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ABSTRACT OF THE DISSERTATION

Constrained Marine Resource Management

by

Jason Hastings Murray
Doctor of Philosophy in Economics
University of California, San Diego, 2007

Professor Richard T. Carson, Chair

The main theme of this dissertation is a challenge to thettoadl paradigm
of optimal control for the management of renewable resaurddat is not to say that
optimization should not be the goal but rather, previous @tiad and policy have pre-
sumed that managers have greater control and knowledgerofersystems than is the
case. All models make simplifying (and false) assumptiamsassuming control and
knowledge in marine systems is not benign. In a dynamic cbptoblem, one must
actually control the variable of interest and know or ledra system’s parameters. |
discuss reasons why managers may not control harvests andtdenow system pa-
rameters and consider possible remedies to the histgrsali-optimal management of
marine resources.

Marine resources are observed imperfectly and are ofteth &&lcommon
property. In this dissertation | explore the feasibilitynohnagement plans when natural-
capital stock dynamics are unobservable and when polgtcattures constrain the im-
plementation of optimal management. Resource managetfa@d with conflicting
user groups and limited information. In three chaptersdytonstrained management.

In my first chapter, “Jobs or Resources?” | consider the ipalieconomy implications

Xi



of technological change under various management scaendsbow that typical man-
agement targets will require the retirement of inputs alrietogy progresses. This is
particularly problematic for fisheries in which labor is aived in management deci-
sions. This can lead to false inference about the healtheodtitck.

For the second chapter, “Natural Resource Collapse: Téopical Change
and Biased Estimation”, | show that unexpected fisherielageé may be linked to
unobserved technological change. Unexpected collapsatofal resources is of great
concern to policy makers. The literature and popular prags httributed collapse to the
lack of well-defined property rights and policies that pagdaquate attention to random
environmental variability. Both the literature and polityakers have overlooked how
unobserved technological change can obscure the depletinatural capital stocks.
The paper shows that even if property rights are well-defaredl random fluctuations
are small, modest increases in technical efficiency corbealepletion of stocks. Using
the most general model of surplus production in a singleisgdishery | show analyt-
ically that proportional growth of the fish stock is overesited when even one period
of technological change is ignored. Through simulatiorisd that standard statistical
tests overestimate the productivity of the fish stock. | skimat collapse is inevitable if
technology increases without bound and that the path tagsd is not observed until
stocks are low and declining rapidly.

In the third chapter, “Marine protected areas as a risk mamagt tool” | con-
sider a potential fix to the inference problems highlightethie second chapter and in
other work such as Carson and Murray (2005). When paramatariainty is signif-
icant, | show that even in an otherwise deterministic woelkppected payoffs can be
increased by using simple spatial closures. Though opfileetd size and reserve size

combinations exist, a spatial closure can increase exp@etgoff even if the fleet-size

Xii



is chosen to be too large or too small. The benefit of closwe®i limited to hedge
against stock collapse but is of value even when stock sitarge and steady-state

catches are relatively high.
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Lose Jobs or Resources?

Abstract

Technical progress has long been identified as a factor inding a fishery
but its management implications have not been seriouslgidered in the literature.
This paper considers the implications of disembodied Hiodgtral technical progress
in a static Gordon-Schaeffer fishery model. ImplicationsIi® fisheries and other
management regimes are considered. While the paper conéiste as the resource,
the results are directly applicable to any renewable resoakhibiting compensatory

growth.



LA Introduction

There are many results in the Economic theory literatureshrefies manage-
ment that have focused on the determination of the optimal (tAtal allowable catch).
Causes of randomness have been considered for the bidlggiveth process, stock
assessments and fishing quota enforcement. See, for exdRapighgarden and Smith
(1996) and Sethi et al. (2005). Randomness in output priseals been considered
by Grafton (1993) and Anderson (1982). One potentially idsource of randomness
has been largely overlooked; technical progress. Everarhtionalized fishery today
could, in the face of technical progress, lead to ineffidiehigh inputs in the future.
This is particularly relevant if we expect that inputs to fighery are not very mo-
bile. Hanneson (2000) shows even in an ITQ fishery with nolerab of enforcement,
higher than optimal levels of investment can be expectedhwleor is compensated
with a share of vessel rents. In a fishery where total catclidiare difficult to en-
force technological change could lead to an over-fishinglera. In a fishery with
perfect harvest control, technological change can leadstdaoptimal allocation of re-
sources. The management implications of this potentidlidecthe removal of inputs
now (through market based or command/control methods) awbutragement of in-
vestment now in order to compensate for future increasesoitiyative capacity due to
technical progress.

