opto0170f Y 

q Co/c.,/a/e coicl, ir orv /e ,a ot w 	 ~I 

Fg ?6 

KEYS 

ln/a1e ~~lfLi 

L. 	 i]-

I:IiWi 
I _i] 

\i I___I 

t- I::I 

L ... .. --A-]o 
1 J L- -I 

Oi I- --

C 1 I. 

I .... 
. [ II 

It. II. .]H 1 

i _I -_ 


I Il__ I 

I 

Ii] [1777 

OUTPUT
 
DATA/NITS
 

ooo 

i 

61 

,ll 

, 
b 

t 

co/d 

b
 

oc 

285
 



010 

020 

030 

040 

050 
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Program Listing 101,,,2 
STEP KEY ENTRY KEY CODE COUEIUTS STEP KEY ENTRY KEY CODE COmM TS 

001 001 *LBLa 21 16 II 057 SPC J6-jl

- 002 CLRC 16-53 - 058 RCL8 36 08 

003 P.S 16-51 - 059 RCL4 36 04
 
004 CLRG 16-53 -oo 060 RCL6 36 06 
005 CLR -51 - 061 x -35
 
006 Rrh 24 - 062 kCL9 36 09
 
007 eLOLA 21 It - 063 ,24
 
008 STO0 33 00 - 064 -45 
009 -24  065 E14Tt -21
 

10 sra 35 Of - 066 EHTt -21
 
all LH 32 . 067 RCL4 36 04
 
012 STO2 35 02 - 068 X2 53
 
013 RCLO 36 00 - 069 RCL9 36 09
 
014 ST.4 35-55 D4 - o0 - 070 
 -24
 
0!5 N' 53 - -071 RCL5 36 03 
016 ST5 35-55 05 - 072 
 XY -41
 
017 RCL? 3602 - " 073 -45
 
018 STf6 35-55 06- " 074 -24
 
019 He 53 - 075 ST08 35 12 

ST+7 35-55 0? - 076 x -35 
021 RCL2 36 02 - 077 RCL6 36 06 
022 RCLO 36 00 - 078 W2 53 
023 x -35 - 079 RCL9 36 09 
024 ST8+ 35-55 08 
 oo 080 -24 
025 1 -- 081 CHS -22
08 RCL7 36 07026 STf9 35-55 09-


083 + -55
 
027 RCLJ 36 01 

084 -24 028 RCLO 36 00-

029 J+ 56  085 PRTN -14 

oW3 - RTH 24 - 086 19 "'- delele to
 
031 tL9LB 21 12- 087 RCL8 36 12
032 Soo 35 00 - 088 x~v -41- obian AM 
033 -24 - 089 -24 
034 ST01 35 01 - 5o 090 STOB 35 12 
035 LN 32- 091 PCL6 36 06 
036 ST02 35 02- 092 RCL4 36 04 
037 RCLO 36 00 - 093 RCL8 36 12 

038 ST-4 35-45 04 - - 094 x -35 
 -

039 X2 53-
 095 -45

ST-5 35-45 05  096 RCL9 36 09
041 RCL2 36 02 - - 09 -24 
042 ST-6 35-45 06  098 SOA 35 11 

- 043 X2 53- 099 PRTU -14 
044 ST-7 35-45 07

too 100 RCLB 36 12 
045 RCL2 36 02 

101 PRTX 
 -14 
046 RCLC 36 00- 102 PS 16-51
047 x -35-- 103 RTH 24 
048 ST- 3545 08 - 04 4LBLe 21 16 15 
049 5 01 ---
 10 SPC 16-J 

ST-9 35-45 09 106 RCL9 36 08

05 051 RCLO 36 00 - 107 RCL4 36 04 

RCL4
052 RCLI 00?356 - 04
108 RCL6 3636 06
 
053 - 1656- 109 x -35
 
054 RTH 24 Ito 110 RCL9 36 09
 
055 tMLLE 21 Is III - -24
 
056 PTS 16-51 -- _11 - -45--


REGISTERS = 
 =0 used cUed1 2 w 3 F0X , 55 6'34 Y 7 2 8 y 9 r 

so is [24 S5 % SO r7 S) S9 
In!T 
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Pram Listing ,1,W, 
STEP KEY ErY KEY COOE COmUon SW KEY ENTRY KEY CODE COMNm h 

113 EOT? -21 169 KTH 24 
114 ENT -21 7- - 170 9OLD 21 14
115 RCL4 36 04 171 SPC 16-11
116 pe 53 172 RCLA 36 J1 
117 RCL9 36 09" 173 RCLB 36 It
118 -24 174 CHS -22
113 RCL5 36 05 175 2 02

120 	 J20 nN -41 176 x -35
121 - -45 177 -24-
J22 -24" 178 PRTX -14
123 STO8 35 12 179 RCLA 36 11
124 A -35- 120 Xt 53 
J25 RCL6 36 06 181 RCLB 36 12
 
126 X2 53" 182 4 04
 
J27 RCL9 36 09" 183 x -35
 
J28 - 184 -22
-24 CHS 

J29 CHS -22 185 - -24
 

130 130 RCL? 36 0? 186 PRTX -14
 
!31 + -55 18 RTH 24
132 -24 188 *LBLd 21 16 14
133 PRTX -14 189 RCLB 36 12
134 rX 54 190 190 J/w 52
 
135 RCLB 36 12 dle/ic 4p 191 CHS -22
 
136 HVY -41 0b-in AM 192 SPC 16-If
 
137 _ 	 193 PRTX -14
"24 

138 STOS 35 12 ,? l .194 RCLA 36 1l
 
139 RCL6 36 06 195 1 01

140 	 140 RCL4 36 04 196 - -45
141 RCLB 36 12 197 ex 33
 
142 x -35 198 RCLB 36 12
 
143 - -45 199 ; -24-

J44 RCL9 36 09 	 200 200 CHS -22 
145 -24 201 PRTX -14
146 STOP 35 11 202 RTH 24
 
147 PRTIX -J4
 
148 RCI.B 36 12
 
149 pTX -14
 

T5-	 150 RTh 24 
151 *LBLC 21 13 
152 STOO 35 O0 1 
153 RCLB 36 12 
154 x -35 210 
155 RCLA 36 11 
156 + -55,
157 RCLO 36 00
 
158 x -35 .... 
159 RTH 24
 

160 	 160 sLBLc 21 16 13

161 FTO0 35 00
 
162 RCLB 36 12
 
163 x -35
 
J64 RCLA 36 II -20
 

165 + -55_
 
166 ex 33 _
 
167 RCLO 36 00_
 
168 x -35 1 

LABELS 	 FLAGS SET STATUSA B c %y, f Ea
,W dato Bn ;0,' C4fC1kAP~d 4 ____0 FLAGS TRG WUp
abc 	 d I ON OFF 
mit olige o o 	 0 i5 DEG M FIXS9c cakl , 	 0_f__ __

1 2 3 4 2 1 0a GRAD 0 SCI [ 

2 0"1 W RAD 0 EMG E3S9 	 3I -__ 13 0 1 0 n= 
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Pnogram Deserlpdlon 

ch0e/nr o.1. foadg
 
Lk'iel A5;WV 


PipmT -- 0',10 x-

DO 
Adda -lJC LAP.M, M4CC P.OP. box /670/ 
-----.---- , -? fOOfi,#k AMfwMa',ulo Ph/i' 

Progrm Dna% ipe qutne, VwAwem, etc. IV'he,, 0 fshr iS inleuA'u~,dr)U il 
.ran 'e be/ o' xrpotoic/"ncti., p/ gffor. e.

