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INTRODUCTION 

Fishery management based on individual species catch quotas faces 
difficulties whenever a significant proportion of the fishing mortality on 
a given species is generated as a by-catch in fisheries directed towards 
other species. Quotas are only effective in regulating fishing mortality 
of fleets which can control precisely their catches of each of the managed 
species. The initial haddock quota regulations (Subarea 5 and Division 4X) 
stated that the directed fishery should cease whenever the accumulated catch 
(directed catch plus by-catch) reported to ICNAF bi-weekly reached 80 percent 
of the quota, antiCipating in advance that the catch after closure (a by-
catch by definition) would be twenty percent of the quota. When the yellowtail 
flounder was added to the list of species under quota the closure procedures 
were changed. The Assessment Subcommittee first estimated the expected monthly 
by-catch after closure of directed fisheries. The decision to cease directed 
fishing was then made when the sum of the total catch reported to ICNAF on 
a bi-weekly basis plus the expected ·by-catch during the remainder of the year 
equalled the quota. With the introduction of national quota allocations in 
1972 the procedure again changed requiring each country to close its directed 
fishery so that the sum of its directed catch and the estimated by-catches 
would not exceed its quota allocation. 

This management procedure is adequate from a conservation standpoint 
when species are caught independently. When they are not, and the by-catch 
is relatively large, necessary restrictions are difficult to achieve by 
closures of the directed fishery. The goal of national quota allocation 
procedures is an equitable distribution of allowable catch among countries. 
Thus, the above requirements for successful management apply not only to the 
total quota but to the nat ional quotas as well. When ollly a few species are 
under the quota and the by-catch of those fisheries is small, it may be 
possible to meet each quota by proper fleet management. However, in 1973, 
the situation in ICNAF Subarea 5 and Statistical Area 6 is such that all main 
fisheries are under natiollal quotas and the by-catch in large. Under these 
circumstances it may not be possible to catch a 'peci"s' entire quota which 
is set without regard for associated by-catch, and sti J I achieve the desired 
objectives. 
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This paper analyzes the effect of by-catch on the realization of 
objectives using national quotas set for 1973. 

MATERIALS AND METHODS 

Data Base: Nominal landings and effort for designated main species (or 
species group) sought categories are submitted annually by all ICNAF 
associated countries fishing in Subarea 5 and Statistical Area 6. These data 
are published in Table 4 of the ICNAF Statistical Bulletin Series. From this 
series the 1971 records (ICNAP Statistical Bulletin, 1972) were selected as 
the data base from which the proportions of by-catch and directed catch were 
derived for use in subsequent simulations. The nominal landings were equated 
to catches and no attempt was made to estimate and include the removals due 
to discards. 

Several different procedures were used to estimate the total allowable 
catches in 1973 in order to allow simulation of actual catches. 1973 ICNAF 
national quota allocations for member countries in Subarea 5 and Statistical 
Area 6 were used for cod, redfish, silver hake, flounder (other flounder 
plus yellowtail flounder quotas), herring, and mackerel. The global quota 
for haddock was apportioned between countries on the basis of the distribution 
of 1971 haddock catches. The total allowable catch of the category "other 
pelagic fish", was obtained by adding 12 tons to the mackerel quota based on 
ratio of the mackerel catch to total other pelagic catch in 1971. The 1971 
nominal landings were used with species under quota for non-member countries 
and for member countries without a national quota. Finally, for unregulated 
species (other groundfish, and other fish), the 1971 national nominal landings 
were again chosen as the restraint. The term "quota" used for 1973 in this 
paper refers to the limitations described above. 

Analytical Methods: Yearly landings for finfish only, excluding catches by 
fixed gear, were summarized over the "main species sought" categories in 
Table 4 of the ICNAF Statistical Bulletin excluding the menhaden, halibut, 
and those of the large pelagic fishes - tuna, billfish, and sharks 
(other than dogfish). In instances where no "main species sought" category 
was indicated, or where landings were attributed to a "mixed" fishery; the 
monthly landings were designated by "species sought" categories on a basis 
of simple plurality (Assessment Sub-Committee Report - ICNAF Summ. Doc. 73/1). 
The term "fishery" as used in this document refers to the vessels and associated 
catch in these main species sought categories. We also use the term "species" 
for both individual species and species groups. All reported landings were 
thus identified by two factors: species and fisheries. Such tabulations 
were prepared for all participating nations. 
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In order to estimate the effects of by-catch on 1973 catches, the 

following procedures were used,based on reported 1971 catches of each country. 

