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Introduction

Knowledge of changes in exploited natural fish populations depends on
interpretation of records of fishing success. Vhen put in a form which permits
nmmerical estimation, this interpretation specifies a mathematical or statistical
model which defines the dependence of fishing success on abundance and distribution
of fish, on Tishing techniques and on other contributing factors. In this way the
interpretation adopted in a study assumes key importance. It determines the types
of data collected, the methods of analysis used, and ultimately, the kinds of
conclusions that can be drawn. ) ‘

Studies of fish abundance known to us have adopted a simple model for a
base, more perhaps for its mathematical convenience than for its relevance to the
noture of the fisheries studied. This has limited the conclusions about population
events which could be drawn from the data, a limitation which has become more cvident
with increasing demands for knowledge of the details of responses of populations to
environmental and fishing factors. Not only has it apparently failed to yield
accurate infomation on past abundance changes in important fisheries, but it makes
no explicit provision for measuring the effects of applications of the rapidly
advancing technology of fishing on catch. ‘
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Because of the central role which fishing models play in our data
collections and the inferences we draw from them, it is important to be clear on the
interpretation and assumptions underlying them, and to recognize the extent to which
they limit or contribute to our understanding. A review of the conditions underlying .
use of present models leads us to suggest here an alternative interpretation of
fisheries, giving rise to a rather different mathematical model. The cdefinitions
and relationships it specifies are dictated by the need for a fuller and more
fundamental description of the interactions among fish abundance and distribution,
fishing operations, and the resulting catoch. As might be anticipated, the new model
requires data in a somewhat different form than that in which most fisheries
statistics are now routinely collected,

I. The Classic Catch Equation

In elementary terms the catch of fish per unit gear operation (C/f) may be
considered as some fraction (c) of those fish initially present (S) in the area

"swept"by the gear. That is:

C/f = oS (1)

In the case where unit operations of the gear do not overlap the fraction.c
is the probability that a fish in the swept area will be caught by a unit gear
operation, or the gear (fishing) efficiency. This concept has been the common point
of departure for theories of fishing. The next step has been to determine how the
combined catches from a number of localities and over a period of time are related
to the whole population under exploitation. This is done by extending equation (1)
to the whole population and putting, for £ units of effort

(Q/f)t = qff (2)

where Ny is the population size in mumbers at time t, and q, termed the catchability
coefficient, is the fraction of the total population caught by one unit of operation.
Repeated applications of effort reduce the stock, and considered over a period of time,
t, equation (2) must be replaced by

157§7t I qﬁé (3)

where ?E/TS and ﬁ% are averages over the period t. As first noted by Ricker

(1940, 1944), when the population is subject to uniform fishing and natural mortality
rates, ﬁk is given by N -7
N, = N (1-e "%)/z¢

where N_ is the population size at time t = o, and Zy is the total instantaneous

o} e
mortality rate during time t expressed in terms of the component fishing and natural
(instantancous) mortality rates. That is Z; = qfy + Mt.

In equations (2) and (3) the amalogue of the first simple model of "sweeping"
fish from a given area has been preserved. However, since we are considering the
whole population, a knowledge of gear efficiency, ¢, is no longer suffiocient to
define the relation between abundance and catch. Of the area "A" occupied by the
total population, only the area "a" is swept by a unit of gear. Hence the catch-
ability coefficient is defined as

q = ca/A

From this it is clear that the catchability coefficient is inversely proportional
o the area over which the total population is distributed. This is rarely, if
ever, known with any assurance, so that in practice, the procedure is often adopted
of specifying an area A over which it is assumed that some closed part of the total
population is more or less uniformly distributed. Within this defined area we may
then attempt to define the average density at time t as

Dy = N /A
and to meamure it by use of the catch equation in the form

(c/8), = a°D, ()
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In this more freguently used form, the catchability coefficient, q!, is defined as the
elemental efficiency of the gear times the area it sweops in the specified area A,
hence is the fraction by which application of a unit of effort reduces the average
density. Theo valué of q! will still, of course, be sensitive to deviations from the
assumption that the population is odeupylng the whole of the defined area A.

In his origirml work Baranov (1918) termed q (actually gq!) the real elemental
intensity of fishing, and dorived it as.the product of fishing efficiency and the
gecnotric intensity of fishing in the population area. The more general temm,
catchability coefficient, is preferred here since instead of deriving it from
component parts as above, we may simply define it as the fraction of the population
captured by the operation of a unit of effort; or ¢ven more simply as the probability
of capturing a fish. Tho catch equation in this form goes back to -Baranov (1918) and
indopondontly to Ricker (1940, 1944): A sinmilar equation was detived by Nicholson and
Bailey (1935) to describo the mumber,of contacts a predator makes with its prey. It has
been used essentinlly unchanged by all subsequent workers.

Cateh equations (3) and (4) have boen widely used for the interpretation of
fisheries data. Given that it is possible to define a closed population of average
sizo Ny, DeLury (1947) points out that this amounts to assuming that:

1. The units of effort, £, as defined, opsrate independently,
2. Catchability, q, is constant.

Tays in which these conditions may be fulfilled have been discussed in detail by
various authors.

The Baranov Model -

The fishery model originally proposed by Baranov was assigned two
important properties to fulfil the conditions. First, the population vas uniformly
distributed over tho population area and the fish were considered to be immobile. -
Second, the area of operation of each unit of gear was independent of tho area
fished by othor units, and of its own previous arcas.of operation.