/h/q e//od, i.AOXim,&M7 
OWN/641!aen o,/nwf 

where 0 r-4*/of ad s 1d6 d'"Ss/u1nx* 
p/a- /~)cn.6'ei~odon~ 

ond 
fopt. .. 5) 

The yaluye; ofhe con /0,7/S aV'6 0r- rWIW//Y a~la.rn'd h5 ,o#;7 c 
L010 'e /lh/trcep flepae, mroev4~rl s"efot1h~bb,~ anal 1e 

J,:mear lrmjison (;Phe madel S f wMreizion;~cer ~~,
ac:ed hee a 9dI 

JWhm /7 c/f ic 1p/o f/ed 0/1 7, yileld cure so6/a'i7ed At')h has h6e Arm~ 

Y' fO. e &1,4) 

wihIY 0 'b and fopt 5), 6)~ 

-ad wheie-a n ore he ii-dcept ad r/ope, vspech /l , fr 614 
117ieress'I.on 01 In ell on/ (Jcche/e,r /96,', 5-., /910/ Xlckcr Mfjj 

Operatin Umfta an WaWnnp Ihe mode/s are £.6ed on 14e c~m~n~#
LO11qf4__pqnd qield fXqmres are ,- o;" 0 01//"wed. a/hev ,v/s A cac.', 46,as. 

"S/-O7t7e 1y ch4n 9ec 6 t//ald (/'lf)&fuebkod "*ioOn /e ,7e//oii (tve r 

- he reml'uI/ ba.elAere w& ad/>i 4rl! /( f#vm 7ose o,6171,ed 4,sry 15' 0,0,,W 
eopnon fifrey "sin 

http:117ieress'I.on


User Iflstrtwelons
 

STPINSTRUC1iONS OTIUNTS ESOTU 

I Enter-ikLpoi01r df co -ndfr t doia 
ond i>,dio /4re 

Fnter recond ond ollowi/.y dofo w4-is 

3. CO/CU/ole d2 O-Nd COVtI-Cien& or 

r 
-

____ 

C 

c 

____[/1 

I][I
[1]LI 

[1 I 

~I 

Ltiw b 

A5 ESimoie code.ch qn(amehw of elrl oy] 

_~~- UII[II 

E_ -AILEIZD 

______ ___ ___ ___ __ ___ ___ ___ _ L I289I 



010 

020 

030 

040 

050 
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Program Lising (,=,2 
MP KEY ENTRY KEY I06E COMMENS STEP KEY ENRY KEY COOE COMM 

001 	 001 *LkLc 21 L6 11 057 Kt 53 
002 CLRG 16-53 058 ST#6 35-55 06 
003 STOA 35 11 059 RCLE 36 15 
004 R4 -31 060 RCL0 36 J4 
005 STOC 35 13 061 x -35 
006 RCLA 36 11 062 ST4J 35-55 O 
007 -24 063 RCLO 36 14 
On sTo0 35 12 064 RCLI 36 46 
009 CLX -51 065 x -35 

010 RTN 24 	 066 STi2 35-55 02 
01.1 tLOLA 2J 11 067 RCLE 36 1 
012 STOE 35 I5 068 RCL1 36 46 
013 R4 -3 069 x -35 
014 5TOO 35 J4 070 070 ST*3 35-55 03 
015 RCLE 36 15 071 1 of 
016 . -24 07: STIO 35-55 00 
017 STOI 75 46 073 RCLO 36 00 
018 RCLB 36 12 074 RTH 24 
0)9 + -55 075 eLBLE 21 15 

2 02 076 SPC 16-1I 

021 -24 077 RCLO 36 00 
022 P'S 16-51 078 RCL4 36 04 
023 5TO0 35 00 079 x -35 
024 RCLE 36 15 o60 080 RCL7 36 07 
025 RCLA 36 11 081 X2 53 
026 4 -55 082 - -45 
027 2 02 083 STOD 35 14 
028 -24 084 RCLO 36 00 

029 STO 35 01 085 RCL3 36 03 
Wo RCLI 36 46 086 x -35 

031 RCLB 36 12 0b/ RCLS 36 08 
032 -24 088 RCL9 36 09 
033 LN 32 089 x -35 
034 ST02 35 02 oo 090 -45 
035 RCLE 36 15 09! x -35 
036 5TOA 35 11 092 STOC 35 13 
037 RCLO 36 14 093 RCLO 36 00 
03n s-oc 35 13 094 RCLI 36 01 

039 RELI 36 46 095 x -35 
040 	 TO8 35 12 096 RCL7 36 07 

041 RCL2 36 02 097 RCL8 36 08 
04P. TOI 35 46 098 x -35 
043 RCLI 36 01 095 - -45 
044 STO0 35 14 w" 100 STOA 35 11 
045 RCLO 36 00 101 RCLO 36 00 
046 STOE 35 15 	 102 RCL2 
 36 02
 
047 P"S 16-51 103 x -35
 
048 ST48 35-55 08 104 RCL7 36 07
 
049 12 53 105 RCL9 36 09
 

ST+5 35-55 05 	 106 x -35 
051 RCLD 36 14 107 - -45 
052 ST+7 35-55 0? 108 STO 35 12 
053 xg 53 109 x -35 
054 ST44 35-55 0) Ito 110 RCLC 36 13 
055 PCLl 36 46 111 Y:v -41 
056 ST+9 35-55 09 1I? - -45 

REGISTERS 
0 	 12 13 4 5 6 7 8 9 

so j6 erj, d r 	 S5 s 8,so S9 

usd ued weed 
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Program Lising 
STEP KEY ENTRY KEY CODE COMmENTS TEP KEY ENTRY KEY C(OE commn 

113 RCLD 	 1 RCLA 36 F36 14 169 
114 RCL0 36 007 - 170 PRTX -14 
115 RCL5 36 05 171 RCLB 36 12 
116 x -35 172 PRT -J4 
117 RCL8 36 08 173 RCLC 36 13 
1t8 )(t 53 174 PRTX -14
 
119 - -45 175 RTH 24
 

120 120 x -35 176 sLGLe 21 16 J5
 
121 RCL4 36 11 177 SPC 16-1i 
122 X2 53 178 RCLh 36 1J 
123 - -45 179 PRTX -14 
124 - -24 100 190 RCLB 36 12 
125 STOC 35 13 181 CS -2Z 
126 RCLB 36 12 182 PRTX -14 
£27 RCLA 36 11 193 RCLC 36 13 
129 RCLC 36 13 184 RCL8 36 12
 
123 x -35 185 x -35
 

130 	 130 - -45 186 RCLA 36 11
 
13J RCLO 36 14 187 * -24
 
132 - -24 188 1/x 52
 
133 STO8 35 1? 189 PRTX -14
 
134 RCL9 36 09 T9o 190 STOO 35 14
 
135 RCLC 36 13 191 RCLA 36 11
 
136 RCL8 36 08 192 RCLB 36 12
 
137 x -35 193 CHS -22
 
138 - -45 £94 = -24
 
139 RCL8 36 12 195 z 02
 

140 	 J40 RCL7 36 07 J96 -Z4
 
141 9 -35 197 PRT8 -14
 
142 - -45 198 CSBC 23 13
 
143 RCLO 36 00 199 PRTX -14
 
144 -24 2 - 200 RTH 24
 
145 STOn 35 i1t - 20J tLBLC 21 13
 
146 RCLS 36 09 	 - 202 T01 35 46 
147 x -35 203 RCLB T6 12
 
148 RCLB 36 12 204 x -35
 
149 WCL2 36 02 - 205 RCLR 36 11
 

s-o 	 150 x -35 - 206 -2,1
 
15) 4 -55 - 207 1 01
 
152 RCLC 36 13 208 -55
 
153 RCL3 3 03 209 RCLO 36 14
 
154 '35 210 210 x -35
 
155 * -55 " 211 RCLB 36 12
 
156 RCL9 36 09 212 x -35
 
157 X2 53 213 CHS -V
 
158 RCLO 36 00 214 RCLI 36 46
 
159 -24 215 x -35
 

T-' 	 160 - -45 216 RTN 24 
161 RCLG 36 06
 
162 RCL9 36 09
 
163 )' 53
 
164 RCLO 36 00 220
 
165 -24
 
166 -45
 
[67 -24
 
168 PRTX -14
 

LABELS _____ LAGS S~ET STATUS 

do______ 	 *uR.o,d _ ___ FLAGS TRIG DIP1 
a *.h lb c d I ON OF

ini ______ _ _ _ 0_ a DEG 09 FIXEHolize 	 &_ o d 
6 12 3 4 2 1 0 x GRAD 0 SCI r 

5 6 2 l M RAD 0 ENG 0
1 	 3 0 n=3 
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"mm Demerlptlon 

ftogr.nrwe-_ Jch/iule ',r~ Yiel ,looe/
Namu Van/vel Poa4' Date u.e0st 19BR 
Address -.1 AR/ , ~ A' . &K/1501 

