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A system of national yield allocation, with bona fide reservations
for possible new entries, has been established as one of the principal
regulatory measures in the ICNAF ares and it has been applied to more and
more species stocks, where necessary, and rather independently. On the
other hand, such difficulties have been rapidly prevailing that by-catches,
esgsentially due to incomplete gear selectivity at the present stage of
technology, coupled with a variety of fishing strategies, could be no more
neglected for effective coneservation of the stocks concerned.

This note, rather expository, is for better understanding of yield
allocation in multi-species Fisheries and especially at this moment for
sound coneideration of the United States proposal on total effort limita-

tilon in the ICHAF Subsres 5 and Statistical Area 6. It goes through simpie,

aend numerical, espes to more general formulation of the model and its alw
goriem for solution, indiceting theoretically under what circumstances
and how an additional measure such as reduction of overall quota is of

prime necessity for conservation of the stocks.

2.1 For simplieity, let us start with the simplest case where two species
stocka Sl and 82. are exploited by two groups of fishery G1 and GE’ by~
catehing either species.
Assume the total allowable catches for both apecles estimated to be
TAd for Bl 5,000 tons,
TAC for SE 7,000 tons,
and further that the by-catch rates (column vectors) of Gl and 62 are given
as followe,
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Gl GE
Sl 0.90 0.15
82 0.10 0.85.

Tt may go without seying, but 1} 1n whatever wey the total yield {12,000
tons) may be allocated between the two groups of fishery, their by-species
catches shall not be summed up over the total allowable catch for the re-
spective species, and 2) presumably it is intended to meximize the sum
of thelr overall catches, as an agreed target for both groups of fishery,
putting on the shelf bona-fide reservations for new entries.

Denote the overall catches for the two groups of fishery by C1 and

C,, 8nd then the conservation requirsment in the above indicates that the

2!
following inequalities must be aatisfied by Cl and C2
0.90 Cl + 0,15 02 < 5,000
0.1 Cl + 0.85 02 £ T,000.

Out of the infinitely many feasible sets (Cl, Cz)satisfying these inequali-

tles and Cl >0 and 02

a Bet as to maximize C = Cl + 02.

>0, the target in the above indicates to choose such

The golution, unique in thie case, is summarized as follows,

Overall Breskdown by species

Catch Ci Sl 52
G, 4,267 tons 3,840 L2t
G2 TsT33 tons 1,160 6,573
Potal 12,000 tons 5,000 7,000,

1.2 The sum of the total allowable catches for each specles may not alweys
be attalnable, although it was in the numerical example in 1.1.
Let the by-catch matrix (& set of column vectors) be given as

G G

1 2
sl 0.90 0.45
32 0.10 0.55,

and then all of the non-negative set (01,02) patisfying the conservation re-
quirement for Sl, 0.90 Cl + 0.h5 02 % 5,000, alsc meet the second inequality

for 8, and the fessible maximum overall catch amounts only to 11,111 tqna.

2
Further, it leaves nothing to the group Gl under the framevorik of this model,

that is, Bo far as the target of maximizing the combined eatch of both species
cannot be modified at all.

Why it happens, and its possible generelization to the case of m species

stocks involved, may be more easily illustreted in the fellowing figures.
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The difference comes from where the two by-catch vectors are againat the
vector representing the proportion of the by-specles total allowable catches,
ealled TAC vector hereafter. Evidently a scalar produet of the TAC vector
can be found among weighted combinations of the two by~catch vectors in
the left-hand figure, while it is not in the right-hand figure, It is
also true in case of m apecieﬁ involved, and technological feasibility
of the sum of the by-species TACs as a target depends upon wher; the by-
cateh vectora, inherent to the groups of fishery concerned, are against
the TAC vector 1n the m~dimensional epace,

To note, such a case as the sbove example should be regarded as one

of the degenerated cases, because conservation of S, there is guaranteed

2
by managing the fisheriles so as to meet the conservation requirement for
Sl, that is, It la essentlally a single species case, although 32 will

be kept undo?cxploited.

1.3 Now, go on to a case vhere two species ;;cehn are exploited by more
than two groups of fishery. Of course it heppens that all of the by-catch
vectors of n groups of fishery fall on the either side of the TAC vector

es in 1.2, but if at leaét one of the by-catch vectors lies on the opposite
side, then the sum of the by-specles TACs can be attained as a target.

