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On the Microeconomics of
Quota Management in Fisheries
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Abstract This paper compares the economic incentives created by transferable
and non-transferable quotas in a fishery, in particular the incentives to discard
fish of certain species or grades when quotas are enforced at the landing site.
With a hypothetical efficient allocation of non-transferable quotas, the incentive
structure is essentially the same as under transferable quotas. However, in the
absence of the information provided by the quota price, outcomes may not be
the same under all conditions. Inefficient allocations of non-transferable quotas
will tend to reduce discards due to highgrading but increase discards in
multispecies fisheries. The impact of discarding on the quota price in a transfer-
able quota fishery is examined.
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Introduction

Quota management is widely employed in fisheries in order to achieve conservation
and (in some cases at least) efficiency objectives. Although much attention in recent
years has focused on the market allocation of quotas, in particular on systems of in-
dividual transferable quotas (ITQs), in many countries quotas continue to be
allocated wholly or partially by other means.! Despite the efficiency arguments for
transferable quotas (e.g., Arnason 1990, Clark 1990), faced with the possible transi-
tion from an existing non-market allocation of quota to a market-based system,
management authorities may be as concerned with the consequences for the enforce-
ment of landings and for levels of discards as with the allocative efficiency of the
fishery.?

The aim of this paper is to analyse and compare the incentives created by trans-
ferable and non-transferable quotas, in particular the incentives to remain within
quota limits by discarding elements of the catch prior to landing. The role of en-
forcement in assuring that quotas are respected at the landing site is explicitly
considered. Clearly, both over-quota landings and discards are of serious concern for
the management authority, since a total allowable catch (TAC) which appears to
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1 Within the European Union, only in the Netherlands are national quotas allocated using an ITQ system;
other EU member states rely principally on non-market mechanisms to allocate quotas, such as monthly
quota limits or non-transferable annual quotas.

2 This has certainly been the experience with EU fisheries, including recent discussions around I TQs ini-
tiated by the European Commission. The United Kingdom Government has also recently been led by im-
promptu quota trading by the industry to consider seriously the potential benefits and costs of a formal
ITQ system (see Hatcher and Read 2001, Hatcher et al. 2002).

77

provided by Research Papers in Economics


https://core.ac.uk/display/7076027?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

78 Hatcher

have been complied with may, in reality, have been exceeded by a significant (and
unknown) margin.

The basic economics of discarding in fisheries are examined by Anderson
(19944, 1994b) and Arnason (1994). Both Anderson (1994a) and Arnason (1994)
emphasise that the necessary condition for discarding is that there is some differen-
tiation in the catch and the sufficient condition is then that the unit costs of retaining
and landing a part of the catch exceed the corresponding market price. Arnason
(1994) finds that, to the extent that an ITQ system introduces an (additional) oppor-
tunity cost for each unit of fish landed (the quota price), all else equal, incentives to
discard are increased under | TQs compared to a free-access fishery.® Anderson (1994b)
compares incentives to discard particular grades of fish with a capacity (hold) constraint
and with 1TQs, noting the theoretical equivalence of the shadow price on the physical
constraint and the ITQ price.* Similarly, Vestergaard (1996) compares such highgrading
incentives under non-transferable quotas and 1 TQs, concluding that, all else equal, dis-
cards will increase (decrease) under ITQs if the quota price is greater (smaller) than the
shadow price of the non-transferable quota. All these studies, though, confine them-
selves to cases where there are just two elements to the catch. Further, the discard
incentives which arise in multispecies quota fisheries due to quota/catch mismatches at
the vessel level (e.g., Squires 1987, Kirkley and Strand 1988, Squires et al. 1998) have
not been studied in any detail. Experience suggests, however, that in multispecies
fisheries, managers (and indeed fishermen) are greatly concerned about discards due
to vessels not holding quota in the same proportions as species appear in the catch.

This paper extends analysis of the microeconomics of quota management in or-
der to gain greater insight into potential outcomes under non-transferable and
transferable quota regimes, including the implications of discarding for the quota
price in atransferable quota fishery. The paper is structured as follows. The next
section develops a simple short-run model of vessel behaviour with an output
(quota) constraint, which is then allowed to be transferable. The third section exam-
ines incentives for discarding in a multispecies fishery with transferable and
non-transferable quotas, while the following section considers highgrading; i.e., dis-
carding in a single-species fishery in which there are many grades of the same
species. A final section contains some concluding comments.

The Basic Quota Model

Consider afishing vessel operated as a single price-taking firm. To begin with, as-
sume a single-species fishery with no price differentiation between any elements of
the catch. In agiven period, the firm's short-run profit function is:

p(a) © pg - c(q),

where q is the catch and p is the unit price received for the catch at first sale (fish
prices are assumed parametric to the firm and the fishery throughout).® Variable
costs, ¢, are defined as a function of catch. It is assumed, implicitly in the profit
function, that catch is a deterministic function of an unspecified variable input

3 This was, more or less, the result for individual quotas suggested by Copes (1976).

4 In the single species case only, a hold constraint is analogous to a non-transferable quota that is per-
fectly enforced.

5 For clarity, individual firm subscripts are omitted throughout.
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(which we could call effort) and for simplicity can be treated as the choice variable.
We assume increasing marginal costs of effort, and therefore catch; i.e., c2(q) > 0, so
that there is some finite level of catch at which short-run profits are maximised.
Given this, the necessary condition for (unconstrained) profit maximisation is, asis
usual, dp/dg ° p—c&q) = 0.

Introducing a non-transferable catch quota, Q, presents the simple constrained
optimisation problem;

m(?x pg - c(q) st. g £ Q.