-- f ,ol Aflro Aola~o ,pbl ; IIies 

Prgm Descipton, Equations, Varlables, etc. S&h'74le (1977) de'Nowl/ra/ee 1hal 9/#e/ 0 
- ' e. 0~e/e el/ore (/.).- Y~ala , eeer&a/C0/ea/h (C )70rn'- 'kl 
roeo' moromeers coli he eslt-no/edIv l,.e mau/4p/e Ivyess/o,7 

-- - ,neoi per el/od' 1;7/ 0 / ren %94r1)whee Uis Ae .eole iba 
,,_e_, g and M6e lerm r, 43. hove been exll~wa/ed (as

1,'lercepl-_0170 PI/Oper of !,Ie re~rms'sion ,rorpec//ve/9) /e coh 
cpvui be es/i ma/edl.for any levlel 0/ ellov-1 (hVIZ/uuY ,p,)/r? 

2 

whieJ,,L.con be essl~e fo 

Schmw16- .(19 7?) 914'es- o nwnber o/ 0/*CP ejua//r- ero#' 
k~ fhl - nptjg/ej Ihe 0,-~/ p Pr .ho4,1od A- co 1 ra//1*om /'Mese. 

Operating Umfts and Warnings jree uPr.nede (/977) li;;,- /ah *' e m"Ooe/. 



User Instnictrons 

STEP INSTRUCTIONS INPUKEYS OUTPUT 

_DATA/UNITS KEYS DATAUNT, 

]nitioh,e F-[ =I- 0.000 
I __-- _] I-I 

Sfnlr eak. and z dota c I I---I
(or ca/ Ood Z/I< dola) Z [ [--
L- i 

_ _ ___-- LI_ 

3 fs/lmnak IP7am-err e.~,0-0 bolo____ 7 LI 

____L_ ] I_-l] b,, 
____ _ ![ LII 

4( To eyh'lnoe //.rhenv - rvl/o/ed va,1,Ve1 do___ j? F-0711 m 
_ __ -] 1I=-- z oP 

_-_[71-- F-II F., 

5 ____in do/o _r ___w_,,__. _,'_, __t, _ ___-17][--__-1] 7.z 
___ _____--.. 'Fs___M-0-7[T___ ___ ___ [ ..... _LI 

/NorR: ~I [1[--] 

hedn ZlK rol/es ,ere ti d , ad 1111] 
-! 1he Z Im/les , # e /r_ [ 17 -1 

S _LIL 

A" _ _- 11 

Off /pad/ (Nv, Zopt , Fo: ) c'e !eplacetl __ - ] 1 71 

-A esl*,nole/ MIl, Z , /K o,7,' i -1 1717] 

I a V/11 .ra..e. 

IF II -A 

__________ ___ L l 1----]
1293__--7][ __

__________77._ I-[7--]1C2-71 -71l 

293
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112)Program Listing 1o 
STEP KEY ENTRY KEY CODE COmmENT STEP KEY ENTRY KEY CODE COMMENTS 

001 	 001 fL8Lf- 2) 16 1] - 057 A 3 

002 CLRC 16-53 058 RCL7 36 V 
003 CLK -51 059 )t 53 
004 RTN 24 oo 060 - -45
 

005 LBLR 21 11 061 STOD 3514
 
006 EHIt -21 062 RCLO 36 00
 
007 Y2 53 063 RCL3 36 03
 

008 X42Y -41 064 x -35
 
009 	 Rt 16-3 065 RCL8 36 08
 

010 	 0JO R? 16-31 066 RCL9 36 09 

Oil STOC 35 13 067 x -35 
012 Rp 16-31 066 - -45 
013 STOB 35 12 069 x -35 
014 Rr 16-31 oo 07 srOc 35 13 
015 STOA 35 11 071 RCLO 36 00 
016 7 07 072 RCL1 36 O1 
017 STOJ 35 46 073 x -35 
018 RJ -31 074 RCL7 36 07 

019 GSI 3 0... 075 RCL8 36 08
 
020 8 08 076 x -35
 
021 STOI 35 46 077 - -45
 
022 RCLB 36 12 078 STO 35 H1
 
023 G581 23 0 - 079 RCLO 36 00
 
024 9 09 0 080 RCL2 36 02
 
025 sTOL 35 46 -08 x -35
 
026 RCLc 36 13 - 082 RCL7 36 07
 
027 G581 23 01 - 083 RCL9 36 09
 
028 RCLA 36 11 - 084 x -35
 
02 RCLB 36 12 - 085 - -45
 

030 x -35 - 086 STOB 35 12
 
031 ST-1 35-55 01 087 ) -35
 

032 RCLA 36 11 088 RCLC 36 13
 

033 RCLC 36 13 089 XM.Y -41
 
S034 x -35 ogo 090 - -45
 
035 5T-2 35-55 02 091 RCLO 36 14
 
036 RCLB 36 12 092 RCLO 36 00
 
037 RCLC 36 13 	 033 RCL5 36 05
 

094 	 x -_is"038 	 x -35 
039 ST+3 35-55 03 	 095 RCL8 3608 

z 

4o-	 040 1 0! 096 x 53
 

041 STfo 35-55 00 097 - -45
 
042 RCLO 36 00 098 x -35
 
043 RTH 24 099 RCLQ 36 11
 
044 *LBLI 21 01 100 e 53
 
045 ST+P 35-55 45 101 - -45
 
046 RCLI 36 46 - 102 -24 
047 3 03 - 103 STOC 35 13

048 - -45 - 104 RCL8 36 12 
049 SOI 35 46 105 RCL4 36 H 

75-	 050 R1 -31 106 RCLC 36 13 

051 Y2 53 107 K -35
052 ST4; 35-55 45 10 - -45
053 RTH 24 109 RCLD 36 14 
054 *LBLE 21 15 _o. _ 110 -24 

055 RCLO 36 00 II: STOB 35 12
 
056 RCL4 36 04 112 RCL9 36 09
 

REGISTERS 
13 	 567 z I ZK y0 ti '.xy 2 	 14 5 yx 6yZZI 8I Zx IZz 

SO S1 2 	 r S5 6 S7 SO S9 

A 	 01B C be D ed E AsfcS 
I IC 	 I = 
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Program Lising
 
MW KEY ENTRY KEY COOE COUM1ENT SUP KEY ENTRY KEY CODE COENTS
 

J13 RCLC 36 13 169 K" -35 
114• -115 RCL8 x 36 08-35 170 17011 P RIX -24-14 
116 
J17 
118 

-
RCLB 
RCL7 

-45 
36 J2 
36 07 

172 
173 
174 

RCLD 
CHS 

RCLC 

36 12 
-22 

36 13 

120 
119 
120 

r -35 
-45 

175 
176 

2 
x 

02 
-35 

121 RCLO 36 00 17? i -24 
122 
123 SrO 

-24 
35 11 

178 
179 

PRTM 
X.Y 

-14 
-41 

._ 124 RCL9 36 09 o 180 - -45 
125 
126 

x 
RCL8 

-35 
36 12 

181 
182 

PRTH 
2 

-14 
02 

;27 RCL2 36 02 163 x -35 
128 X -35 184 PRTW -14 

130 
129 
130 RCLC 

-55 
36 13 

185 
186 

RCLB 
X2 

36 12 
53 

131 RCL3 36 03 187 RCLC 36 13 
132 x -35 188 4 04 
133 # -55 189 x -35 
134 RCL9 36 09 190 190 i -24 
135 xt 53 191 CHS -22 
136 
137 

RCLO 
+ 

36 00 
-24 

192 
193 

RCLA 
4 

36 11 
-55 

138 -45 194 PRT -14 

74-
139 
140 

RCL6 
RCL9 

3C 06 
36 09 

J95 
196 

4 
x 

04 
-35 

141 Xg g3 197 x:v -41 
142 RCLO 36 00 198 Z-4 
143 -24 199 PRTM -14 
144 - -45 2- 200 RTH 2 -
145 -24 201 *L8L8 21 12 
146 PRTX -14 202 ENrt -21 
147 RCLA 36 11 203 X2 53 
148 PRT -14 204 RCLC 36 13 
149 RCL8 36 12 205 x -35 

15-0 ' 150 
151 
152 
153 

PRTX 
RCLC 
PRIX 
RTH 

-14 
36 13 

-14 
24 

206 
207 
208 
209 

VY 
RCLS 

x 
+ 

-41 
36 12 
-35 
-55 

154 #LBLe 21 16 15 210 210 RCL4 36 11 
155 
156 

RCLB 
x. 