That is, the process of fishing was linked to that of random sempling from
a homegensous population. In practice, Baranov recognized that there will of course
be variations in the population density on the arsa. However, if these be random -
thon cstimation of the averago donsity and catchability coefficient from cormercial
catch reocords for any time period t becomes a straightforward statistical sampling
problan.

The Ricker Modsel

Ricker (1940, 1944) also developed o random sampling type of fishing model,
but rocognized that this could be achieved with less static underlying conditions than
those onvisaged by Baranov. Thus the intuitive base for his model was a very mobilse
population which, if locally depleted, would quickly roinvade the fished area. The
condition for uniform exploitation and independence of application of effort units
would thus bo attained even with stationary gear, so long as the gear units wore not
donsc onough to blanket each other or to impede fish redistributions. He further
pointed out that if mobile fleet units were widely dispersed over the area occupied -
by a moderatoly mobile population, average catchability obtained from observations of
o non-uniformly distributed population would, in the long run, tend to be very nearly
the same as that on o uniformly distributed stock.

As noted earlier, Ricker!s formulation also took into account the fact
that decreases in population size from onc period to another were related to natural
mortality as well as fishing mortality, whereas Baranov had considered only the latter.
This extonsion has been an important feature of later developments in population
abundance studies. : '

The Nicholson and Bailey Model

D e B s o S S W o i o T —— o o Lot O . s .

A nodel similar to those applied to fisheries was independently doveloped
by Nicholson and Bailey (1935) with reference to general predator-proy relationships.
Their discussions are distinguished by the introduction of the concept of searching.
They argued, however, that even where individual predators search systematically,
the combined searching efforts by a number of predators will be effectively random
as long as they operate independently. This condition is perhaps always fulfilled
for the special case thoy considered of singly occurring parasites (predators) which
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make only one successful "contact", provided that the activity of the host is
unaffected or it is killed outright by the contact. Bailey, Nicholson and
Williams (1962) approach a more realistic treatment of the problem by allowing
a variable "area of discovery" of hosts by parasites (analogous to fishing
efficiency "c" of ocquation (1)). However, theor more recent meodel still
visunlizes the success of searching as proportional simply to the product of
area of discovery and average population densities of hosts and parasites. In
common with the fishery models, it appears to be insensitive to distribution
changes at given population densities.

II. Evidence for Heterogeneity in Distributions

The problem of fitting the catch equation when there is a non-uniform
distribution of either the fish or the fishing was appreciated by Baranov (1918),
who recognized that it may have had important implications for the inter-
pretation of sampling in Hjort'!s classical studies of the Norweglan herring
fishery. Semples apparently came from separate schools and rarely displayed the
full population length-composition. Since the size segregation inevitably
involved year-classes which wore of rather different strengths, Baranov noted
that average catch per unit effort would not represent overall population density
if fishormen could effectively concentrate their operations on the schools which
were larger becauseo they contained the membors of the strong year-classes.

Gulland (1955) has examined the problem of representative sampling for
density in the light of his analysis of North Sea haddock and plaice data. He
assigned the catch and effort data to the smallest practicable area and time units
and calculated the density index for each. For particular periods he then
compared the average subarea density index with the overall density index. Since
both camoe from the same population, their ratios should be 1 if the population was
uniform throughout. The fact that the weighted subarea density index was about
1/% larger is thus o measurec of the extent to which fishermoen wero successful in
concentrating their effort in subarocas where average catch per unit was high, and
avoiding those whore it was low. Fluctuations in the density index from season
to season were indicativo of how this was influcnced by seasonal movemonts and
concentrations of fish, and the changing preforence for fishing particiilar species
at different times of the year.

Similar results wore reported by Calkins (1961) as part of a continuing
study of the catoch statistics for east Pacific tuna populations. Using Gulland’s
density index he obtained weighted mecasures of anmal catch per unit effort on
60 x 60 mile subareas which were 1% to 4 times (mean 1.9) the umieighted or
overall density index. The ratios of the two indices fluctuated irregularly from
season to season. Comparisons emong different periods ars complicated by the
fact that the numboer of subareas was allowed to vary, a calculation procedure
which may have been rosponsible for an appreciable fraction of tho ratio
fluctuation. However, the fact that correlation coefficientsbotween the two indices
of density wero low is likoly indicative of changing degrecs of concentration of
the fishing and heoterogeneity in distribution of the fish. Similar conclusions
were drawn by Doi (1960) in his study of fish populations in the Strait of Bungo.

Studies of this sort do not, of course, give direct infomation on tho
true population density or its distribution. They do, however, confirm the
general knowledge that the pattorns of distribution of fish and the fishing eoffort.
are not uniform throughout the population areas. They also indicate tho extent
to which attempts to calculate average density may be affected by this hetero-
geneity. It appears that unless considorable care is taken to account for changes
in distribution, measures of relative abundance may be much in error.

Factors_contributing to heterogencity in density indices

Tho above results leave little doubt that fishing success is markedly
influenced by the fishorman®s prior knowledge of fishing areas, of patbterns of
fish distribution, and possibly also the fishing success in various arcas at the

time he sots out on a fishing trip. However, the skill and selectivity exercised

during his operation do not stop at relating his activity to statistical areas of
tho sizo used by Gulland, Calkins or Doi, the smallest of which appears to have
been of the ordor of the 3,60o0-square-mile subarsas used by Calkins. This fact

is woll documented in the case of tunas (Orange, Schaeffer and Larmier, 1957),Nandwﬁ
in fact it appears that most fish occur in schools, small aggregotions or con-
contrations, and it is the fisherman'!s intention to reolate his fishing activities

to these local areas of high density. Some indication that he is successful is
reflected in general by the high variances and skewed frequency distributions of
the catch per unit effort.