The corresponding Lagrangian:

L =pg-c@)- I[a- Q]

yields the first order (Kuhn-Tucker) condition for profit maximisation:

p-ckq) =1I. )

Assuming the constraint binds, the Lagrange multiplier | represents the shadow
price of the quota; i.e., | = p/T1Q, which equates with marginal profit [p— c&q)] at
the quota constraint. If equation (1) isrearranged asp—1 = c€q), theLHSterm (p—1)
can be thought of as the virtual price of constrained output (following Neary and
Roberts 1980); i.e., the output price at which the firm would choose freely to pro-
duce at g = Q. In essence, the fundamental short-run goal of a quota management
system is to induce vessels to produce as if they faced an output price of (p— 1)
rather than p at some appropriate level of output. As we will see, the shadow price
can be imposed as an actual or expected cost through a system of penalties or, in the
case of transferable quotas, the market price for quota. In this respect, management
by quotasis theoretically similar to the use of atax to control output.®

In areal world fishery, some (or many) vessels will seek to catch more than the
quotaif it is profitable to do so (indeed all will if we assume strictly rational
behaviour; i.e., behaviour motivated solely by monetary costs and benefits). The
fishery management authority is then faced with the task of enforcing compliance
with quotas by imposing a penalty on vessels which violate. A monitoring system
must detect infringements, and the judicial system must then impose penalties of an
appropriate size. Let the resultant expected fine for aviolation q > Q be F(q) with
F2(q) 3 0.7 Now (for arisk-neutral firm) expected profits are maximised where:

& Clark (1985) makes a similar point in the context of ITQs, as does Boyce (1996). The distinctions pri-
marily concern the distribution of short-run profits. With an output tax, a management authority receives
part of the revenue on every unit of production. With transferable quotas there is an opportunity cost for
every unit of quota used, part of which might be paid to the management authority if there is a quota or
revenue charge as a means of rent capture (e.g., Grafton 1995). With a perfectly enforced non-transfer-
able quota, however, all profit from production up to the quota limit is retained by the firm.

7 The modeling of enforcement here derives from the utilitarian approach of Becker (1968); see Sutinen and
Andersen (1985); Anderson and Lee (1986); and Charles, Mazany, and Cross (1999) for fisheries applica-
tions. The expected fine F(-) depends upon the probability of detection and sanction and the anticipated pen-
alty if sanctioned. In practice, the management authority may face difficulties including political or judicial
resistance to the imposition of larger financial penalties for fishing offences as well as the costs and decreas-
ing marginal returns of increasing enforcement effort and the probability of detecting offences. See, for ex-
ample, Sutinen and Andersen (1985), Anderson and L ee (1986), Milliman (1986), and Anderson (1989).



80 Hatcher

p- ca) = Fqq). 2

Note that F&q), the expected marginal fine as a function of catch, neatly replaces the
| in equation (1). Effective enforcement of the quota; i.e., production at q° = Q, re-
quires that the expected marginal fine for the first unit of violation is at least as
large as the shadow price, | (and is non-decreasing for further units of violation).®

Now let quotas be transferable. In the short run, the firm can vary its quota allo-
cation by buying (or selling) quota at the prevailing market price.® The firm’'s
maximisation problem becomes:

max pq - c(q) - 1Q st.q £Q,

where r is the short-run (rental) price of quota. The first-order conditionsfor q', Q" > 0
are equation (1) together with r = | . Solving for | , we have the standard decision
rule for transferable quotas:

p-cdq) =, (€)

which, as we see, implicitly assumes that r is equated with | . The most important
implication of atransferable quota from the individual firm’'s short-run decision-
making perspective is that there is now a choice between landing a marginal unit of
fish illegally or purchasing an additional unit of quota. It is apparent, however, that
astrictly rational firm will only buy quotaif it is less costly than the expected fine
incurred if the fish was landed without quota. In other words, for equation (3) to
hold in practice requires that enforcement is such that the expected marginal fine for
landing over-quota fish is always equal to or greater than | .2° We will make this as-
sumption from now on, but it should be remembered that incentives for discarding
are contingent upon the enforcement of landings controls.

Quotas and Discarding in a Multispecies Fishery

Now consider avessel firm in a multispecies fishery. Let there be m species in the
fishery (indexed i = 1,2,...m), which are always caught in the same proportion; i.e.,
there is no random variation in the catch composition, nor can the vessel selectively
target particular species or otherwise alter the catch composition.'! Let b; be the pro-
portion of the ith species in the catch, sothat &4lb, =1 and q=487p.q, and let
there be m associated quotas Q, Q.,... Q. As before, assume that each speciesis an

8 The requirement for F2(-) 3 Ois effectively a statement of the legal principal of marginal (and cumula-
tive) deterrence (Shavell 1992).

91t is assumed that the vessel has no initial endowment of quota. Given that in the quota market unused
guota has an opportunity cost equal to the price at which quota must be bought, this does not affect the
results obtained. This would not be true, however, in the case where one or more firms enjoys market
power in the quota market (see Anderson 1991).

10 AsMalik (1990) and Keeler (1991) discuss in the context of tradeable pollution permits, given certain
assumptions about the form of the expected penalty function, if all vesselsin the fishery behaved strictly
rationally, a quota price greater than the expected marginal fine at the optimum level of catch would not
be observed since the market price for quota would then simply fall to the level of the expected marginal
fine. We would then have the same decision rule whether vessels in the fishery are compliant or not.

1 The restrictiveness of this assumption, and the possible implications of relaxing it, are discussed later.
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undifferentiated product and commands a constant market price p,. We now assume
(asis most often the case in practice) that catches cannot be observed by the author-
ity but landings can. The quota constraints, therefore, have to be formulated in terms
of landings rather than catches. This introduces an additional set of choice variables:
the level of discards of each species. The quota constraint for the ith species be-
comes b,qg— d, £ Q;, where d; is the quantity of the catch of that species which is
discarded prior to landing.*?