36 12 
53 _ 

211 
212 

f 
RTlN 

-55 
24 

157 RCLA 36 I1 
158 RCLC 36 13 
159 ; -35 -
160 4 04 
161 x -35 
,u2 - -45 
163 Ix 54 
164 RCL8 36 12 220 
165 CHS -22 -
166 4 -55 -
167 
168 

RCLC 
2 

36 13 
02 

_ 
1 rE 

Ae, Z -. BZ.-a- c c 
LABELS 

, 0 
FLAGS 

FLAGS 
SET STATUS 

TRIG DOW 
a.in 
0 

. Ibovit Ic 

2 

dI 

3 
.04f, ?%!Zek 

2 1 

ON OFF
0oIll 
0O 

DEG R 
GRADO0 

FIX 
SCl 

M 

5i 7 i 23 00- 0CMl RAD 0 ENGO1n=_j 
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Pmognu Deseription
 

i.wmTw Coddq &r model-cqs're~o, 

-dd..IARM, ,4ICC P0 t~ox i
 

.- Moko/ll* e/ro Alonilo h/,oz,,s
 

prolpam DsscrpaanEqu&itOnnmvwm~aN ,_ 717 11:1xr~m o/a aTix cach oq 'a.orolo/i 
- Q.~A~nfm/4O/ In/to/ moarzal or 

Onee 6 a, 	 c hai-e been es/irnoed lor~~~,aro*7eer -s/. ;,he2 'r 
Catn.Ones//;Va led, e.ke " 

717s'r,,'e_,t~c, ws 	.- posed AV CcsirA'e ma Coa ' 3)oa~~/$ 
-- vn~/e CO/,kk4' Oa-eOA(S ,a-O~ne/er Wh/eto (6.9. i7eqlalfV WI/ve C,' N1). ! 

Yho/d/leV/cT be Rsedy 1.Cnu174Mf ae ndcs ,7.6 
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User Insinions
 

STEP INSTRUCTIONS 	 INPUT KEYS T OUTPUT 

OATAITS jDATAAMMT 
__06GIJTIC GROWTH4 CURVE I [I 

I7 Inihi/iee ond,erwe.- &F [17] j- o* ooo 

2 [n/ei Rie ves rKI 

3 	 emos'e ermloasu 06, iII[Iv/s 	 EfA'41 

041Ccsde values of r? '% oa 	 [71a71F-;~F___ 

5 	 fsb//o-e ya/tmee 8Ze "~vn o po/ue e/ ___ i,]I 

FAIRICIL [QUA froV OF BZ11&64IS I I 
/ ~ 	 (/97S?') ___ El 

_ __ _ _ _ _ _ _-L ] LI]1 
~~b'*,Wh 0nazw,Cl Aof ac/u/k,fll , 	 [1 L1 

Whenu~ci~~v~raf~jpI/h~ 	 --A-I 1111 

datoffm ~ - - Iriw ~ x~r.',~i, _______ Lil2[17 
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Program Listing
 

STEP KEY ENTRY KEY CODE STEP KEY ENTRY KEY COOE STEP KEY ENTRY KEY CODE 

001 001 4LBL& 21 16 J1 038 2 53 075 RCLC 36 13 
002 CLRC 16-53 039 RCL9 36 09 076 x -35 
003 PS 16-5 040 - 077 CHS -22 
004 CLRC 16-53 041 RCL5 36 05 078 RCLA 36 11 
005 STO 35 12 042 XVY -41 079 + -55 
006 
007 

CLX( 
RfI" 

-51 
24 

043 
044 

-

-
-43 
-24 

-D 090 
081 

ex 
1 

33 
ol 

008 *LBLA zi 11 045 ST03 35 03 082 + -55 
009 STOG 35 O0 046 x -35 083 RCL8 36 12 

010 010 1.VY -41 047 RCL6 36 06 084 XIY -41 . 
01) RcL 36 12 048 X 53 085 4 -24 

012 YV -41 049 RCL9 36 09 086 RTH 24 
013 -24 0 050 4 -24 087 *LdLD 23 14 
014 1 o 051 CHS -22 088 SF2 16 21 02 
015 
016 L N 

-45 
3Z 

052 
053 

RCL7 
* 

36 07 
-55 o w9 

089 
090 

CTOp 
RTN 

22 11 
Z4 . 

017 RCLO 36 00 054 -24 091 *LBLe 21 16 15 
018 F2? 16 23 02 055 PRTx -14 092 -62 

019 GTOb 22 16 12 056 RCL6 36 06 093 2 02 
020 Z# 56 057 RCL4 3 04 094 6 06 
021 RTH 24 058 RCL3 36 03 095 CH5 -2? 
022 #LBLb 21 16 12 059 X -35 096 Yr 31 
023 Z- 16 56 060 060 - -44 097 9 09 

024 RTN 24 061 RCL9 36 09 098 -6? 
025 *LBLE 21 15 062 -24 099 1 01 
026 P.S 16-51 063 STOn 35 "100 - 100 3 03 
027 SPC 16-11 064 RCL3 36 03 [01 A -35 
028 RCL8 36 08 065 CHS -22 102 RTH 24 

030 
0?9 
030 

RCL4 
RCL6 

36 04 
34 06 

066 
067 

PRTX 
STOC 

-14 
35 17 

031 x -35 068 P'S 16-51 

032 RCL9 36 09 . 069 RCLA 36 11 
033 -31 070 070 VY -41 

034 - -- 071 -24 

035 ENTt -21 072 PRr -14 

--
036 

--037 
EHTt 
RCL4 

-21 
36 04 __--

073 RTH 
--074 *LBgLC 21 

24 
13 

110 

LABELS FLAGS SET STATUS 

Be wrcB r! ,, , .0 FLAGS TRIG DISP 
a 

0 

b 
f. 

c
I 

2 

d 

3 

e 

4 
__ 

ON OFF 
0_oQO 
1 02 9M 0 

DEG 
GRADR D 

9 
1111 

FIX 0 
SCIOENG 0

67 8 3 
1 _ 

; 
3 001 

RA 

REGISTERS 
0 1 2 3 4 5 6 7 8 9 

SO 

A 

Si 

B 

S2 

.o 

S3$4 

A. dIc I ,'"IZ"y, 

S5

J 
S6 

Z y E 

S7 $8 

I 

S. 
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User Instructions 
Y/f,,zX fROM TWO 111VrMCT1,V6 Xff /l rSf.

a7 
DATA/UNrITKEY OTPUTTTRUCTIONS 	 INPUT KEYS DATAAMMET 

SLI ---1I Infer 	 ccnstont: a L,Io Li[ i-] 
___ ___ __ __ b I LEilWF 

e 	 Frv- - 4 

__ 	 I 1171]"
C0 

F2 Co/c0/ole nod q ( ot ,)'n/'e. i es jq [-6 

IE[ ]LII 

Enl.-	 lorl~gvalee e r-0-1 
3 Co//ol,Ie 	 Fe(op), and F Copi) o~d ASY: [ ][ I 

_--I 
__ 	

l]
__ _ __ _ 74o11___AF__r0411 _

&7/,e, /o,/,79 ,,ale of 4 	 ' L I-a[-1 
Sir 	 I 
I C[ -l
 

_ __ __ 	 _ _ _ _ _ _ _ -7-7[-II ,,,] 

jn/r F ndfl1'[-L-] I-] , 

___ [I -] 1117]-- J 
_ _._ _ _I__-__ __iil L--i-J 
_____ I -.II.JW._
 

______ _____, _____ __,____,___[:-II .... 11]
 

oI--III] 	 L--I 
~o.e _sp 'e [111] [_WI]