Evidence of tho nature of local variation in'catch has been reported by

Madda (1960) in an oxtensive study of catch data for tunas of the central Pacific.
He found evidence for contagious distributions of the several species token by
Japanese ccmmercial longlines, indicating that there are significant variations in
concentration of fish relative to the area effectively "swept" by the commercial
gear. Several salmon species showed evidence of "weakly contagious schools" while
some benthic species showed strongly contagious distributions. Tayloris (1953)
annlysis of Georges Bank rescarch vessel data suggests that demersal species in
that aren are also contagiously distributed. It is not known to what extent these

‘variations may influence catch. However, the evidence of Ochiai and Asano (1955)

that the size of a fish school may affect the individualls reactions to capturing
gear, especially ot low dernsities, suggests that they are not necessarily related
in simple fashion to the fisherman®s ability to detect and fish them.

Effects _of_hotorogensity_on measures_of_abundance_change

From the studies reviewed above, it appears that local heterogeneity in
fish distributions, the senrching activities of fishermen, and their interactiions,
moy have a significant effecct on fishing success. Considering the possibly complex
nature of thesoe effects, it is not surprising that actual catch data when analyzed
by use of the classic catch equation frequently show inexplicable variations. For
example, Beverton and Holt (1957, 0.239) were unable to use North Sea catch and
effort data for haddock, plaice and other species in regressions of their index of
total mortality on effort, to measure average catchability or natural mortality.
Their mortality index is essontially the ratio of successive anmual average catches
per unit effort. They ascribed the high variability about the regression to a
combination of “sampling orrar" and changes in natural mortality rate. Similarly,
Taylor (1958) failed to find a significant regression betwecn the same kind of
nortality index and estimated effort for the Georges Bank haddock fishery over a
3o=year period. Yet, in both casos, total fishing effort during the period of
study appears to have changed more than twofold. Palcheimo (1961) points out that
evaluation of their results is made somewhat difficult by the fact that their method
of calculating mortalitics was porhaps unnecessarily sensitive to tho types of
error found in catch data. But, in any case, area-to-area and season-to-season
variotions in the distribution of fish and fishing soem likely to lead to
difficulties of the sort encountered by these authors. This is supported by an
annlysis of Japanese sardine data by Yamanaka (1961) in which he demonstrated the
effects on the estimation of mortality rates of various types of "availability"
chonge related to movements and concentrations of fish in the arcas fished. In wiew
of Calkin's results, variations of a similar sort may be partly responsible for the

‘poor fits of average catch per unit effort and offort date found by Schaeffer

(1957) in his approach to the study of changes in tunn abundance, and similar effects
were evident in the data for other species as well (Schgeffcr, 1954).

In the case of short-term variability in density indices, hence, . L
catchability, Gulland (1961, 1962) implies that the simple relations expccted from
the basic catch equation might bo more readily apparent if the data were to be:
averaged over rather long periods of time, periods related to the average length
of time during which a year-class is exposed to fishing. Herc the interpretation
of data becomes complicated by climatic trends and technological changes. However,
neaningful informmation on these latter factors is sometimes available as a basis
for corrections. In Gulland!s examples the data for plaice (Gulland, 1961) and
hake (Gulland, 1962) yield considerably better agreement with thcory than do data
for cod and haddock, the other species studied. Interestingly cnough, it is these
formor species which are froquently captured as so-called "incidental" or"by-catch"
when fishermen are diroccting their principal efforts towards the capture of species
such as cod and haddock; +that is, fishing for them moy more ofton approach o rondem
sampling process than it does for cod and haddock. However, there is no evidence in
the studies reported by Gulland that the difference was actuanlly associated with
the fishermen!s motives or ability to take advantage of fish concentrations.

. Despite the improvement in the fit of catch and effort data which appears
to result from averaging over long periods of time, the scatter of points about the
expected average relation is still so great as to make choices of an underlying
production model border on the subjective (Dickie, 1962). It might be concluded
then that treatments of this sort have not effectively circumvented the problems
of catch variations related to distributions of tho fish and fishing. Such a
conclusion suggests that there is a need to collect ard interprete fishery data in

o functicnal relation which recognizes the types of urderlyinz variation.



III. Formulation of a Searching Model

From the above review we have concluded that difficulties oncounterod in
attempts to use the classic catch equation result from the failure to describe
. fisheries by the underlying random sampling procedurc it implies. That is, fish
are distributed in schools or aggregations and fishemen search for them. There is
omple evidence for the aggregation or schouling behaviour of fishes, and in some
cases at least, evidence that these aggregations have a significant relation to the
aren swept by the gear. There is also ample evidence in some pelagic fisheries,
such as the tumn fisherics, that searching is an important component of the fishing
operation. In recent years, developmocnts of relectronic detection devices have
vastly increased the radius of detection of both pelagic fish schools and of other
fishing vessels. They have also opened the possibility of direct searching for
concentrations of demersal spocies, and otter-trawl fishormen have beon quick to
adopt them. However, even in the case vhere direct searching is not possible,
fishormen may still bo said to search. For examplse, a good catch often incroasecs
the chances of successive good ones because a fisherman will remain in the locality.
On the other hand, a poor catch likely means that ho will move, again increasing
his chances of success. It might therefore boe concluded that fishing, cven in the
past, might roasonably be expcctod to depart from the random model, and that any
nathenatical analogy which purports to deseribe the nnture of fishing operations
in any detail must attempt to take into account both the schooling behaviour and
the searching activity as well as their interactions.