Non-transferable Quotas

With non-transferable quotas, the firm’s constrained maximisation problem is now:

max A plba-d]-c@ st bg-d £Q ad d £bg
@8 g

where the second constraint ensures that the vessel cannot discard more of the ith
species than it catches. Letting m be the Lagrange multiplier on the ith such discard-
ing constraint, we have the following first-order conditions for g, d," > O:

g g 4
A pb-cig+a mb=a | b 4
i=1 i=1 =
and
p+m=1, i=12%,m ©)

The Lagrange function and the Kuhn-Tucker conditions for an optimal solution are
shown in full in Appendix A (equations A-1). Note, firstly, that for any species for
which the vessel has a non-zero quota allocation, the multiplier mis zero (since
there will never be a situation in which all individuals of that species will be dis-
carded); secondly, that the discarding condition (5) cannot hold until and unless a
species quotais filled and the multiplier | ; becomes positive. Given this, if at the
optimum level of catch the discard condition (5) holds for k of the m speciesin the
catch, then for the marginal unit of catch we can write:

a pb - ctd) = A 1b, ©)

where we have first multiplied both sides of equation (5) by b; and then subtracted k
of these conditions from equation (4). Equation (6) states that, at the optimum level
of catch, the marginal profit from the last unit of catch, less the market value of that

2 For simplicity, it is assumed that the process of discarding (and indeed the process of landing fish) isa
costless activity. This does not substantially affect the results, but it does reduce the complexity of the
eguations throughout. Note that if landings costs equaled the costs of discarding, these costs would can-
cel out in any case.
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part of the marginal unit of catch which is discarded (i.e., all fish of species
1,2,... k), equals the shadow price of quota for those m— k species which are not dis-
carded (this will be zero with respect to those species quotas which are unfilled). If
we assume that the expected marginal fine for landing over-quota fish is everywhere
equal to (or exceeds) the shadow price of quota, then equation (6) will hold in prac-
tice, and all quotas will be complied with at the point of landing.

If quotas are allocated to the vessel in exactly the same proportion as the spe-
cies appear in the catch, then all quotas will be filled at the same level of catch. If
the expected marginal fine for the first unit of a violation is high enough to equal or
exceed the shadow price at the point where all quotas are just filled, we will have
compliance. Clearly, increasing the catch further cannot be profitable, since the re-
tention of additional fish of any species would increase the expected fine more than
profits. Under these conditions there will be no discarding because of quotas.

If quotas are allocated in different proportions to those in which species appear
in the catch, then the quotas will be filled sequentially at different levels of catch.®®
For the ith species quota filled, the discard condition (5) will hold in practice if p;is
equaled (or exceeded) by the expected marginal increase in the fine from retaining
and landing an additional unit of that species (or, equivalently, the expected mar-
ginal reduction in the fine from discarding a unit of that species). Note that here the
shadow price of the quota, | ; (and hence the expected marginal fine) is simply
equated with p;,, and the marginal cost of effort/catch is not involved in the decision
to discard. The catch isincreased further, but with fish of the ith species being dis-
carded, until condition (6) holds, as described above. How many species discarded
from the marginal unit of catch at the optimum will depend on the size of quotasin
relation to the vessel’ s capacity, the composition of the catch, and the relative mar-
ket price of each species. Note that if, at the optimum, it is not profitable to increase
the catch further in order to fill any remaining unfilled quotas, the RHS of equation
(6) will be equal to zero.

Figure 1 illustrates the simplest two-species case. The curve MP,,, traces out
the firm’s marginal profit as a function of catch with both species 1 and species 2
retained. The MP, curve is the marginal profit with only fish of species 2 retained. The
quota for species 1 isfilled at a catch level of q°. With perfect enforcement of landings,
catch isincreased along the path abcd (discarding fish of species 1) with the quota
for species 2 filled at catch g". Short-run profits are given by the area Oabcde.

Transferable Quotas

In a multispecies transferable quota fishery, the firm's profit maximisation problemis:

m

nc;‘aé é. pi[biq' di] - ¢(q) - é nQ st bg-d £Q and d £ b,
G i=1

i=1

where r; is the short-run price of quota Q; for the ith species. From the Kuhn-Tucker
conditions shown in Appendix A (equations A-2), we now have three first-order con-
ditions (for q',d",Q" >0) which are, respectively, equations (4) and (5), together
with:

3 Boyce (1996) recognises this problem in the context of TACs for a target species and a bycatch spe-
cies but does not allow for either discarding or cheating in his model.
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marginal profit

a

0 0 .
7 q catch
Figure 1. Non-transferable Quotas in a Two-species Fishery
=1, i =4L2,%,m @)

From equations (4) and (7), and assuming no discarding, we have the decision rule:

m m

a pb, - cia) = A b, ®

i=1 i=1

where a L r,b; isthe price of quota for the marginal unit of catch. Solving equations
(5) and (7) for | ;, the condition for discarding is:

p+m=r,i=12..m, 9

that is, the market price for fish of a given speciesisjust equal to (or less than) the quota
price. Note that, as before, the m will be zero unless the discard constraints bind.