The catch of each species in a fishery was first expressed as a percentage 

of the total catch (column total) for that species for each country (CH 

percent in Appendix Tables l-il). This computation shows the percentage of 

the total catch of a given species that was caught by the fishery for that 

specics- the directed percent caught, as well as the percent of the total 

catch of that species in each of the other fisheries. These percentages were 

then used to distribute 1973 "quotas" for each species over all fisheries, to 

obtain an "estimated" catch for each country. 

Secondly, wi thin each fishery the catch of each species was expressed 

as a proportion (R) of the catch of the main species sought, again for each 

country separately (Appendix Tables 1 through 11). This computation shows 

the by-catch as a prol'ort ion of the main species sought in a given fishery. 

By applying these proportions to the estimated directed catch for 

each fishery as computed above, the "expected" by-catch of associated 

species was obtained for each fishery for each country. 

Totals of the estimated and expected catches (Tables 1 and 2) were 

obtained by sWIUlling the appropriate values over all countries. The overall 

species by-catch ratios Were then recomputed (Table 2). The difference 

betl,een the "estimated" catches Crable 1) and the "expected" catches (Table 2) 

Indicates fishery-species interactions that cause problem areas for harvesting 

operations (c.f. Special meeting of experts on effort limitation, ICNAF Summ. 

Doc. 73/5). In other words, the differences represent an effect which is not 

anticipated when setting regulations. Table 3 and Appendix Tables 12 through 

19 give the differences between the estimated and expected catches. Where a 

negative difference exists, the <juota would be exceeded. 

Tw~. other sets of simuLnions of 1973 patterns of catches were examined. 

in the f1rst set, the entire 1973 quota for each species was assumed to be 

taken by 1ts.dlrected.fishery. The associated by-catch within each fishery 

was then estlmated uSlng the proportions (n) given in Table 2. In the second 

set, quota restraints and simulated catches were analyzed using linear 

prograrrmnng techlllques. 

Linear Programming: In this set of simulations, the surrmmry by-catch ratios 

(n) were used to develop a series of linear equations, which when solved 

through a linear prograrrmli ng tcchni<jue allowed the interact ion terms to be 

reduced such tlwt the total ";Itch of all species could be maximized without 

exceeding the <juotas. 
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The linear programming model is a decision model for which the 
effectiveness of an allocation scheme over several variables is measured by 
the maximum value of some linear function of those variables, when those 
variables are subject to linear constraints. The problem can be formUlated 
as that of determining 

in the model 
N 

Z = SUM (c i xi) 
i=l 

N < 
such that the constraints SUM (aij x) (~) b j 

i=l > 

x· > 0 1- i=l. .. N 

(1) 

(2) 

j=l. .. M (3) 

(4) 

where a·· and ci are constants and Z is maximized with respect to the 
variabl~~ xi' Since minimizing Z is equivalent to maximizing 

N 
SUM (-ci xi)' 
i=l 

all optimization problems of the kind defined by equations (1)-(4) can be 
treated as maximization problems. 

The linear programming model has a short history of application to 
fisheries problems. Recently, Rothschild, and Balsiger (1971) constructed 
such a model in order to allocate the catch of salmon among the days of the 
salmon run. In this application, the objective function to be maximized 
represented the total landings of the species. The constraints in the system 
included the cannery capacity for the species, and the adequate escapement of 
male and female fish. 

Our analyses were concerned with max1m1z1ng a Z which would represent 
the total catch of all finfish in ICNAF Subarea 5 and Statistical Area 6. A 
comput:r program developed by the Honeywell Co., called LINPRO was used to 
determ1ne solutlOns to equat ions (1) - (4) using the two-phase method (Hadl ey 
1963, pp. 149-173). The data. which were entered in the equations are given'in 
Table 2. Each entry 1n the f1shcr1es-species 9 x 9 matrix can be written as 

x· . 1J = Xii * Xij == Xii 

Xii 

.. a· . 
1J 
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where x .. is the catch of species j in fishery i; x·· is the directed catch 
of speciJs i; a·· is the ratio (=R, Table 2) of the1airected catch which is 
species j; i=1. ~~9, the number of fisheries; j=1. .. 9, the number of species 
caught. 