IIA~o/d e~ I-2I I--1 

L!1 11 	 1 

____ - -III--- 1 
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005 

010 

015 

020 

025 

030 

035 

040 

045 

050 

055 
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1,01,,,.2Program Listing 
TE KrEY E EY OO cOMM S STV KEY ERY KEY CODE cOmmeNTS 

001 001 LBLs 21 1611 037 GSB 23 15 
002 5709 35 09 058 WS -22 
003 Ri -31 059 PRTX -14 
004 ST07 35 07 o60 RIS 51
 

*LBLc 21 16 13 061 *LBLE 21 15
 
006 0 05 062 RCLA 36 11 
007 STOI 35 46 063 RCLJ 36 O 
008 RCL7 36 07 064 9 -35 
009 2 02 065 RCLI 36 Of
 

0lo -24 066 X2 53
 

01 ST07 35 07 067 RCLB 36 12
 
012 ASS 16 31 068 x -35
 
01 RCL9 36 09 069 -45 
014 X)Y? 16-34 070 070 RCL2 76 02 

GTOb 22 16 J2 071 RCLO 3d 00 
016 rLBLO 21 14 072 5e -35 
017 0 00 073 RCLI 36 Of 
018 ST05 35 05 074 9 -35 
019 *LBLC 2J 13 075 STOC 35 13
 

- 1 01 076 4 -55 
- 021 RCL5 36 05 077 X(0? 16-45
 

- - 022 + -55 
 078 F2 16 21 02 
023 ST05 35 05 079 5704 35 04 
024 CSBE 23 15 0 080 RCLO 36 14 

RCL6 36 06 081 RCLO 36 00 
026 X.Y "41 082 x -35 
027 5T06 35 06 " 083 RCLO 36 00 
028 Y)Y? 16-34 " 084 H' 53
 
029 CTOo 22 00 " 085 RCLE 36 15
 

030 RCL7 36 07 - 086 x -35
 
031 STIf 35-55 45 087 - -45 
032 GTOC 2?.13 088 RCL3 .603 
033 418LO 0 00 089 RCLO 36 00 
034 RCL5 36 05 Ingo 090 x -35 

3 03 091 RCLi 36 01
 
036 WAY? 16-35 092 x -35
 
037 GTOB 22 1" 093 S108 35 09
 
038 RCL7 36 07 094 f -55 
039 C14S -22 055 W1O? 16-45 

5T07 35 07 096 SFi j6 21 o 
041 GTO0 22 14 
 097 P*S 16-51
 
4? 9LBL8 21 12 
 09L STO0 35 00 

043 ISZI 16 26 46 - 9 P:5 16-51 
044 RCI1 36 46 100 100 FO? 16 23 00 

2 02 101 RTH 24
 
046 X=Y? 16-33 - 102 RCL4 36 04 
047 GTOc 22 16 1" - 103 t -55 " 
048 C70D 22 14 104 CHS -22 " 
049 *LBL6 21 16 12 "05 RTH 24
 

RCLI 36 45 IO dL6L 21 If
 
051 PRTX -14 107 SPC 16-11
 
052 ISZI J6 26 46 108 STOI 35 O1
 
053 1 o1 109 CFI 16 22 01
 
054 RCLI 36 46 "10 110 SFO 16 21 00
 

WY? 16-35 111 GSBE 23 15 
056 GTOb 22 16 12 _t2 U- CFO 16 22 00 

0 F I Fp C 13 C 4 5 7 8 9 
127ed Wed ee 7"L 

so We 82 49 68 

° ° A bI C - -d IE d !' usd I 
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Program Listing (,3t , 
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

113 FZ? 16 23 02 
11. CTOI 22 O _ _0 

15 Fl? 16 23 0f 
116 GT03 22 0 
117 RCL4 36 0 
118 X<O? 16-45 
119 CLX -51 

120 120 PRIX -14 
121 P4S 16-51 
122 RCLO 36 00 
123 P S 16-51 
124 XD? 16-45 18o 
1Z5 CLX -51 
126 PRIX -14 
327 + -55 
128 PRTX -14 

- 129 RTH 24 

,30 130 *LBL3 21 03 
131 RCL4 36 04 
132 RCLC 36 3 
133 - -0I 
134 X<O? 16-45 -eo 
135 CLX -51 
136 PRIX -14 
I7 0 00 
138 PRIX -4 
138 9X4y -41 

140 140 PRT -14 
141 RTH 24 
142 *LBLI 21 O 
143 Fl? 16 23 01 
144 GTO2 22 02 - 2 
345 CLX -51 

146 PRTX -14 
147 P S 16-51 -

148 RCLO 36 00 
149 PS 16-51 -

ISO 150 RCLB 36 08 
151 - -45 -
152 W<O? 16-45 
153 CLX -51 -
154 PRTX -14 - 210 
155 PRIX -14 
156 RTM 24
157 *LBL2 21 02 " I 
158 CLX -51 -
159 PRTX -14 -
160 PRT8 -14 
161 PRTX -J4 -

162 RTH 24 -

LABELS FLAGS SET STATUS 
A Yj BC 

asd used wed E Ce 
_____IFLAGS TIGo D9SP 

-,MSY 

0 d 

5 

b 

12ued0 

c 

7 

d e Ii 
2 

_ =_ 

I ONOFC0 01 00 DEG 
I1 1 S GRAD 
2 W M1 RAD 
3300 I 

9 
0 
0 

FX
FIX 
SCl 
ENG 
=Z 

0 
0 
0 
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Program De~mrptlon 
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Appendix IIM. Use of Calculators Other Than HP 67/97 

In this Appendix, a brief discussion is presented of the suitability of the models included in 
Chapters 1 to 12, and of the Programs FB 1 to FB 30 for implementation with calculators other 
than the HP 67/97, specifically the HP 65, HP 41C and HP 41CV of the Hewlett-Packard Company,
TI-58 and TI-59 of Texas Instruments, Inc. and miscellaneous other scientific 'mlculators. 

HP 65 

Wholesale conversion of the programs in Appendix II for use on a HP 65 is possible only in the 
case of rather short programs (e.g., FB 14), using about half or less of the memory available on the 
HP 67/97. In some other cases, the sequential approach discussed under "miscellaneous calculators" 
may be applied (see below). 

HP 41C AND HP 41CV 

Programs FB 1 to FB 30 have been found to run on an HP 41C without modifications in most 
cases; all tests were performed using pre-programmed HP 67/97 program cards and an HP 82104A 
Card Reader. When such a card reader and/or pre-programmed cards are not available, conversion 

f the programs in Appendix II can be performed using the selection of translated keystrokes in 
Appendix Table III.1. 

Experienced users of HP 41C/41CV may also wish to use the large amount of memory available 
in these calculators to improve on the programs presented here, some of which had to be condensed 
(and thus rendered less user friendly) to fit into the limited memory space of the HP 67/97. 

TI-58 

This model uses an "Algebraic Operating System" (.AOS) as does the more advanced TI-59,
which is radically different from the "Reverse Polish Noiation" (RPN) implemented on HP calcula
tors. The difference between AOS and RPN renders direct translation of HP programs into TI 
"language" particularly difficult. For this reason, a short program is presented in Appendix Fig.
I11.1, which, according to its author (Hoyer 1983) allows the running of programs written in RPN 
on TI-58 (and TI-59). The following paragraphs are a translation (from German) of the comments 
published along with this program. 