For simpileity here again, consider the simplest case of two specles

gtocks by three groups of fishery. Let the by-catch matrix be given as

follows, *
G Gy Gy
Sl 0.90 0.45 0.15
52 0.10 0.55 0.85.

The sum of the by-species TACs (12,000 tome) can be attainmed as s target,
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becsuse the by-catch vector for G. lies on the other aide of the TAC vector

3
from the remaining two.

Dencte the overall catches of Gl' 62 and G, by Cl,C and C, and then

3 2 3
the problem is to choose a set of (Cl, CE’ 03) vhich meximizes a linear

functional C = Cl + C2 + 03, out of the feasible sets which meet the following

requirements
0.90 C, + 0.45 ¢, + 0.15 ¢, = 5,000

0.10 €, + 0.55 C, + 0.85 c; < 7,000

0,Cy2 0,andC; 2 O.

Brief description of an algorism mey serve for better understanding

Cl >
of the underlying principles. First, introduce two 'dummy' non-negative
unknowns, A} and A2, to delete the imequality signs from the conservation
requirements, that is,

0.90 C, + 0.5 C, + 0,15 03 = 5,000 =A;,

0.10 €, + 0.55 C, + 0.85 €3 = 7,000 ~;.
Then solve a set of these two linear equatione for arbitrary two of the
three variables, for example, for Cl and 02,

t

linear functions of the remaining wvariable and unknowns as followa,

and they are represented by

c, = -889 + 0.667 Cy =~ 1.222 AL+ o,

C.

o = 12,889 - 1.667 03 + 0.222 A\ - 2ha.

Summing them up,
_ P c3 = 12,000 ~ A1- Az,
The target of meximizing a linear functional C suggeste Ai= Aiz= 0, Then

C= C, +C

c,= -88+ 0.667 Cq

c 12,889 - 1.667 03.

2

That is, any set of non-negative cl, C,, and C, which meets these two linear

2? 3
relations is one of the solutions, that is, the yield allocation 1s indetermi-
nate under these two linear constraints.

To obtain a unique scluticn, ancther linear relstion can be introduced
among the three variables. To note, however, it does not imply, any linear
relation could be taken into eccount successfully without any modification
of the target. Provided that any modification (practically a reduction)
of the attainsble target can be accepted, a solution satisfying an additional
linear constraint may be obteilned by going back to the original sclution
including 'dummy' parameters A; and i, and then any positive Xi; and A,

, if any, will represect the amounts of radwotion, imposed by the sdditional
constraint.
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More generally, in case of n groups of fishery imvolved, a set of
the feaeible molutions satisfying the comservation requirements could be
defined in the same way. What 18 essential there is that the 2 by n by-
catch matrix determines twe linear independent relations emong the n variables,

C., Cmmmma=, Cn' In case of m epecies stocke involved, the m by n by-

1 2

catch metrix determines m linear independent relations among them (m < n).
Theoretically, then, (n - m) additional linear relationships can be introduced,
8o to speak on whatever outside basis, to obtaln a unique solution. It is
usually callied 'degree of freedom', but practically, it seems, optional
freedom,which hes been apparently enj)oyed in eny mono-specific case, will

not increase so much as expected, as theoretical ‘degree of freedom' increases,

although 1t depends on the intrinsic structure of the by-catch matrix.

E;E_ Summing up the above, in case of m specles stocks and n groups of

fishery involved, the n by-catch vectors {assumed as fixed for each group)
form a pyramid in the m-dimensional space, whose top is st the origin,
although some vectors may be buried in it. If the TAC vector is in the
interior of the pyramid, the sum of the TACs can be attained aa a target.
Otherwise, although there mey happen a variety of cases generally, the

sum of the TACa is evidently unattainable. In such cases, however, take

some relevant species stocks out of consideration and the sum of the remaining
TACs will turn to be stteinable as a target. It does no harm to conservation
of those species stocks, as it is evident in the case of 1.2. Prectically

speaking, tharefore, the sum of the PACs, if the problem is ressonsbly

ey

framed, is always attainable as & tlrguf;.nlthough it may leave some other
stocks underexplolited.