Our base system, in the format of (1)-(4), can be written: 

9 
SUM ( x· .) = 

1J 
i=l 

9 
< SUM (a·· *x· .) = 

1J 11 > 
i=l 

j =1. .9 

where the objective function to be maximized is 

9 9 9 9 9 9 
Z = SUM(SUM(xij))=SUM(SUM(a .. *xii )) = 

i=l j=l i=l j-l 1J 
SUM (xii (SUM (a .. ))) 
i=l j=l 1J 

where c i 

9 
= SUM(a .. ). 

j = 1 1J 

9 
= SUM (xii ci) , 

i=l 

(8) 

(9) 

Analagous to equation (1), the variables to be determined are X= 
(xll ,x22, ••• Xgg), where Xii is greater than or equal to O. 

The constraints b· in (8) are the "quotas" allocated in 1973 for each 
of the 9 species. Variations on the system were easily handled, including 
the addition of minimum catches in indi.vidual caSes x· '. The solution of the 
system of equations gives for each species the direct~a catch, and the catch 
in all other fisheries,which satisfies the constraints. 

RESULTS AND DISCUSSION 

Maximum Extent of By-Catch Effect: The rationale behind the setting of species 
quotas is based on control of species directed fisheries. The amount of by
cutch in our model is a function of the catch of the directed species. An 
estimate of the maxinllun effect of by-catch on species catches in an open-ended 
(no total limit) species-quota system c,,-n be obtained by assuming the 1973 "quotas" 
are completely taken in directed fisheries. This is the ideal situation from 
the standpoint of fishery control by quota regulations and is of course the 
maximum that could be taken without the directed fisheries exceeding their 
"quotas". 
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The by-catch associated with these catches is calculated using the (R) 
values from Table 2. The by-catch in this situation causes the total catch 
to exceed the total "quota" by about 50 percent (Table 4). All species are 
significantly overfished relative to the 1973 "quotas". Excesses are parti
cularly high for haddock (328%), other groundfish (139%), other fish (107%), 
flounder (95%), cod (82%). and herring (58%). In all of the above species, 
the by-catch is greater than 50 percent of the directed catch. It is obvious 
from this illustration that since many of the "quotas" are equal to or greater 
than 1971 catches, fishery management in ICNAF in 1973 has to be concerned 
as much if not more with controlling the by-catch, as with the directed 
fishery itself. 

Estimations of BY-Catch in 1973 Based on 1971 Fishing Patterns: Table 3 give~ 
the deviations between the estimated and expected by-catches in 1973, that will 
occur if the directed catch is the same proportion of the total catch as observed 
in 1971. There are significatnt deviations for some species in nearly every 
fishery. The silver hake fishery appears to cause the greatest amount of 
mortality on other species, with the by-catch in that fishery exceeding 
expected values for all species except other pelagics, and being particularly 
significant for haddock, flounder, other ground fish, and herring relative to 
their spec ific "quotas". The cod and flounder fi sheries have a maj or impact 
on the haddock quota, while the other pelagic fishery impinges on flounder 
and herring quotas. The deviations for individual countries are presented 
in Appendix Tables 12-19. 

This analysis clearly illustrates that the 1973 quota regulations 
dictate major changes in fishing practices if quotas are to be met. It is 
realized of course that the actual by-catch will fluctuate with changes in 
species density even under constant fishing pressures. However, in general, 
the relative mortalities generated would have a constant relationship to 
the units of effort expended. 