With active trading in quota, a quota price greater than the selling price of the
fish israther unlikely. Nevertheless, if for some reason the quota price were greater
than the fish market price for k species in the catch, these species would be dis-
carded from each and every unit of catch, and quota would only be purchased to
cover the catches of the m — k species which are retained and landed. If we multiply
equation (9) by b; and subtract k of these equations from (4), at the same time sub-
stituting r; for | ;, we have:

a pb, - c@) = A rb;, (10)

i=k+1 i=k+1
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where the m are zero for the m— k retained species and are, therefore, dropped.
Equation (10) simply states that at the optimum level of catch, the profit from the
marginal unit of catch (less the value of the discarded part of the catch) equals the
price of quotafor the retained part of the catch.

Figure 2 illustrates this for the two-species case. With the market price for spe-
cies 1 (p,) less than the corresponding quota price (r,), all fish of species 1 are
discarded. The optimal level of catch q" is then where the cost of quota for the re-
tained species (r,b,) isjust equaled by the marginal profit from the retained catch
MP,. The optimal quota demand is equivalent to Q, , and short-run profits are given
by the area abc.™

Transferable and Non-transferable Quotas Compared

In atransferable quota fishery, a vessel can only produce according to equation (8)
if the total species quotas available to the fishery as a whole occur in exactly the
same proportions as the species appear in the catch. Otherwise, at the equilibrium
(efficient) quota allocation, condition (8) cannot possibly hold for every vessel in
the fishery. Letting W be the total quota or TAC for the ith species, if we have, say,
W, /&1 W < b, then at |east some vessels will be unable to obtain sufficient quota
for species 1 to operate according to equation (8). Instead, they will operate where,
at the margin:

m
[o]

a pb; - cdg) = é rib;,

i i=2

N

marginal profit

raf2

catch

Figure 2. Transferable Quotasin a Two-species Fishery

14 Note that we cannot infer the quota price for species 2 (r,) directly from the marginal profit curves.
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i.e., according to condition (10). In this case, however, not all fish of species 1 will
be discarded, only those for which the vessel is unable to obtain quota. In effect, we
now have condition (6) for the optimal catch with non-transferable quotas, except
that the r; replace the | ; for the i = 2,...m species quotas which are relatively uncon-
strained in their supply.®®

If the TACs are not set in proportion to the occurrence of species in the catch,
we can find that discarding may be the same, or may be increased, under a system of
non-transferable quotas, depending on how far the allocation of quota differs from
the efficient allocation we would expect under transferable quotas. To see this, let
Q] =q'b, be avessel’s optimal demand for quota for species 1 (at the optimum
catch ") when quotas are transferable. Now let the TAC for species 1 be constrained
relative to the other species’ TACs in the fishery, so that the vessel is only able to
obtain @, <Q; units of quota for this species.*® At the efficient quota allocation
(which, as argued below, implies the same optimum catch as when the TAC for spe-
cies 1 is not constrained), there will then be Q; - Q, discards of fish of species 1.
Suppose that we have a non-transferable quota allocation which mirrors the efficient
allocation, except that the allocation of Q, to two similar vessels deviates from Q,
by no more than [ Q - Q,] units. The total volume of discards of species 1 would
then be unaltered across the two vessels. If, however, the allocation of Q, deviated
from Q, by more than this, the total volume of discards of species 1 would be in-
creased. Not only this, there could also be increased discards of other species.
Consider where one vessel is allocated Q,> Q; units of quota for species 1, so that
total discards of species 1 across both vessels are increased by [Q, - Q; ] units. If it
were profitable for the vessel now to increase its catch by [Q, - Q; ]/ b, unitsin order
to fill the extra quota it has for species 1, it would need to discard
[Q:- Qi /b, %1- by] units of fish of the other species.

Discarding and the Quota Price

In atransferable quota fishery, the undersupply of one species’ TAC relative to the
TACs of other species will have an impact on the quota price for those other species.
If, at the optimum, condition (10) holds, then assuming that the market for all quota
has cleared, we must have the same optimal catch as when the optimum condition is
equation (8) (the absolute quantities of the other species TACs, we have assumed,
are unchanged). Since this implies the same marginal cost for the vessel, we can
solve for this and write:

m

o Q' o Q'
pb, - @ rb, =a pb; - A fb;,
1 i=1

i=2 i=2

m

wherethe i, i = 2,3,...,mare the quota prices at the optimum when Q, is under-
supplied. If we rearrange this to:

5 With arelative undersupply of quota for species 1, it might be argued that the quota price for this
species would then be bid up. At the limit, however, if r; = p, the individual vessel would be indifferent
between discarding and not discarding fish of species 1 and would ignore r, in its production decision.
The effect, in any case, is that Q, becomes fixed at less than the optimal demand Q; .

16 Assume that the other TACs are unchanged in nominal terms (although, of course, their proportionsin
the overall parcel of TACs will be increased).
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m

é. rb; - é Tb, = pb, - rb,, (11)
i=2

i=2

then provided p, > r, when Q, is not under-supplied, we must have:

o o
a rb, > a tb;,
i=2 i=2

i.e., the quota prices for species i = 2,3,...m are reduced due to the constrained sup-
ply of quota for species 1.7 This is not surprising, since the unit costs of catching
and landing fish of these other species are effectively increased.

“Highgrading” within Species Quotas

The problem of a species quota where different grades of fish of the same species
(different sizes, most commonly) command different market prices, appearsin the
one-species case structurally similar to the multispecies problem, except that the
quota constraint is expressed as a.[b;q- d,]£Q, where subscript j indexes the
grade of fish (j = 1,2,...n). Asin the multispecies case, we assume that the vessel
cannot select the catch composition.