Constructing such a model requires knowledge of fish distributions and
fleet operations in a detail that is seldom readily available. In the following .
account wo have therefore attempted only o theoretical construction at a rather
genernl level, making simplifying assumptions about the sizes, shapes and distri-
butions of schools, and of the operation of the boats. The results are used to
deduce the possible effects that changes in schooling and distribution may have on
catch, relative to changes in actual abundance. From the results, we conclude that
there is good reason to study fisheries from this point of view.

The searching model as treated hero is one aspect of the more gencral
predator-prey relationship. A mathematical formulation of this problem is presented
elsewhere (Paloheimo, in press) and the reader is referred to it for mathematical
details. Ivlev (1955) has oxplored this relationship in cxporiments on the feeding
of fishes and concluded that changes in food distribution may affect the rate of
food consumption in much the samo way as do changes in food abundance. His results
have been further discussed by Rashevsky (1959).

Distribution of fish

For the purposes of the modecl we consider the distributions of fish in
schools as two- rather than threo-dimensicnal. This two-dimensional distribution
moy be taken as a projection of the actual throe-dimensional distribution of fish
onto a plane. In the case of gear operating on the bottom, say a trawl, the
distribution would be a projection on the planc (bottom) of all fish within say
the 2- or 3-fathom bottom stratum. In the casc of midwater fishing the projection
would be sssentially from top to bottom. Any apparcnt difficulty arising from ths
projected schools overlapping on the plane while in fact they are at differcnt
depths can be circunvented by assuming that fishing vessels can expleit only one
school at a time.

Wo then assume that schools on the plane may be represented more or less
by disks. For simplicity, we further assume that within the scheool boundaries the
distribution of fish is unifomm although this assumption is not very important to
the conclusions drown. For purposes of cxposition, we will also consideor that the
school centres are randomly distributed. The sizo (radius) of schools can be
variable; however, it can be shovn that to calculate the mean catch we may use
the mean school radius.

The school centres being randomly distributed, there is, of course, a
chance that two centres are close enough so that the schools overlap. In nature
this probably would mean that the two schools would merge and hercc it might be
thought that this problem could be overcome in the mathematical formulation by

~letting the school radius vary and assuming that the schocls are distinct. However,
it is very difficult to generate theoretical distributions of non-overlapping
disks except for the case of fixed radius. Hence wo have assumed that the school
centre density is low so that the probability of overlap is small and can be
ignored, or that if the schools are dense, their radii arce the sanmec.
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School density and density of fish within schools

_ Wo denote the density of schools (i.e., school centres) in tho fishing
area by k . This means that in an area A there are A A schools on an average,
or, more precisely, m schools with a probability [(AA)®/ul] e~AA. Furthermors,
let thore be on an average n fish per school. If each fish occupises a fixed
spaco, which for convenience we denote by b 7], then for a two-dimensional school
the radius would be

r = v bn (5)

If,instend, we assume that as tho numbers of fish per school increase the school
increases both in depth and width, then the school radius will vary with the

3\]bn, i.e.,

3

r = '\: bn

(6)

Since the density of schools is A and tho average number of fish per .
school was assumed to be n, the average density of fish in the whole area is,A n.
This we denote by D, i.e.,

Az= D e

By keoping the overall density D constant we may study the offect of schooling
on fishing success irrespective of changes in density. The effect of variable
school radius due to changes in density of fish within schools may be studied by
letting b vary in (5) or (6).

A fishing area is thus considered in our analogy as a plane on which we
have randonly located disks representing schools of fish. A fishing vessel is
searching the area with a speed (cruising speed of the vessel) which is assumed to-
be constant and for convenience is scaled to be the same as the time unit. Hence
wo may speak of the searching time interchangeably with the searching speed.. When
tho vessol or the projection of its path on the plane crosses the school boundary
it dotects tho school with a fixed probability. In practive the probability of -
dotocting the school may well depend on the size of the school or the density of
fish within it, but for simplicity we assume here that the probability of detection
is constant. : : Co

If the radius of perception of the fishing vessel is appreciable compared
with the radius of schools, this may easily be token into account. In calculation
of the searching time, it is in fact equivalent to increasing the school radius by
the radius of perception. Hence, we may assume that either the radius of per-
ception of the radii of schools is zeoro without any loss of generality. The
actual school radius r must, of course, still be used in estimation of theo fishing
timo (cf. equation (8) below).

Assumptions relotod to fishing a school.

A fishing vessel, such as an otter trawl, when fishing will mnke a series
of transects through the school. Besides removing fish from tho school, fishing
can have other effects on it, such as dispersing the fish. Tho eff'ect of fishing
on a school may also bo dependent on the size and density of the school. Little is
actually knovm of reactions of fish to fishing, and we must again substitute a
postulate for our ignorance. In effect, we will assume thut o fishing vessel
catch.s o constant proportion, g, of a school sighted. There is, of course, also
a possibilitythat the school is so big that the size of the gear or the vessells
capacity to carry fish is limiting. For a discussion of the effect of limited
storage on the fishing succoss, we refer to Palcoheimo (in pross).