"This program simulates on TI-58/59 the RPN as used on HP calculators. The necessary func
tions which operate the stack are defined by the keys A to E, as follows: 

A = Enter 
B = Clear stack 
C = Roll up (t) 
D = Roll down(4) 
E = Last X 
Addition, subtraction, multiplication and division are performed via SBR+, SBR-, SBRX and 

SBR- , respectively. The use of the TI's T-register to simulate the HP's Y-register makes it possible 
to use tests such as X=Y?, X > Y?, etc. This allows for even large RPN programs to be used with 
TI calculators after only small modifications". 

TI-59 

Users of the more sophisticated TI-59 have, in addition to the possibility of using the prograw
in Appendix Fig. III.1 the option of using a "RPN-simulator", available as a "Solid State Module" 
from Texas Instruments, Inc., which, when plugged in a TI-59, translates RPN programs (from HP 
65 and HP 67/97) into AOS-compatible keystroke sequences. The very comprehensive manual which 
comes with the "RPN Simulator", gives all necessary details on the conversion. The memory avail
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Appendix Table 111.1. Guide for the conversion of HP 97 keystrokes to HP 41C/41CV functions (shortened from Anon. 19 7 3)8 

HP 97 HP 41 

fCLF 0 [moo 
f CLIF I EM01 

fCLF 2 r 02 

fCLF 3 EI 22 
fCL REG [' R -

DSP 0P 

DSP1 E 
............ 


DSP 9 7D5P9 

f F? 0 FS? 00 
f F? 1 F ? 01 

f F? 2 E-FI-02 

f F? 3 ?22 

FIX [ 
GSB 0 0000.... 

...... 

GSB 9 XEQ 00 

GSB A E-Q 10 

... ... 

GSB E XEQ 14 

GSB fa t6 15 
...... 


GSBfe EQ119 
GTO 0 TO 00 

.... 

GTO 9 G 09 

GTO A E = 0 

. ... 


GTO E 14 

HP 97 

GTG fa 
... 


GTO fe 

LBL 0 
... 


LBL 9 

LBLA 

LBLE 

LBLfa 

... 


LBLfe 

fLOG 
f LAST X 

fir 

fSTACK 


PRINT X 

f P-,S 

RL 
fRt 

f RAD 
RCL 0 

... 

RCL 
RCL A 
......
 

RCL E 


RCLI 

fS 

HP 41 

i 15 
... 


BI 19 

M oo 
... 


"LB-L'09 

F-L-B 10, -L-B- [A 

MEi 14, -O[-

OLE] 15, RE [j] 

... 


LBL 19, ] 

LOG 

[ 
UP- TK 

7 

I 
F or DN 
Eu 


RAD 
010j 00 

... 


09RC09 
RC 20 

ERCL 24
 

EKLI 25 

Q2 R 14,S-E V 

HP 97 HP 41 

f SF 0 EM 00 
f SF 1 F-M 01 

f SF 2 F 02 

f SF 3 22 
,_+ 14--+'
 

f Z- I 14,-'

fsin - 1  j or ASIN 

fSPACE ADV 

N/-x- or SORT 
STO + 0 ST - or-S-j- 00 
etc. for other stores and subtraction, multiplication 

and division 

STO 0 ST 00 

STO 9 Ii0 09 
STO A EM 20 

STO E 024 

STO 1 EjM25
 
fx 0?
 

...
 

f x <y? 

fX 14,
 

X2 E or F-2 
yX E--orY X 

aThis guide omits functions and keystroke sequences that are identical between both types of calculators, function and keystroke sequences which differ 

only trivially among themselves (e.g., GTO 0, GTO 1, GTO 3, etc.) and functions end keystroke sequences not used in FB 1 to 30. 
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Appendix Fig. mI.i. Program for implementing RPN on TI-58/59 calculators (from Hoyer 1983). 

000 76 LBL 029 76 LBL 058 76 LBL 
001 11 A 030 14 D 059 55 -
002 42 STO 031 48 EXC 060 55 
003 00 00 032 02 02 061 32 X:T 
004 32 XZ T 033 48 EXC 062 95 -
005 
006 

48 
01 

EXC 
01 

034 
035 

01 
32 

01 
XRf 

063 
064 

35 
32 

1/X 
xvr 

007 48 EXC 036 91 R/S 065 71 SBR 
008 02 02 037 76 LBL 066 95 -
009 43 RCL 038 15 E 067 76 LBL 
010 00 00 039 82 HIR 068 75 -
011 91 R/S 040 11 11 069 85 + 
012 76 LBL 041 91 R/S 070 32 X:T 
013 
014 

12 
25 

B 
CLR 

042 
043 

76 
85 

LBL 
+ 

071 
072 

94 
95 

+/
-

015 
016 

29 
42 

CP 
STO 

044 
045 

85 
32 

+ 
X571 

073 
074 

94 
32 

+/-
X!T 

017 01 01 046 95 - 075 71 SBR 
018 42 STO 047 32 X 'r 076 95 -
019 02 02 048 71 SBR 077 76 LBL 
020 91 R/S 049 95 - 078 95 -
021 76 LBL 050 76 LBL 079 43 RCL 
022 13 C 051 65 X 080 02 02 
023 32 X:i T 052 65 x 081 48 EXC 
024 48 EXC 053 32 X5T 082 01 01 
025 01 01 054 95 - 083 32 X!9r 
026 48 EXC 055 32 15T 084 91 R/S 
027 02 02 056 71 SBR 
028 91 R/S 057 95 -

able on a TI-59 should, moreover, be sufficient for implementing translated versions of most of the 

programs in Appendix II. 

MISCELLANEOUS CALCULATORS 

Various "scientific" calculators, notably by Sharp and Casio, are nowadays available on which 
the reader might consider implementing modified versions of (at least some of) the programs in 
Appendix II. Direct conversion of these programs will generally be impossible, however, both because 
of the limited memory which most of these calculators have, and because of the lack of branching 
and looping functions (GOTO, C DSUB, FLAGS, etc.). 

However, a number of the programs in Appendix II have a structure as in Fig. 111.2, which 
allows their sequential implementation even with simple calculators. Programs (FB 1 to 5, 11, 12, 
14, 17, 24, 25, 26 and 29) are in principle amenable to sequential implementation, along with a 
number of other programs (FB 6, 9, 13, 15, 16, 19, 21 and 23) which have an even simpler structure 
in which no linear regression is involved. These programs solve what are often lengthy equations by 
straightforward sequential computations, which also could be performed using a very simple scien
tific calculator and by tabulating intermediate results. 

The following books, a small selection from a large population and written for calculators of 
various types to supplement manufacturer's user's instructions should help in the conversion of the 
programs in Appendix .1 and more generally, in the efficient use of calculators: McCarthy (1976), 
Smith (1977), Bal 119'18) Green and Lewis (1978), Alt (1979) and Jarett (1982). 
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Appmridix Fig. IIL2. Bsic structure of several programs in Appendix H, showing how the computation involved can 
be als) performed step by step using programmable calculators with limited memory space (see text). 

Solution I Solution II
 
using a simpler calculator
 

using an HP 67/97 and tabulating intermediate
 
program results
 

enter available tabulate available
 
data (pairs) data (pairs)
 

transform variates functions for mosttransform variates 
and tabulate transformed transformations(e.g., by taking logs) 
values, keeping as many available on scien

digits as possible tific calculato.-s 

compute sums, sums of compute sums (I x, Zy) 
squares and sum sums of squares (Ex 2, Zy2 )

of products and sums of products1- (Zyx) 

all these linear regression 
operations routine available 
Sperformed _ on many

Iautomatically calculators
estimate slope

estimate slope 

and intercept and intercept using


o~f linear regression appropriate equations 

and sums 

compute values of compute values of
 
the parameters the parameters required
 

required from the from the slope
 
slope and intercept and intercept
 



List of Symbols and Their Definitions 

The list of symbolu given below corresponds as far as possible to the notation proposed by Holt et al. (1959), 
Holt (1960) and Ricker (1975). However, the need to accommodate numerous authors presenting different versions 
of the same basic models prevented the establishment of a rigorous, one-to-one correspondence between parameters, 
their symbols and their definitions. 