Non-transferable Quotas

With a non-transferable species quota, the firm’s maximisation problem is:

0 o
ma g ploja-d]-c@ st A lpa-d]£Q ad d £byg
] j=1
From equations (A-3) in Appendix A, the first-order conditions for q’,d; >0 are:

A pb, - cig) + A mp, =1 (12)
j= =1

j=1

and

pp+m =1, j=12.n (13)

Once the quotais filled, assuming the expected marginal fine for afirst unit of a
violation is high enough to deter any over-quota landings (i.e., is at least equal to | ),
the discard condition (13) will determine whether a unit of the least valuable fish

7 This includes the possibility that one or more of the r; fall to zero as vessels no longer find it profit-
able to catch the TAC.
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already caught and retained will be discarded to allow a marginal increase in the
catch. Clearly, as Anderson (1994b) notes for the two-grade case in the analogous
setting of a hold constraint, it will only be profitable to do thisif the marginal profit
earned from the additional unit of catch is greater than the market price of the fish
discarded. We examine this in more detail as follows. If a unit of fish of grade 1 is
discarded at the optimum level of catch, we can solve for | and rearrange to give:

Qo-

pb;, - c&a) = p, +[1- by|m, (14)

=1

recalling that the m are zero for the j = 2,3,...n grades which are not discarded. Note
that the multiplier m on the discarding constraint for grade 1 represents the marginal
value, at the optimum, of relaxing the constraint so that an additional unit of fish of
this grade can be discarded (and hence, implicitly, allowing a further marginal in-
crease in catch). Given this, the appearance of the [1 — b,] term on the RHS of
equation (14) requires some explanation. In the objective function, the discarding
constraint on grade 1 must apply to all fish of grade 1 at the optimum; i.e., including
the b, fish of this grade in the marginal unit of catch. We could, therefore, write
equation (14) as:

a pb, - cqa) + pb, = p +[1- by|m

n
[]
j=2

and hence, with some rearranging,

1 € u
. p13A pbj-cdu=p +m. (15)
[ B 1] Bj=2 o

Equation (15) is equivalent to Anderson’s (1994b) highgrading equation for a
hold constraint, except that here we have generalised from the two-grade case and
assumed the costs of discarding to be zero. We can infer from equation (15) that if
the vessel sought at the margin to replace a unit of fish of grade 1 entirely with fish
of other grades, it would have to expand its catch not by 1 unit but by 1/[1 — b,]
units. Since we have assumed that the vessel does not discard the marginal catch b,
of grade 1, in equation (14) the multiplier m isdivided by 1/[1 — b,]. Looking at it
another way, at the margin the vessel has a net revenue loss of just [1 — b;]p, and,
therefore, the associated multiplier is reduced to [1 — b,]m.

Equation (14) states that if, at the quota-filling level of catch, we have p, < | , it
is optimal to discard units of this grade and increase the catch further until the mar-
ginal profit from the last unit of catch just equals the market price of the least
valuable grade in the hold, which here is p;, plus the associated m term, if positive.
If at this point not all fish of grade 1 have been discarded, then m = 0 and hence:

o
a pb; - cg) = py,

j=1

n
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as we would expect. If, however, all retained fish of grade 1 have been discarded at
the optimum, then m > 0 which implies:

o
a pb; - cka) > p.

j=1

Here, there are no fish left to discard that have a market value less than the addi-
tional profit that could be earned from a marginal increase in the catch.®

Figure 3 illustrates the simple case of two grades of fish. The vessel’s quotais
filled at catch . Fish of grade 1 are then discarded and the catch is increased to g
at which point all fish of grade 1 have been discarded (except for those in the mar-
ginal unit of catch). Thisisthe optimal level of catch and profits are Oabc (plus the
value of the grade 1 fish in the marginal unit of catch). The vertical distance from
the grade 1 price line (p,) to the curve MP,,, (arrowed) is equal to [1 — b,]Jm. In the
case of more than one grade of fish discarded, the analysisis less straightforward. In
particular, whereas it might appear intuitively rational always to discard the least
valuable grade first, this may not represent an optimal behaviour. This is discussed
below, where we compare outcomes with transferable and non-transferable quotas.

Transferable Quotas

In the one-species quota case, the firm’s maximisation problem with transferable
guotasis:

n
o

o
max a pj[qu - dj] - g - rQst a [qu - dj] £ Q and d; £ bjq.
i=1

adQ g

From equations (A-4) in Appendix A, the first-order conditions for q',d;,Q" >0 are
equations (12) and (13) together with:

r=1. (16)

Assuming that the expected marginal fine for a violation is high enough to deter
over-quota landings, the condition for discarding is:

pp+m =71, j=12.n, (a7)

i.e., the market price for fish of a given grade is just equal to (or less than) the quota
price. Where there is a wide disparity between the market prices received for fish of
different grades, thisis quite possible. If the discard condition holds for k gradesin

8 Note that with multiple species non-transferable quotas (and no price differentiation between grades),
optimality required only that fish from the marginal unit(s) of catch were discarded. Optimality in this
case, however (assuming that the discarding condition holds), requires that units of the least valuable
grade of fish already retained on board are discarded. It is not difficult to see that the foregoing analysis
generalises straightforwardly to the case of a non-transferable multispecies quota; i.e., a quota covering
more than one species of fish, where, as is most often the case, different species command different mar-
ket prices.
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Figure 3. Non-transferable Quota with Two Grades of Fish

the catch, then these fish will be discarded from each and every unit of catch. Sub-
stituting r for | in equation (12), then multiplying both sides of equation (13) by b;
and subtracting k of these conditions from equation (12), we have:

o o
A pb; - ctg) = A rb; (18)
j=k+l j=k+l

for the marginal unit of catch at the optimum (again recalling that the m for the n —k
grades retained must be zero). The profit from the marginal unit of catch (given the
discarding of k grades from the catch) just equals the cost of quota for that part of
the marginal unit of catch that is retained.