The time spent actually fishing as opposed to the time spent searching
for schools is assumed to be proportional to the (two-dimensiomnl) area covered by
the school. Denoting the fishing time by T’ we thus put"["“"r2 or

L = ar? (8)

where r is given by (5) or (6). In practice the fishing time is often a discrote
variable; for exomple, in the case of Canadian trawlers in the NW Atlantic, fishing
time is usually a nultiple of the standard two-hour dragging time. In addition to
the above simplifications we exclude from this study any consideration of time
spent on the trip to the grounds or idle time on the grounds.



Catch equation

Restricting our considerations to a short enough period of time so that
the distribution of fish does not change appreciably on account of fishing, an
expression for mean catch may be based on the model described above. We recall first
that the mean number of schools in area A was given by;\ A, hence the size of the
ares which contains on an average one school is 1/} . If the radius of schools
is r, then from the point of view of searching we have a situation where schools may
be represented by their centre points, if at the same time we consider the radius
of detection of school centres to be r. As pointed out by Nicholson and Bailey
(1935), this means that in time t! the vessel has searched an area 2rt!. If we now
enquire about the time taken to locate one school, then on the average this is
obtained by equating 2rt! with l/ZX where the latter was the area in which on the
average one school can be found. Hence from 2rt! = 1/A we get t! = 1/2 A r as the
mean searching time for one school. The total time required to locate one school
and exploit it is then (1/2 A r) +7T . In time t the number of schools found and
exploited is thus given by

t . 2kt
1+2 xr 7‘

18 + 7
2IAYT L

or since we assumed that each school consists of n fish and gn of them are caught,
the catch C(t) in time t is given by

c(t) = i%§-3?‘$-%3 (9)

Substituting D for the overall density of fish (i.e., D = )\ n, equation (7)), we
get

r

_ gaDrt
o(t) = 1720y T/m (1)

If the probability of detecting a school is P, where P < 1, then in both equations
(9) and (lo) )\ or D must be multiplied by P.

Although not explicitly stated, the above derivation and formulae assume
that the travelling distance between the successive schools is fairly large comnpared
with the school radius. When this is not true, the equations become a good deal
more complicated (cf. Paloheimo, in press).

The variance of the catch C(t) given in (9) can be shown to be

2 Ar + 8}\2r2f + SASrSVarT:(
QA +2ArT)°

Var C(t) = gn)%t (11)

Note that as the fishing time tends to zero, the mean catch tends to (2 A r)gnt and
the variance to (2 A‘r) (gn)zt. Here the first factors are the same for both the
mean and variance, corresponding to searching for randomly located points with no
delay time. If the schools are not all the same size but vary, we must add two more
components to (11), namely

2 A r Var (gn)
L+ 35X ‘ot (12)

expressing the contribution of variation in numbers of fish in schools to the
variance of the catch, and
(2 Ar)2m cov (gn,T)t
: 7 (13)
1+2) rT)

related to the covariance between the fishing time and the numbers of fish in schools.



The effoct of schooling on the catch may be studied by use of equation (lo).
Vle notoe first of all that if the actual fishing time T is small compared with the
searching time 1/2 A r, the catch is proportional to g2Drt, i.e., at o constant
density D it increnses linearly with the radius of schools. To obtain an expression
for the catch when tho fishing time is appreciable we must make assumptions about
the density of fish within schools and about the fishing time.

2
If in oquation (lo) we put T = ar® (equation (8)) we get

. _£ebrt
o(t) 1+2Dr° a/n (14)
and if in addition we put 2 & bn (equation (6)) we have
c(t)= _g2brt (15)

*1+2Drab

The catches por unit time are plotted against the radius of fish schools
in Figures 1 and 2. The curves in Figure 1 represent cquation (14) for different
constant levels of ao/n and D. Figure 2 represents equation (15) for different levols
of the product ab. Figure 1 thus shows the effect of changes in r on catch when
‘numbers of fish per school are constant, or what is the same thing, when the
density of fish within schocls varies inversely with the square of radius r.

Figure 2 shows the effect of changes in either r or D on catch when the density of
fish within schools is kept constant.

We observe from Figure 1 (attached) that, at a given level of D, if the
density of fish within schools decreases, the catch first increases to a maximum and
then dscreases as the schools spread over larger and larger arcas, i.6., as r
increases. This means that at first an increcase in the school radius makes the
schools more readily detected by the fishing vessels, but as the school density
decreases this advantage is nullified by the increased fishing time rcquired to
catch the proportion, g, of the school. If, however, the density of fish within
schools does not change, Figure 2 shows that the catches continue to increase,
tending to an asymtote as the size of schools increases. There is no decrease in
catches since the fishing time per fish caught does not change.

In Figure 1 a comparison botween solid and broken lines reveals how in
equation (14) o change in overall density affects catch. It shows that the same
catch per unit time may be obtained at very different density (abundance) lovels,
depending on tho interaction of schooling bohaviour with density. In equation (15)
o change in r is exactly equivalent to a change in D. Without any additicnal
calculations Figure 2 may therefore be taken to illustrate the effects of a change
in overall density of fish when both school radii and density of fish within the
school remain the same. These results from both equations emphasize the fact that
it may be impossible to distinguish between effects of abundance or distribution
changes whon only data on catch per unit of time are available. We further note
that in either case the catch per unit of time on the fishing ground is not
necessarily linearly related to the density or abundance of fish even if the
distribution does not change.