The symbols are arranged alphabetically. Given are first the small, then the capital letters, then the correspond
ing Greek le ters. Only the most common comblhation of symbol + subscript are given, because the possibility for 
permutation are too numerous. 

The page number(s) in brackets refers to first usage, or most comprehensive definition (in some cases, equation, 
table or figure numbers are given instead of, or in addition to a text reference). 

a 	 - intercept in an ordinary (AM) linear regression (p. 5) 
- intercept in a multiple linear regression (p. 38) 
- multiplicative term in a length/weight relationship (p. 5) 
- exponent in equations (4.2a) an (4.3) 
- area "swept" by a trawl per unki, of effort (p. 92) 
- parameter of a Ricker S/R curve (a - lna) (p. 134) 

a - intercept of a GM linear regression (p. 31)al, a2 	 - coefficient of intraspecific competition (Chapter 12) 

A - a statistic; see equations (1.2) and (1.3) (p. 178) 
- fraction of fish dead after time t (equation 5.4) 
- area inhabited by a stock; with the swept-area method, A is usually the total area included in the sur

vey, or a given stratum thereof (p. 92) 
- smaller mesh size in a gill net selection experiment (p. 13) 

AM - arithmetic mean; used to characterize "type I" or "predictive" regressions (p. 31)
AOS - Algebraic Operating System, used in TI calculators (p. 305) 

a1 - parameter of the "asymptotic yiel'i" model (p. 171) 
- density independentterm in Ricker's S/R curve (p. 132, 156)

d1 - density dependent term in Beverton and Holt's S/R curve (p. 132, 156) 

b 	 - exponent of a length-weight relationship (p. 5) 
- slope of an ordinary (AM) linear regression (p. 5) 
- a constant (p. 68) 

b - slope of a GM regression (p. 31)
 
bi - partial regression coefficient, i.e., one of several slopes in a multiple linear regression (p. 38)
 
B - biomass, or stock size in weight (p. 1)
 

- larger mesh size in a gillnet selection experiment (p. 13) 
Bopt - optimum biomass, i.e., biomass generating MSY (p 77, 139, 143) 
Bv - virgin stock size (- Gulland's B.) (p. 77, 138, .53) 
Bo - environmental carrying capacity for a given stock, in weight (p. 138) 

- symbol of the incomplete beta function (p. 119)
 
- density dependent term in Ricker's S/R curve (p. 132, 156)
 
- density independent term in Beverton and Holt's S/R curve (p. 132, 156)
 

c - the fraction LC/L., (p. 116) 
ca b - index of ecological similarity (p. 170) 
c/f - catch per unit of effort (p. 92) 
c.f. 	 - condition factor, i.e., a single number expressing a length-weight relationship when isometry is assumed 

(p. 	5)
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cm - centimeter
 
C1 , C2 - multiplyers for estimating Z and its standard error (p. 53, Table 5.2)
 

- interaction terms in Lotka-Volterra's equations and variants thereof (Chapter 12)
 
C 	 - catch, in numbers (p. 13) 

- parameter of the seasonally oscillating version of the VBGF (p. 37, Fig. 4.12) 
- multiplicative factor for debiasing recruitment estimates in Beverton and Holt's SIR relationship (p. 132) 

Ct - terminal catch, as used in VPA and cohort analysis (p. 100)
C2 	 - parameter in Powell's equation for estimation of Z[K (p. 70)
C (L1 , oo)- catch in number, from the lower limit (L1 ) of a given length class upward (equation 5.12) 
C.V. 	 - coefficient of variation, i.e., C.V. - X/ s .d.(xl) (p. 33, 36) 

d 	 - power of weight to which anabodism is proportional (p. 23, 24) 
d.f. 	 - degree of freedom, i.e., "real" number of cases available for testing a statistical hypothesis (p. 3)

1/i/dt - growth rate, in length, of an average fish in a stock (p. 37) 
dw/dt 	 - growth rate, in weight, of an average fish in a stock (p. 23)
dB/dt 	 - growth rate of a fish population, in weight (p. 138)
dN/dt 	 - growth rate of a fish population, in numbers (p. 163) 
dY/df 	 - increase of catch per unit of effort (p. 122)
D - gill "surface factor", a parameter of the generalized VBGF (p. 23, 24) 

- a measure of the "sensitivity" of the output to changes in the inputs of a given model (p. 23, 24)
A - any difference; examples are: 
AL - length increment, width of length class in grouped data (p. 79)
At - time difference, e.g., the time needed by an average fish to grow from the lower to the upper limit of 

a length class (p. 62) 
AL/At 	 - a growth rate expressed as difference equation (p. 45) 
AT 	 - a temperature difference, e.g., the difference between warmest (T.) and coldest (Tw) mean monthly 

temperature (p. 40) 
AS - size increment, when referring either to length or weight (p. 233) 

e 	 -- base of the natural (or Naperian) logarithms; e - 2.71828 (p. 12) 
E - exploitation rate; E = F/Z (p. 76) 

- subscript to express equilibrium, steady state conditions, or stable age population. Used explicitly in 
Chapter 10 only, however, equilibrium assumption implicit in many models presented in this book 
(see p. 69-70) 

Eopt - exploitation rate producing MSY (p. 76)
 
Et - terminal exploitation rate, as used in Jones' length cohort analysis (Table 7.7)
 

f - fishing effort
 
fopt - level of effort generating MSY (p. 140)
 
fo.1 - level of effort at which dY/df is 1/10 of its value when f is close to zero (p. 172-173)

F 	 - instantaneous rate of fishing mortality (p. 52)
 

- symbol of the F-distribution (p. 212)

FL 	 - Fork length; length of a fish when measured up to the central rays of the caudal fin (p. 31)
Fopt 	 - fishing mortality generating MSY (p. 76)
Ft - terminal fishing mortality, as used in VPA and co,.ort analysis (p. 100)
Fo.1 - level of fishing mortality at which the marginal increase in yield per recruit reaches 1/10 of the marginal 

increase computed at a very low value of F (p. 120., 121) 

- "pseudovalue" of an statistic; used with the jackknife (p. 178) 

g - gram (p. 6) 
- a coefficient of population decline; the opposite of rm (p. 163)

G* - bomass increase resulting from the growth of individual fishes; used in Russel's axiom (p. 1) 
GM - geometric mean; used to characterize "type II", or "functional" regression (p. 31) 

H - coefficient of anabolism, used in the derivation of the VBGF (p. 23) 
HM - harmonic mean (p. 132) 
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1 - symbol or subscript used for counting items; used here only in a few equations (particularly In Chapter

7) where the need for unambiguous definitions made its use necessary


I - Roman numeral, equal to 1; used to express age (year) groups (Table 4.3)
 

k 	 - coefficient of catabolism (equation 4.1) 
- proportion of fish above age tk in a stock of fish (p. 121, 122)
 

kn - knots - 1.852 km/h (p. 97)
 
K - "stress factor", a parameter of the VBGF (p. 23)
 

In - log., logarithn of base e (p. 13)
 
log - log10 , logarithm of base 10 (p. 5)

L - "length" of a fish, shrimp, etc. (length itself is defined differently, depending on what is measured, see
 

TL, SL, FL, etc.) (p. 5)
L - a length not smaller than the smallest length of fish fully represented in catch samples; used to compute 

U (p. 55) 
- mean length of fish, computed from L' upward (p. 55) 
- mean of two lengths, e.g., mean of length at tagging (L1 ) and at recapture (L2 ) (p. 33, Table 4.6) 
- overall mean length of fish in catch samples (equation 5.10)


LC - mean length of fish at first capture; equivalent to Lo of other authors (Fig. 3.1)

Li - length at the inflexion point of the generalized VBGF, when D * 1 (Table 4.8)
 
Lmax - maximum length reached by the fish of a given stock (p. 29)

Lmax. e largest size ever recorded from a given fish species (p. 29)
 
Lmin - smallest length represented in one, or several samples (p. 10)
 
Ln - lower limit of highest length class considered in computing L, from trawl selection experiment data
 

(equation 3.1)
 
'opt - mean length above L' in a stock maintained at MSY (p. 146)