The two-grade example isillustrated by figure 4. With the price of fish of grade
1 (p,) less than the quota price (r), all fish of this grade are discarded, and the catch
isincreased to q° where the cost of quota for the retained grade is just equaled by
the marginal profit from the catch with only this grade retained. The optimal quota
demand is equivalent to Q" and profits are given by the area abc.®

Transferable and Non-transferable Quotas Compared

Vestergaard (1996) notes that the extent of highgrading with transferable and non-
transferable quotas depends on the shadow price of the non-transferable quota
compared to the transferable quota price. It can be shown (see Appendix B) that
given a non-transferable quota allocation that is exactly equal to the optimal quota

19 As before, in the diagram we cannot directly infer the quota price, r, from the marginal profit curves.
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Figure 4. Transferable Quota with Two Grades of Fish

demand of a similar vessel under transferable quotas, the shadow price of the non-
transferable quota is equal to the transferable quota price. If, from equation (13), we
then have p, + m = | , the optimal catch and the optimal level of discards of grade 1
are the same. Here, all fish of grade 1 are discarded, so that m > 0.

Looking again at figure 4, if the vessel has a non-transferable quota equal to Q"
it will discard all fish of grade 1 and increase the catch to " at which point there are
no more fish of grade 1 left to discard. Note that with a non-transferable quota, prof-
its are increased by the area Ocbd. Note also that the vertical distance from the
marginal profit curve MP,,, to the quota price line r (arrowed) must equal b;m.

Suppose, now, that we have an allocation of non-transferable quotas that is inef-
ficient; i.e., one that differs from the equilibrium allocation under transferable
guotas. Consider a non-transferable quota allocation to a vessel which deviates from
the efficient allocation by plus or minus @Q units. Inthecaseof p, + m =1 =r, the
vessel’s optimal catch would then be expected to alter by +Q/&]_b, . Taking two
similar vessels, areallocation of quota between the two vessels away from an effi-
cient allocation should leave the total volume of discards unchanged. However, if at
the efficient non-transferable quota allocation the value of m is close to zero, then
we can envisage a Q such that the catch could reduce by Q/3a i, but not increase
by Q/a',b;, since given p, it would not be profitable to discard Q/4'_b, more
fish even with an increase in the quota allocation (if m is close to zero, then mar-
ginal profit is nearly equal to p; at this point). Such a non-transferable quota
allocation, although inefficient, will result in a reduction in the total discards due to
highgrading. The same result will hold wherever the reallocation of quota away
from the efficient allocation increases the number of vessels for which it is physi-
cally possible (though not profitable) to discard beyond the point at whichm = 0. In
this case, the more inefficient the quota allocation, the greater the overall reduction
in discards due to highgrading.

Our conclusions about highgrading with transferable and non-transferable quo-
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tas were relatively straightforward to derive in the “well-behaved” case where just
one grade of fish is discarded. However, generalising to the case of at least two
grades where it is profitable to discard can present difficulties. To see the problem,
let p, and p, be lower than the equilibrium quota price established under transferable
guotas. Given a non-transferable quota allocation of Q" (the same as the efficient al-
location) a rational vessel operator will likely first discard all fish of the
lowest-priced grade 1, increasing the catch to Q*/[1 — b,], before discarding any fish
of the slightly more valuable grade 2. Suppose at this point marginal profit is equal
to p, (which is possible if both p, and b, are relatively high). It will not now be prof-
itable at the margin to discard any fish of grade 2, although if the vessel did so and
increased the total catch to Q*/é’j‘zab,-, which is the profit-maximising level of
catch under transferable quotas, its total profits would increase. If the vessel could
perceive this at the outset, it would discard grades 1 and 2 together, although it al-
ways appears rational at the margin to discard the lowest-priced grade first. The
firm’s problem, of course, isthat with a non-transferable quota it lacks the incentive
signals which under transferable quotas are transmitted via the quota price.

Figure 5 illustrates this graphically for three grades, of which grades 1 and 2
command market prices less than the quota price r. With a non-transferable quota
equal to the optimal transferable quota demand Q°, if the vessel begins to discard
only fish of grade 1, it will increase the catch to alevel g°. In order to increase the
catch further to the optimum ¢, it would now have to start discarding fish of grade
2, but it will not do this because marginal profit is equal to p, at this point. Instead
of potential short-run profits Oabc, the vessel only earns profits of Odef. With trans-
ferable quotas, the vessel equates MP; with the cost of quota for grade 3 only (rb,)
and earns gross profits of Oabc (reduced to abg taking account of the cost of quota).

If, with a non-transferable quota, the discarding condition (13) holds for k
grades in the catch, then for each of these grades we can write:

p;jb; +mb; =1b;, j =12%,Kk,

so that:

| = — +
a*. b,

j=17)

o ’

o k o k
aj-., PP, a.,mb,
ab

1)

which, using equation (14), and with some manipulation, gives the general optimal
decision rule for non-transferable quotas:

n

o
a pb; - cqg) = —3
=1 a

o k o
a..pb, 8

Fa mp;. (19)

Condition (19) requires that at the quota limit fish of grades 1,...,k are discarded to-
gether in the same proportions in which they appear in the catch. While the
expression appears rather cumbersome, note that equation (14) is returned in the
special case of one grade of fish discarded (k = 1). The key problem for the vessel
with a non-transferable quotais that the information provided by the quota priceis
lacking. If at every point the vessel could perceive the shadow price of quota | , it
would produce according to equation (19). Discarding the least valuable grades se-
quentially, lowest value grade first, which appears rational at the margin once the
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Figure 5. Transferable and Non-transferable Quotas with Three Grades of Fish

quotais filled, may not maximise profits under all conditions. We conclude that in a
fishery with many grades of fish, we cannot be sure that for a given individual quota
allocation discards due to highgrading will be the same under transferable and non-
transferable quotas, even though, all else equal, the optimal level of catch is the
same in each case. It is possible that, under certain conditions, there will be fewer
discards with the non-transferable quota allocation.