The 1973 "quotas", as detennined in this paper,. include catches which 
are unallocated in the official 1973 regulations, but which in reality can be 
expected to occur. The effect of this caq be ascertained by summing the 
deviations in Table 3 OVer fisheries for each species (column totals) and 
adding to these totals the difference between the 1973 "quota" used in this 
paper (refer to method section), and the actual legal quota (if any). This 
computation shows that for haddock (100%), flounder (22%), other groundfish 
(8%), herring (29%), and other fish (8%), quotas would be exceeded (by the 
percentages given in brackets), while for cod (20%), redfish (16%), silver 
hake (20%), and other pelagics (5%), catches would be under the quota by the 
percent indicated. This underachievement could result in the expansion of 
effort in the directed fisheries for these species, in order for countries 
to achieve their allotted legal quota, thus causing an accompanying increase 
in by-catch for those species already overharvested. 
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Linear Programming Solutions to By-Catch Problem: It is clear from Table 2 
that by reducing certain directed fisheries and thus reducing by-catch, the 
problem of exceeding certain quotas could be mitigated; for example, reducing 
the directed catch of cod would lessen the total amount of haddad caught. 
There are, however, innwilerable possible solutions to this general problem. 
For example, the herring quota could be met by adjusting the directed fisheries 
for herring, for other pelagic fishes, or for silver hake, in Bny one of several 
possible alternatives such as: eliminate the silver hake fishery, cut the 
mackerel fishery in half, and reduce the directed herring catch by 28 metric 
tons; or eliminate the other pe lagic fishery, reduce the si 1 ver hake fishery 
by half, and cut hack the directed herring fishery by 26 tons; and so on. 
Linear programming offers a rational approach to solving this problem. 

One solution which maximizes total catch without allowing any species 
quota to be exceeded, although it does permit directed fisheries catch to go 
to zero, is gi ven in Table 5. The resultant tota 1 catch of 1,068,000 MT is 
a reduction of 40,000 MT from the original total allowable catch (Table 1). 
However, the directed fisheries for cod and haddock are eliminated, and those 
for herring, other fish, and flounder are only 02, 52 and 38', of the original 
values (Table 1). These species groups are of primary interest to the coastal 
fisheries. 

In order to obtain a solution that preserves some semblance of a directed 
fishery for the coastal state, additional minimum constraints (Table 6) were 
established for both the directed and total catches. These constraints were 
arbitrarily derived to serve as an exanlple and do not fully meet the coastal 
fishery needs as reflected in previous years catches. Also, the directed fishery 
catches have been ndjust~J sufficiently below 1973 U.S. quotas to eliminate 
illternal by-catch conflicts. 

The solution to this second case is presented in Table 6. The total catch 
is now reduced by 190,000 MT, the directed fisery for haddock eliminated, and 
that for silver hake virtually eliminated. The directed fisheries for cod and 
herring are reduced substantially, and the total catches for cod, 
redfish, si lver hake, flounder and othe,- groundfish are lower than allocated 
for 1973. This indicates the gross inadequacy of regulation by species quotas 
alone, to achieve conservation goals or to provide for the needs of the 
coastal fleet. 
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Table 5. Linear Programming Slmulatio:1. of 1973 Catches 

Maximizing Total Catch. Values in MT X 10- 3. 

Total 
Species allowable Directed Total 
sought catch catch catch 

constraint 

Cod 45 0 14 

Haddock 6 0 6 

Redfish 30 24 30 

Silver hake 170 140 170 

Flounder 51 14 42 

Other groundfish 80 27 80 

Herring 175 98 175 

Other Pelagic 462 424 462 

Other Fish 89 13 89 

Total 1108 1068 

E 14 



Species 
Sought 

COD 

HADDOCK 

REDFISH 

SILVER HAKE 

FLOUNDER 

- 14 -

Table 6. Linear programning simulation of 1973 catches 
maximizing total catch considering nation 
allocations and preserving portion to the United 
States directed fIshery. Values in MT X 10- 3 . 

Total 
Allowable 

Catch 
Constraint 

45 

6 

30 

170 

51 

Directed 
Catch 

8 

0 

19 

3 

33 

Total 
Catch 

19 

6 

22 

40 

4& 

OTHER GROUNDFISH 80 23.5 59 

HERRING 175 125 175 

OTHER PELAGIC 462 440. 5 462 

OTHER FISH 89 27 89 

TOTAL n08 918 

Addtl. constraints for Coastal State fisheries 

Directed Total 
Cod > 8 = 19.4 -
Haddock > 0 = 5.0 -
Redfish ."..19 = 22.0 
Silver hake > - 3 = 9.0 
Flounder ."..33 = 38. 7 
Other groundfish > 9 = 19.4 -
Herring ."..23 = 25.1 
Other pelagic > - 9 = 10.0 
Other fish > 3 = 4. 5 

Fl 
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