In equations (14) and (15), it was assumed that fishing time por school
is proportional to r2., In addition eguation (15) specifies that the number of
fish per school increcases as the square of the radius,or that the schools of fish
arec more or less two-dimensimnal. No such restriction was made in equation (14);
in fact in calculating examples in Figure 1 numbers per school wore kept constant.
If, however, the schools increase in depth as well as in arca, a somewhat diffoerent
equation corresponding to (15) is obtained. In this case, we have r = degn
(equation(7)) and heonce from (14)

2Drt
o(6) = iz Dan- (16)

The expected catch now increases linearly with the school radius, theoretically ad
infinitum, even when tho density is kept constant. There is, of course, a practical
limit to this increase, imposed by the physical limitations to the size and depth
of individual schools, by the holding capacity of the gear, and the vessel itself.
Vhere bhose limitations do not apply, the schooling behaviour can have a nuch
greater effect on the immediate catch than does the actual abundance of fish.
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Fleet vs individual vessel ggerations

The preceding derivation is more pertinent to description of fishing
by independently operating fishing vessels than to the operations of a co-ocperating
fleet. The transition from an individual fishing vessel of known efficlency %o
that of a co-operating fleet operation is laden with difficulties. For a satis-
factory solution we would need to know the operation of the fishing floet as
opposed to the random searching by one vessel. In a general account or analysis
like this, one can scarcely say morc than that it is important to be awarec of the
possible effects that co-operation between the vessels of a fleot may have on
the individual catches. We may, however, indicate how information on flecet
activities can bo used within the framecwork of this presentation.

Suppose for example that there are k vessels in the fleet and that
fish are so distributed that schools are large snough to be fished profitably by
81l vessels in the fleet. Suppose further that as soon as one of tho vessels
detects a school, it communicates this information to all other vessels which
cease their searching and steam to the location whero the school was found.
Ignoring the real possibility that more than one vessel detects a school large
enough to be profitably exploited, in which case only part of the flecet steams
to the new location, we may define T equal to theo average travelling time for
the other k-1 vessels. The average fishing time, previously denoted by TT, now
has two ccmponents. In the first place the school is fished by the vessel which
detected it for the time L !'; in tho second place by each of the k vespels for
additionnl time, say‘?j". Since obviously T = Tt + kT ", additional time
T™" is given by T-T'/k. With these modifications catch cquation (lo)
becomes

ke2Drt
1+((-1)2Dr T '/n) +2rD T/n (a7)

c(t) =

We note from (17) that the average catch, when the travelling time ! is
negligible, is simply k times the catch made by an individual vessel. By taking

into account the additional travelling time by (k-1) vessels, during which no

searching takes place, it would be concluded that the actual catch per vessel
decreases as a result of co-operation. However, this conclusion is valid only
within the limited confines of our assumptions. The conclusion that co-operation
does not pay no longer holds if for example the schools are so big that ons
vessel is incapable of exploiting a school without making a trip to port during
which time it may lccestrack of the school; if theore arc great variations in the
sizes of school; or if the fleet facss strong competition for schools from other
flests of fishing vessels. '

In the case of gears such as hook and line or gill nets, which are not
generally fished with the aid of electronic detecting devices, the effect of
"co~operation™ among the flect may be more important. Tho performance of a
single vesssel may be grently inerecased by tho auxiliary information on ths
distribution of fish provided by the skipper!s awaroncss of the performance of
othor vessels. Becausc of it, although unable to carry out active search, the
skipper of a single vessel may still know roughly where to fish and still be able
to limit his fishing to gonerally productive areas. Thus the catchability
coefficiont, g, geonerated by such fisheries would change with changes in the
distributions of fish, although not uwa drastically as in the case of actively
searching fishories which can make direct use of the local hoterogeneity.

IV. Comparison with the Classical Catch Equation

In our searching model tho catch is given in tems of the total

‘operationnl time, including both the searching and fishing time. Current

proctice, however, is to ignorc the scarching time and calculate the catch per
fishing time or other suitable measurs of the amount of fishing. In the

searching model the actual fishing time was denoted by ‘I . This is equivalent

to effort, denoted earlier by f, when the latter is measured in temms of hours
fished (dragged, etc.). For a school of n fish, of which the fraction g is caught,
the catch per time fished is then

C/T = gq/?‘ (18)
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To compare this with the classical catch equation (4), that is
(¢/£)= g!D (where for convenience we omit the subscript t), we must relate the
fishing time per school (i.e., 7”) to the area of the school and to the density
of fish within it. For two-dimensional schools T = ard (equation (8)) and
r? = bn (equation (5)), we thus have from equation (18)

:.-gn = E_ = g D
C/T abn ab <FbD)

abD

(19)
or that

Similarly, for the three-dimensional school

o/t = = E 2. \p
ab?/®  \ 12/ p

(20)

or that
e

qt:
ab2:3 D

- The catch por unit of offort in equation (19) is equal to g/ab and hence is
apparently independent of the overall density or abundance of fish. Thus for
searching fisheries C/T is related only to the distribution of fish within scheols;
in this case it is proportional to the within-school density, i.o., to 1/b. This
implies (ef. (19)) in offect that the catchability coefficient ¢! is inversely
proportional to the overall density of fish and is not, as is commonly believed,
indepondeont of it. It is only in the rather special circumstances when changes in
overall density are exactly countorbalanced by changes in the distribution of fish
that q! may be considered constant. From equation (19) these circumstances are met
only whon the density of fish within schools 1/b varies in proportion with the
overall density, D, i.e.