If the number of groups of fishery, n, equals to the number of the
species stocke, m, there exists a unique solution on yield sllocation to
attain the sum of the TACa, which is entirely determined, sc to spesak,
technologieally by the given by-catch matrix. If n incresaes over m, there
exists, not a unique but, a set of scluticns to attain the sum of the TACs.
In other words, the yield allocation is indeterminate under the m linear
technological constraints. Theoretically, (n - m} sdditional linear con-
straints can be introduced on whatever outside baszis to arrive at s unique
allocation, but practically, optional freedom would be very much limited

unless appreciable reduction of the ctherwise attainable target yields,

=
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of course different by specles, cen be accepted, because the 51§en m by
n by-catch matrix hes imposed m linear independent constraints to be satisfied.
When o ie less than m, an appropriate reduction of the framework will lead

to & satisfactory solution.

2. The by-catch rates have been rather unrealistically sssumed in the
above as fixed for esch group of fishery, Just for better understanding

of basic framework and principles. It 1s never the case in praetice.

There are a great many factors involved in determining the by-catch rate;
stock abundance, distribution end migration, coupled with gear selectivity,
innovations, shift of the fishing ground and yearround fishing strategy.

The underlying complexities will be consideradly |mp11fisd as various
species stocks are increasingly involved, so much that it is hardly possible
to figure out in detsils. On the other hand, however, it appears to me,
historieal ;'Performa.ncea here and there indicate that the by-catch rates

at the end of the season do very from year to year, scometimes considerably,
but they do not violently fluctuate from one of the extremes to another,
excluding some exceptional cases., Therefore 1t cen be reasonably assumed
for the by-catch rates to vary, or to be controlied, within finiﬁe ranges,
There are indeed many uncontrolleble, or even difficult to predict, nstural °'
and some operational factors involved, but meny others are undoubtedliy
controllable. And any satisfactory solution of the problem under consideration
depends on how far and how much these factors cam be controlled in practice,
not only in quantity but in quality.

Theoretically, in the two specles case, a by-catch rate of either b

specles determines the other as a complement. In the three species case,
& by=-catch rate for a specles will leave the rates for the other two species
still indeterminate, because there remains one degree of freedom for determi-
nation. Thus, more generally, in the m species case, there are {m - 1)
degreea of freedom, 8o to spesk, to be expended to sbsorb the underlying
complexitiee. Aassuming they vary within finite ranges, thelr vectors make
a pyramid*in the m dimensional space, as mentioned before. If n groups
of fisghery are concerned, there exist n such pyramids, one to each group,

in the space. Too much complicated as it mey appear, the key point is,

it 18 not detalled configurstions of these pyramids, nor all of thelr edge

¥ convex cone, more generally if any continuity be aasumed, with no change
in the algerism.
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vectors, but some components of the edge vectors and their configuration

that play an essential role in solving the problem, as shown in what follows.

2.1 First, let us conaider a case of two epecies stocks by two groups
of fishery, whose by-catch rates are respectively indeterminate in fihite

ranges as follows,

G G2
Upﬁer Lower Upper  Lower
Sl 0.9% 0.80 0.35 0,10
82 0.05 0.20 0.65 0.%0.

Then, in the following flgure, the actual catch of G1 is represented by

the point between two reys OGl(U) and OGl(L), and that of G, by the point

2
between two rays OGQ(U} and 0G2(L). Denote the overall catches of G, and
G2 by Cl and 02, and then the actual catches of both groups will vary on

the line segmentn AIAE and 3132 respectively.

Now, conaidar the four comwbinations of two vectors, one frem each of

the two groups, 0A1, OA2 and OBl. OB The sums of two vectors in four

X
combinations wlll be represented by the four vectors oxll, 0121, oxlz, and
0x22' vwhose endpoints are on the line aegment xllxé2’ because they are all

e And it is evident, vherever the actusl catches of Gl and

62 may fall on the line segments A1A2 and BIBE. that the point representing

equal to Cl +C

their sum is on the line segment x11x22'

To mest the comservation requirements, the line segmest x11’ha mat lie
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within the rectangle OMIMME' which represents a set of the feansible by-species
catches satisfying the conservation requirements, that 1s, not more than the

TACs, 5,000 tons for 5. and 7,000 tons for S The figure indicates that it

"
-coordinate of the end-point X,, not

1

i8 necessary and sufficient for the Sl

to exceed the TAC for Sl’ 5,000 tons, and &s well, for the Ba—coordinate of
the other end-point X22 not to exceed the TAC for SE’ 7,000 tons, that is,

§,-eoordinate of X,, : 0.95 C; + 0.35 C, g 5,000

1

SE-coordinate of X22 : 0.20 Cl + 0.90 02 £ T7,000.