Highgrading and Quota Price

We know that with transferable quotas the short-run quota price is set equal to mar-
ginal profit. But although the discarding behaviour of individual vesselsis
determined by the quota price, the equilibrium quota price in the fishery is likely to
be affected by the discarding behaviour of the fishery as a whole. We can examine
this as follows. With a transferable quota, following equation (18) we have, in the
case of one grade of fish discarded:

o o
a pb; - cig) = A rby,

=2 j=2

or, adding p;b, to both sides:

o o
A pb; - cg =a rb; + pb,.

j=1 j=2
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Now, if p; = r so that:

o o
A pb;-cig =a rb; +pb, =,

=1 j=2

then at the margin the vessel will be indifferent between discarding and not discard-
ing fish of grade 1. Given this, the optimal level of catch must be the same whether
the vessel discards or not. But if vessels discard, their quota demands will fall. If the
quota market is to clear, thisimplies that the quota price must fall. If the quota price
falls, we will have p, > r and hence no discarding.

Now, suppose we have p, < r. With no discarding (assume that all vessel opera-
tors chose voluntarily to refrain from discarding),? the equilibrium quota price
would be given by:

g
a pb; - cqg)l. =r, (20)

=1

where q,,(=Q;,) 1sthe optimal catch with no discarding, and r is the correspond-
ing quota price. With discarding of all grade 1 fish, we can write:

o o
a pb; - ckg)l. = A rb; + pb,, 1)
[oF]

i=1 j=2

where r is the equilibrium quota price with discarding. Since we know that with p, <r a
vessel is induced to produce where Q; <q; (and we know that, if the quota market
clears, Q; =Q;,) then given the assumed convexity of the cost function, the LHS of
equation (21) is unambiguously smaller than the LHS of equation (20). However,
this does not necessarily imply that ry < r.4. In fact, ry may be lower than, higher
than, or the same as r,4 and still satisfy equations (20) and (21). For a given set of p
and b;, from equations (20) and (21) we have, with alittle manipulation:

- 1o = ot - cdal, | - bifre - p) (22

We can see that, for a given quota supply, the difference between the quota price
with and without discarding depends on the parameters of the cost function, as well
as the market value and prevalence in the catch of the lower grade of fish. Note that
without such information we cannot even sign the LHS of equation (22). Although,
intuitively, we might anticipate a lower quota price with discarding, with arelatively
high proportion of fish commanding arelatively low market price, and with rela-
tively high quota prices, it is quite possible that the equilibrium quota price with
discarding is the same or even higher than if there were no discarding.

2 For a discussion of the role of non-monetary influences on compliance with fisheries regulations, see
Sutinen and Kuperan (1999) and Hatcher et al. (2000).
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Conclusions

All else equal and given an efficient allocation of quota among vessels, the incentive
structure underlying decisions to catch and land fish is essentially the same under
transferable and non-transferable quotas. This derives from the equivalence of the
shadow price and the quota price, as suggested by Anderson (1994b) and
Vestergaard (1996). However, this does not necessarily mean that outcomes will be
the same in all cases. Whereas the information provided by the equilibrium short-
run quota price in a transferable quota fishery is always available to the vessel, the
same is not true of the shadow price of a non-transferable quota. Thus, we saw the
possibility that, under certain conditions, a vessel might highgrade less with a non-
transferable quota, even though it would be optimal to discard to the same extent as
with an identical transferable quota demand. We also saw that the quota price is af-
fected by discarding. In a multispecies transferable quota fishery, discarding of one
species with arelatively constrained quota supply will result in a reduction in the
quota price for the other species. Highgrading, however, has an ambiguous effect on
the quota price. Under certain circumstances, where the total quota supply isrela-
tively small, quota prices are relatively high, and there is a high proportion of
low-value grades in the catch, the quota price with highgrading may be higher than
it would be if vessels did not discard, all else equal.

Where an allocation of non-transferable quotas differs from the efficient alloca-
tion, the shadow price of quota deviates from the quota price, which would be
established if quotas were transferable. Thus, some vessels will face shadow prices
lower than the quota price, while others will face higher shadow prices. While small
deviations may leave overall outcomes unaffected, larger deviations will not. The
more inefficient the allocation, the greater is the likely reduction in discards due to
highgrading under non-transferable quotas compared to transferable quotas. In
multispecies fisheries, however, discards due to a mismatch between quotas and
catches at the vessel level are likely to be increased with an inefficient allocation of
non-transferable quotas.

The overall implications for introducing quota transferability are not clear cut.
While highgrading is a potential problem under both non-transferable and transfer-
able quota systems, the inefficient allocation that a non-transferable quota system is
likely to produce will tend to minimise discards due to highgrading. In a
multispecies fishery, on the other hand, a non-transferable quota system will tend to
increase discards due to vessels not holding quota in proportion to the mix of spe-
ciesin the catch. Given this, whether discards overall will increase or decreasein a
move from non-transferable to transferable quotas will depend upon the particular
characteristics of the fishery and the existing quota management regime.