1/b = n/rz'V D= An

In terms of the catch per unit of effort concept, we are thus led to
the conclusion that a change in abundance affects the C/f index only so far as tho
abundance change is reflected in the within-school density of fish. The catch per
unit of effort will not be affected by a change in abundance if this shows up as an
increcase in numbers of schools or in their radii.

In the case of the threo-dimonsional schools we find that, other things
being constant, q' is still inversely proportional to the density. That is, if gt
is to be congstant, the distribution of fish mush change with the density in such a
way that SJn/B 2/3 ~~~D. Since bn = r3 and since

n

%n . ~D
b2/3 r?

were are led to the conclusion that for q' to be constant or for C/f to reflect
changes in the abundance, the distribution of fish must change so that the within-
school density of fish, whon projected on the bottom plane, changes in proportion
to the overall density.  This conclusion is gsimilar to the one reached for two-
dimensional schools.

An explanation for the insensitivity of the catch per effort index to
the changes in the abundarce of fish may be sought in the fact that in searching
fisheries only schools or localities where fish are present are fished. That is, a
change in abundance of fish may affect the searching time rather than be reflected
in the G/f index.

As wos pointed out earlier, time spent fishing is a variable fraction of
the total operational time of the fishing vessel. Hence we may be well advised to
calculate the catch in terms "per unit operationnl time" rather than "per unit of
effort". This conversion may be accomplished by multiplying (18) by the fraction
that the fishing time is of the total. Since the average scarching time is
1/2 ) r and the total operational timo per school of fish is (1/2 A r) + 9, the

fraction of time spent actually fishing is
T  2ArT

/2 A7) + 1 T2 arT
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Multiplying (18) by this fraction we arrive at the expression

2Dr
C/% = i;i%ﬁx—gﬁfr (10')

where instead of fishing f we now use t to signify that the catch is ekpressed on
the basis of total operational time. Equation (lo') is equivalent to our catch
equation (lo).

From (1lo!) or (lo) we get expressions for C(t)/t corresponding to
oquations (14), (15) and (16). Thus, e.g., when 'L = ar? and r? = bn, we get from
(15)

- __Ber
c(t)/t T72Drob . D

To compare this result with the classical catch equation (4), the catchobility
coefficient q! must be oquated with 2gr/l+2Drob. From this it is apparent that thoe
catchability coefficisnt in our equations is no longer as dependent on the overall
density D as in (19), but this "improvement" has been bought at the exponse of making
it dependent on r, the mean school radius. We therefore concluded that the catch-
ability coefficient, whether derived from G/f or C/t is_hcavily dependent on the
school sizes and numbers of fish. In fact, changes in A, n, or r independsnt of
changes in D may have marked effects on fishing success. :

The tramsition from (C/f)y = q'Dy or (C/f)y = aN. to an average relation-
ship such as (3), averaged over a period of time when there is o marked decrease in
the population, is currently accomplished by assuming that q! is constant. Since we
have shown that qt!' is very sensitive to any changes in the distribution of fish, or
for that matter in the abundance of fish, such transition assunes that the removal
of fish or passage of time alters the basic distribution of fish in a very specific
way. The record of past attempts to use the catch equation illustrates the
futility of such assumptions. Widening the catch per effort concept, such as
atteupted here, opens up a possibility of making allowance for observed changes in
the fish distribution in integrating for an average relationship. However, lacking
specific information on the interaction between tho abundance and distribution, we
have refrained from further such elaborations.

V. Discussion

Our explicit treatment of the variables affecting catch calls attention
to the complexity of the mechanisms underlying the success of the fishing
operation. Since we have little quantitative information on the various phases of
the operation, we are reduced to moking subjective judgments of the reality of a
general model. The model suggested here is certainly a simplification. It is
perhaps an oversimplification bordering on the crude. Yet, in spite of the
limitations which one might anticipate in practice, we believe that the exercise
of developing and studying it may have practical value. In the first place it
allows us to make inferences about the usefulness of various kinds of data in the
scientific measurement of the effects of fisheries on stock abundance. In the
second place, it permits us to judge the practical importance of searching, or
Tishing strotegy in genernl, on the immediate and long-term fishing success.

In connection with tho measurement of the effects of fishing, one of the
most important inferences from the fomulation studisd here concerns the potentially
important effocts of the heterogeneity in fish distribution. The magnitude of this
effect was illustrated in Figures 1 and 2. The Pigures, or even more clearly, the
corresponding equations (14), (15) or (16) and later on, equations (19) and (20)
imply that, while average catch per operatiomal time or per unit effort may
reflect changes in average abundance levels, they may equally reflect changes in
fish distributions. It is, of course, possible to obtain information on the
hoterogencity by studying simultansously with the average C/% or C/T index the
variance of the individunl observations used to calculate the average.
Unfortunately, howover, as was pointed out earlier by Neyman (1949) the variance is
rathor insensitive to relative changes in D (the density), and in r (the radius of
schools). Hence, wo conclude that indices of average catch per unit effort must
be acconpanied by independent information on the fish distributions before we can
use them to study abundance changes and diagnose changes in them relative to changes
in the fishery.