L, - mean length at first recruitment (p. 68, 114)
 
Lt - mean length at age t (p. 23)

L,, - asymptotic length, i.e., the mean length the fish of a given stock would reach if they were to grow
 

forever (p. 23)
 
L(o. - preliminary estimate of Loo, obtained, e.g., through equation (4.16) (see p. 29)
 

m 	  number of fish marked (or tagged) for a Petersen population estimate (p. 91) 
m 1, m2 - proportionality constants in the Lotka-Volterra equation (p. 163)
M - instantaneous rate of natural mortality, i.e., of mortality due to all causes except fishing (p. 52)
M* - biomass of fish dying of all causes other than fishing in Russel's axiom (p. 1) 
MSY - Maximum Sustainable Yield (p. 139) 

n 	 - number of items in a sample, number of cases investigated, etc. (p. 6) 
- counter for items; similar in use to "i" (equation 3.1) 
- number of marked fish recovered in a Petersen population estimate (p. 91) 

N - size, in numbers, of a population (p. 91) 
- number of fish in a given size class of a catch sample (p. 60)

No - abbreviation for number (p. 10)
No - initial number of fish in a cohort (p. 52) or a population (p. 94) 

- total number of fish tagged and released in an experiment (p. 74) 
Nr - number of recoveries per time interval in a tagging experiment (p. 74) 
NT - number of fish at the end of a generation started with an initial number N. (p. 155)
No) - environmental carrying capacity for a given stock, in numbers; corresponds to B. (see under this symbol)

and to the parameter "K" in the ecological literature (p. 152) 

p - multiplicative factor in equation (4.2a) 
Po - percentage in gut of species i of food item j (p. 170) 
P - constant in equations (8.10) and (8.11) 

- probability of capture (p. 12)
 
- production (p. 53)
 
- parents, or parental egg production In S/R relationships (p. 129)
 

Pm 	 - parental stock producing maximum recruitment in a Ricker curve (p. 133)Pr 	 - replacement abundance of parental stock in a Ricker curve (p. 133) 
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P, - parental abundance in the virgin (- unexploited) stock (p. 133) 
Py - a predicted value of MSY, obtained for a developing fishery before catch-and-effort data become avail

able (p. 77, 153) 
Pi - first point, in a length-converted catch curve, that is included in the computation of Z; this point is by 

definition the first where, by definition, the probability of capture is 1 (Fig. 5.5) 
P/B ratio- production/biomass ratio, or "turnover rate" (total mortality) (p. 53) 

7r 	 - pi - 3.1415 (p. 38) 

q - multiplicative factor in equation (4.2b) 
- catchability coefficient; q - F/f (equation 5.38) 

Q - constant used in equations (8.10) and (8.11) 
- weight of prey consumed by predators; (approximately equivalent to M* in p. 1) (p. 170) 

r - correlation coefficient (p. 6, 31) 
2 
r - coefficient of determination (p. 6) 
r - coded number of a time interval in a tagging experiment (p. 74) 

rm - a constant of the logistic curve, interpreted as the intrinsic rate of natural increase when the curve 
describes the growth of a population (Chapters 10 and 11) 

rl, r2 , r3 - multiplyers used in yield per recruit equations (p. 115) 
R - number of recruits, as used in S/R curves (Chapter 9) 
R,1 - number of fish actually "recruiting" into the size groups availa 1e for capture (p. 114) 
1', - maximum recruitment predicted by a Ricker curve (p. 133) 
1. 	 - number of fish recruiting to the fishing ground (p. 114) 
R - weight added by recruitment in Russel's axiom (p. 1) 
R1 - multiple coefficient of determination (Table 4.1, p. 38) 
RPN - Reverse Polish Notation, used in HP calculators (p. 305) 

s.d. 	 - standard deviation of variates (p. 3) 
s.e. 	 - standard error of a statistic (p. 3) 
S 	 - fraction of fish surviving after time t (equation 5.3) 

- size, when referring to length or weight (p. 233) 

Y, - summation sign (equation 3.1)
 
Et - cumulative catch up to time t (p. 94)
 

t 	 - a given time (p. 33)
 
- short for "t-statistic" (p. 3)
 
- absolute age of a fish, e.g., as estimated from daily otolith rings (p. 26-28)
 

t' - relative age of a fish (p. 26-28) often defined as t' = t - to (p. 60-61) or t' - (t - t.).K (equation 5.14) 
t - mean age at first capture (p. 114)c 


ti - inflexion point of logistic curve (p. 152)
 
tm - mean length at first maturity (p. 122, 156)
 
tMi. - longevity (in the wild) (p. 42, 75)
 
to - the "age" fish would have had at length zero if they had always grown according to the VBGF; t
o
 

generally has a negative value, but does not express "prenatal growth" (p. 24)
 
tr - mean age at recruitment (p. 114)
 
t. - parameter of the seasonally oscillating version of the VBGF (p. 37, equation 4.49) 
T - total number of fish captured (marked and unmarked) in a Petersen population estimate (p. 91) 
T - mean annual water temperature, in °C (p. 75, 76) 
TL 	 - "total" length; the length of a fish, measured with the lobes of the caudal fOn bent until they are parallel 

to the body (p. 6) 
TOL - tolerated error, used in programs that approach a solution iteratively (p. 221) 
Ts - highest mean monthly temperature (p. 40) 
Tw - lowest mean monthly temperature (p. 40) 

U 	 - mean catch per effort in a given year; more or less equivalent to '/f (p. 142) 
U. - mean catch per effort in a stock that has reached the carrying capacity of its environment (p. 146) 
UTO - percent change of an input in sensitivity analysis (p. 177, Table 1.1) 
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V - Roman numeral (equal to 5) and used to express age (year) group (Table 4.3) 
- speed (i.e., velocity) over ground of a trawler-when trawling (p. 93)

VBGF - abbreviation for Von Bertalanffy Growth Formula (p. 23) 
W - weight of a fish (live weight if not explicitly stated otherwise) (p. 5)
W - a weight not smaller than the smallest weight fully represented in catch samples (Fig. 5.12)
W - mean weight of fish in catch samples, computed from W' upward (Fig. 5.12) 

- mean weight of fish within a given length class (p. 111) 
- mean adult weight of fish and other organisms, as used in equations (11.4), (11.5) and Fig. 11.2 (p. 154) 
- overall mean weight of fish in catch samples (equations 5.8 and 5.11) 

W1 - weight at inflexion point of VBGF (Table 4.8) 
WmaX - maximum weight reached by the fish of a given stock (p. 29) 
Wmax. ever- largest size ever recorded from a given fish species (p. 29)
Wt - mean weight of fish at age t (p. 25)
W. 	 - asymptotic weight, i.e., the mean weight the fish of a given stock would reach if they were to grow 

forever (p. 25) 
W() - preliminary estimate of W., obtained e.g., through equation (4.17) (see p. 29) 

x - any variable (often used for the abscissa in 2-dimensional plots) (p. 6) 
x - the mean of a series of variates (Table 3.2, p. 31) 
X - Roman numeral, equal to 10, used to express age (year) group of fish (Fig. 5.4) 

- a constant in equations (8.10) and (8.11) 
- "perturbed" output in sensitivity analysis (p. 177) 

X0 - "unperturbed" output in sensitivity analysis (p. 177)
X - proportion of fish in the path of a trawl net that is actuially retained by it (p. 92)
X2 - width of a trawl net when operating, expressed as a fraction of its headrope length (p. 93) 

y - any variable (often used for the ordinate in 2-dimensional plots (p. 6)
 
y - the mean of a series of variates (p. 31)
 
Y - catch in weight (equation 1.1, p. 93)
 
Yo.1 - yield corresponding to fo.x (p. 173)

Y.,, - "asymptotic" yield, i.e., maximum catch in a flat topped yield model (p. 171)

Y/R - yield per recruit (p. 114)
 
Y'/R - relative yield per recruit (p. 116)
 

Z - instantaneous rate of total mortality (p. 52) 
Zop t - total mortality generating MSY (p. 145) 
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