The results derived in this paper are conditional upon two important assump-
tions. The first is that enforcement is sufficient to deter landings of over-quota fish,
so that incentives to discard depend only upon the shadow price of non-transferable
guotas or quota prices in atransferable quota fishery. The second key assumption is
that the proportions of different species and grades in the catch are fixed. This disal-
lows both any random variation in the catch composition and, perhaps more
importantly, the possibility that the vessel can selectively target particular species or
grades of fish.2

As Turner (1997) observes, if avessel has perfect (costless) control over the
harvest technology, and, therefore, catch composition, the problem of discarding be-
comes trivial. In our models, the b; or b; would be costless to alter and would simply

2 Note that these key assumptions are also made, implicitly, in previous studies on discarding.



Quota Management in Fisheries 95

be set at profit-maximising levels (which would presumably be zero for those spe-
cies or grades commanding market prices less than the quota or shadow price).
There are two more realistic modeling approaches to admitting some control over
the catch composition that could profitably be pursued. The first is to assume that
changing the harvest technology is a costly investment decision and that, once a de-
cision over the technology is made, the catch composition cannot be altered in the
short run. The second is to allow some degree of control over the catch composition
in the short run, with implications for short-run costs; i.e., the variable costs of ef-
fort. Clearly these two approaches are not mutually exclusive. We could envisage
technology investment decisions which then determine the margins over which con-
trol can be exercised and the implications for variable costs. It would be interesting
then to explore the conditions under which discarding ceases to be profitable; i.e.,
where it is profit maximising to land the catch in its entirety. Thisissue is left for
further investigation.

The other interesting question deserving further investigation is whether, under
certain circumstances, it might be socially optimal to relax enforcement and allow
some margin of over-quota landings. From the conditions for discarding, it can be
seen that there must be a tradeoff between compliance with quotas at the landing
site and incentives to discard. To the extent that both discarding and landing over-
quota fish impose a social cost, and given that enforcement is costly, there may be a
social optimum that does not require perfect control over landings.?? If the stock ex-
ternalities resulting from excessive catches affect only future outcomes, then by
ignoring these in the short run, over-quota landings and discarding could be socially
optimal given the set TAC. In a dynamic setting, whether or not firms' private deci-
sions to cheat or to discard are socially optimal will then depend to alarge extent on
whether the TAC is set at the right level (assuming the current TAC is costly to in-
crease only in the sense that doing so reduces the future value of the fishery).
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Appendix A

Lagrange functions and first-order (Kuhn-Tucker) conditions for maximising solu-
tions to the objective functions shown in the text:

1. Multispecies fishery with i = 1,2,...,m non-transferabl e species quotas:

1

L=anp[ba-dl-do-at[bg-d-Ql- dmld-bg (AD

m
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2. Multispecies fishery with i = 1,2,...,m transferabl e species quotas:
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3. Non-transferable species quotawith j = 1,2,...,n grades of fish:

n
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4. Transferable species quotawith j = 1,2,...,n grades of fish:

n i. n P n
L=3 pfb,a- d]- c(@- rQ- 1 ia [b,a- d]- Qy- a m[d, - ba| (A-4)
j=1 tia E =1
L,=a pb, - cd+Q mb, -1 £0, g0, Lg=0
j=1 i=1

Ldl:'pj+|'m£0, djso, Ldldlzo
Lo=-r+1 £0, Q30, LoQ=0

L :'é[qu' di]+Q301 30 LI =0
j=1

L, =-d,+bg®*0 m=0 L,m=0

Appendix B

Proof of the equivalence of incentives under a non-transferable quota and an equal
transferable quota demand.

To begin, take equation (14) and write this condition as:

a pb, - cal, = p+[1-b]m, (B-1)

=1

where p, is the market price of the grade of fish, which it is profitable to discard in
order to increase the catch by one unit while remaining within the quota limit, and
Oy isthe optimum level of catch with a non-transferable quota. Recall that m is
zero unless the discard constraint is binding, in which case there are no more fish of
this grade left to discard so catch cannot be increased to the point where marginal
profit equals p;. With atransferable quota, following equation (18) we have, in the
case of one grade of fish discarded:

n
[o}

a pb, - caol, = a b, (B-2)

i=2 j=2

where q; isthe optimal level of catch. Now we can add p,b, to both sides of (B-2)
to get:

o 0
a pb; - C‘I(Q)lq; = a rb; + pb, (B-3)
=

=1 =2
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which we can compare directly with equation (B-1) and observe that, for a given set
of p; and b;, we have:

a

A b, + pby = po+[1- b m + [edal, - cxal,],

n
o]
J:
which rearranges to:

1
r:m+m+ﬁjqkmm,cmm} (8-4)

If p, < r, then the RHS of equation (B-4) has a value greater than p,. Given this, m =0
would imply a higher optimal level of catch with a non-transferable quota, given the
assumed convexity of the cost function, but if m > 0 the optimal level of catch with
a non-transferable quota could be higher, lower, or the same as the optimal level of
catch with atransferable quota. However, if we have a non-transferable quota allo-
cation that is exactly the same as the efficient quota allocation, Q; i.e., the
equilibrium transferable quota demand, we would expect the optimal level of catch
to be the same in each case; i.e., g, =q (given Q’, if profits are maximised with a
constant quota cost, r, for every unit of fish landed, they should also be maximised
under equivalent conditions, but where that cost is not incurred). If the optimal level
of catch is the same, equation (B-4) collapses to:

r=p +m, (B-5)

with m > 0. Thus, given the same quota allocation, all low-value fish are discarded
in each case, and the volume of discards will equal q" — Q", where g =Q" /& _b, . If
this were not true, then with the non-transferable quota we would either have: not all
fish of the low-value grade discarded at o, =¢q;, in which case we must have
u, =0, which from equation (B-4) requires g, >¢; , or all fish of the low-value
grade discarded at g;, <q; , which cannot be the case given Q" and b,. Thus, we can
affirm that if from equation (13) we have p, + m = | and from equation (16) r = |,
then the shadow price of the non-transferable quotais equal to the transferable quota
price.