- 13 -

For tho purposes of practical fisheries managemsnt, a knowledgo of
the influence of heterogeneity in distributions has relevance in different ways.
In the first place, the fisherman is interested in knowing what kinds and amounts
of fish can be caught with a given type and amount of fishing effort. Fish
schools or aggregations tend to be characterized by particular associations of
species or sizes. The searching efforts will be selectively directed towards
some schools, and will attompt to avoid others on which the relative econcnmic
returns are less. Tho possibilities for doing this are in themselves an important
aron of fishories studies. There selectivity can bo exercised effectively, the.
result in terms of the classical catch equation is to vary the catchability
coefficient, q, depending on age, species and relative abundance. Thus, while it
is possible to make general statements about long-term total yields relative to
total mortalities, application of the result to any particular fishery is of
doubtful value. Given the interactions between distributions and searching, the
relevant consideretions are the interaction of economic yield and fishing
practices in a particular case. The formulation suggested here has the possible
advantage of indicating explicitly some of the underlying factors contributing to
variations in fishing success, hence a basis for studying them from the point of
view of rodern fishing techniques.

VI. Data Requirements

Prosont data collections may in some cases supply the infomation
needed for detailed study of the nature of the fishery. For excnple, an
appreciation of at least the type of statistical distribution of the fish may be
obtained from a study of the frequency distribution of catches in successive unit
operations of the gear. TVhere length of set and the manner of making it are
little affected by the size of the catch, such data may be used to describe the
distribution directly. But, in practice, this is likely to be difficult since
commercial data, even from standard length sets, will still reflcect the unknown
selectivity exercised by the fisherman in detemining at what levels of density,
for what species and size compcsition, or under what other conditions it is
econonical for him to fish. It seems certain that in the long run, commercial data
will have to be supplemented by direct measures of school sizes and distribution,
such as may be obtained from ccho-sounder and sampling surveys by resecarch vessels.
A comparison with rosults of commercial fishing may then provide a measurec of the
effectiveness of the selectivity of the fishing operation.

The searching and fishing activity of fishing vescels can best be
described by having access to detailed log-book records. Ideally, these would give
not only the catches per unit operations of gear, but also the time and position
of each individual operotion. Such records could be used to study the time spent
at each locality and its relation to the catches and species obtained. They could
also give an index of the actual time spent searching, as opposed to that spent
fishing.

It is unlikely that the interaction between schooling behaviour of
fish and the operation of commercial gear can be immediately studied by amnlysis
of fishing records, as may be possible for the distributions of fish of searching
activity of fishermen. Certainly, we know of no readily awvailable sources of data
or records which could be called upon to aid this study. At the moment, it
appears that information on this point could only be obtained through specially
designed fishing experiments involving co-operation between commercial and
research vessels; the latter following changes in the fish distribution which
might be related to fishing activity.

It may appear from subsequent study that the various factors dealt
with in this paper make such different contributions to fishing success that,
on a long-term basis, information on all of them is an unnecessary lusury. However,
in view of the variability rcvealed by past attempts at fishery analyses, and the
resulting uncertainty about the underlying factors, some attempts to-identify the
relative importance of all the significant contributors seem unavoidable.
Judging from the foregoing study it would be rash to suggest that any of them can
bo dismissed lightly. It will be only through a detailed amalysis of particular
fisheries that we can decide what data are required on a routine basis.

e e
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VII. Abstract

Attempts to apply tho classical catech egquation to fisheries data for the
purpose of measuring relative abundance or density changes have frequently been
frustrated by unexplained variability in the average catch per unit effort figures
used as density indices. A revicw of recent studies indicates that this varigbility
roeflects the foct that the underlying random sampling procedure implied by the
equation does not provide a sufficient description of fisheries. There appears o need
for re-formulation and study of catch data in terms which explicitly recognize ths
hoterogeneity in fish distributions and directed fishing operations.

A simple theoretical modsl of this type is oxamined. In it, fish are
assumed to occur in schools which are distributed at random on a population area.
Fishermen, with a given radius of perception, search for these schools, detecting
them with given probability, and upon succossful detection, fish out a certain
proportion. Taking into account both the searching and fishing timeo, expressions
arc derived for the resultant catch per unit time. It is found to depend as nuch on
size of schools and densities of fish within them as on the overall density or
abundance.

Current practice ignores the scarching time component of the fishing
operation. A detailed examination in terms of our simple searching model indicates
thot the resulting catch per unit effort index, that is, catch per actual fishing
time, is related simply to within-school density. Other things being constant, this
implies that there is an inverse relationship between tho catchability coofficient and
overall denaity or abundance. Such a conclusion is in direct conflict with classical
theory, but may provide an explanation for the failure of past catch per unit effort
studies to yield significant measures of, for example, mortality rates.

It is concluded that, where thore is heterogeneity in fish distributions,
catch per unit effort, whether exprossed in terms of total operatiomal (i.o., searching
and fishing) or only fishing time, cannot provide a measure of abundance change unless
additional information on the distribution of fish and tho operations of fishing
vessels is avanilable. Explicit formulation of fishing operations in the manner
suggested here has the advantage not only of allowing us to make inflerences about the
usefulness of various kinds of datoa in measuring abundance, but of judging the
practical importance of searching or fishing strategy in general on the immediate
and long-term fishing success.
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Figure 1. The effect of schodling behaviour on catch of fish when overall
density of fish is constant and density within schools decreases as
school radii increase (equation (14)). Curves are drawn for different
constant values of fishing time per unit area (more specifically a/h)
at two levels of overall density (D).
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Figure 2. The effeect of schooling behaviour on catch of fish when either
mean school radius or overall density varies. Density of fish within
schools is constant (equavion (15)). Curves are drawn for different
constant values of the product ab, i.e., fishing time per unit area
times density within schools.
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