Bolving a Bet of these inequalities Bo as to maximize ¢ = C1 + 02,

C, = 2,611 tons and ¢, = 6,478 tons.

And the yield allocation will be summarized as follows,

G1 G2 Bub-total
5, 22,480 tons SP+267 tons 2 4,747 tons
8, 5 522 tone 55,830 tons % 6,352 tons
Overall Total gquota
quota, 2,611 tons 6,478 tons 9,089 tons.

It is noted in this table that

1) The overall quotas for Gl and Bz'aro uniquely determined, vwhile
the by-specles quotas are indeterminate with possible maximum allowable
catches determined. That is, there is a room left for option of apécies,
constrained by the fixed overall quotas.

2) The total guota allocated is appreciebly reduced below the sum
of the TACs, which has been shown in the above to be attainable if the
by-catch rates can be fixed on the both sldes of the TAC vector. Sach
a reduction of the total quota allocated depends on the ranges, within
which the by-catcﬁ rates are indeterminsate,

3} The possibly maximum by-species catches by both groups are not
summed up to the-by-speciea TACs respectivelx. This is because the target
is assumed to be a maximum combined catch of both species. The ceteh of

5., for instance, can be increased up to the TAC, but then decrease in the

l,

catch of 8, will not only balance it out but further reduce the total quota

2
below 9,089 tons.
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2.2 Generally, in cese of m species stocks by n groups of fishery, the
by-catch vectors for each group, ae metioned before, make & pyramid in
the m dimensional space. The edge vectore can be arranged in a watrix
form. Then, as in 2.1, the requirement inequality for 8, (L =1, 2, a=w,
m) can be constructed by picking up the largest component on the i-th row
in the by-catch matrix, one from each group, 1ln addition to the TAC for

5 Once a set of the requirsment inequalities osn de set up, it will be

.
solved just as it is described in the sbove. BEvidently any set of solutiou
will retain all the features so far revealed.

Reviewing the algorism, it may be strange that use is made of only
the largest component rate from each group's by-catch matrix in constructing
the requirement inequalities. The ranges, within which the by-catch rates
are indeterminate, however, have already been well represented by hov much

the sum of the largest components for each group exceeds unity, as it is

strictly so in the two dimensional case in 2.1.

Summary Yield allocation problems in case, where m specles stocks are
exploited by n groups of fishery, have been rather theoretically considered
in relation to conservation requirements, maximum utilization, by-catch
structure and possible outside allocation formule.

1} Among the stocks concerned, there may be invelved some stocks,
technologically subordinate in the sense that their conservation 1s guaranteed
by resscnably regulating the fisheries only on the other stocks although they
may be left underexploited. Then they can be better considered separately.

2) Excluding such stocks, the sum of the biological TACs cen be general-
ly attainable as a target if the by-cetch rates are agsumed as fixed for each
group of fishery. Otherwise, that is, if the by-catch rates are indeterminate
within finite ranges on whatever reasons they may be, the sum of the biologi-
cal TACs must not be taken as a reascnable target. In other words, not only
overall but by-species reductions of the target below the biclogical TACs

is them of prime nocessity fer effective scaservation of ihe stosks concerned,

The smounts of necessary reduction, @ifferent by stock, and a room for
options on the fishery side as well, depend on the ranges within which
the by-catch rates are indeterminate, in sddition to the given by=-catch

structure and blological TAOs.
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3) In either case, the overall yleld alloecstion among the n groups
of fishery is uniquely determined (when n = m), or, more generally, inde- .
terminate under the m linear constrainta imposed (when n > m), technolo-
glcally by the given by-cateh structure. Theoretically, (n - m) additional
linear constraints can be introduced on whatever cutside considerations
to arrive at a unique allocation, but optional freedﬁm would be practically
very much limited, in comparison with any single-species case, unless appreci-
able reduction of the otherwise attainable target.yields can be agreed on.

)} Disregard of these structural features, especinlly of constraints
imposed by the given by-catch structure, will probably result in felse,
or presently infeasible, alloeation, increase of wasteful discard and cther
nuisances and finally disastrous failure of conservation. In this sense,
the present system of allocation, applied to stock by stock rather independent-

1y, needs to be critically reviewed snd reconsidered.

All