This paper considers a simple, static Gordon-Schaeffereinafda fishery.
While technical progress is not explicitly considered aslan, the comparative statics
are relevant for deterministic known or realized incredsetechnical progress or as
yet unrealized stochastic ones. Under the assumption ghand effort is a constant
returns to scale aggregator function of labor and capitadam readily be shown that

in either an optimally managed fishery or an open access Yisher effect of technical



progress on factor demands is ambiguous. The more integessult is found when the
fishery is managed by a given total catch and correspondvedjfier the resource stock
(maximum sustainable yield is a convenient example to cemghough the results are
similar for any sustainable harvest level.) In this casedd@mnal factor demands can be
shown to have negative unit elasticity with respect to a Bliskutral technical progress
parameter. In this simple model, a manager who knows theageenate of technical

progress can calculate how exactly how much the inputs dhirdrease for any given
level of harvest. If harvesters manage themselves to mmicosts subject to the given
output constraint, then this merely tells the manager timequoof inputs she can expect
to see leaving the system. If input decisions are made stibralty or if the managers

output control is imperfect, this result provides the maragith a target quantity of

each input to purchase or remove from the system.

I.LA.1 Technical Progress and Inputs in previous literature

There is a great wealth of economic literature measuringdardifying sources
of technical progress. These goals, while worthy, are sdmeweyond the scope of
this present investigation. Technical Progress of the tgdee considered in this pa-
per (disembodied Hicks-neutral) and its potential effestanput demands have been
considered theoretically and empirically for both micralanacro applications. For
example, Sinclair (1981) considers a very general nedcklswnacro model and finds
that the effects of technical progress on aggregate emm@oydepend on the reactions
of wages, and various elasticities such as that of subistitiitetween labor and cap-
ital. Sinclair (1981) also considers some empirical evagefrom the U.S. economy
and finds that effects of technical progress on number of iglstill ambiguous and

depends on assumptions about the wage rate’s flexibilitypiieal micro-level studies



have investigated various types of industries, even asdek s 1930, Baker (1930)
investigates the effects of technical progress on job lod&w York printing presses in
the 1913-1928 period and finds “less man displacement frchmteal change than had
been anticipated.”

In the micro theory of a fishery, very little work has been donerms of tech-
nical progress. In fact a search of the fisheries econont@raiure will find no strictly
theoretical results but rather many empirical exercisesemed principally with mea-
surement of some proxy for technical change. Two such exesrgoe Kirkley et al.
(2004) investigating the Sete trawl fishery in southern Eea(i85-'99) and Squires
(1992) investigating the Pacific coast trawl fishery ('8 8)8 Both papers find that total
productivity increased on average by approximately 1% peum over the total period
studied.

I.LA.2 Why consider technical progress in a fishery?

It is well known that the standard economic optimum of a fighean be
achieved with individual transferable quotas (ITQ’s). ArQJ system is a simple in-
strument which can solve the inherent "tragedy of the conshtmat characterizes an
open access fishery. By establishing a total allowable @) for the entire fishery
and subdividing this total catch into individual tradealvigial allocations across the
individuals involved in the fishery, an ITQ system allows édficient harvesting of the
resource subject to the total catch allowance. That isedimequotas are tradeable, less
efficient vessels will sell their permits to efficient onesl@o the TAC will be harvested
at minimum cost. The problem of the manager, so the standarg goes, becomes
to choose the appropriate TAC. There are real-world sucsteses for ITQ’s. New

Zealand has adopted an ITQ system dubbed the QMS or quotageraeat system.



"New Zealand fishing was on the brink of collapse and now itas frish stocks were
finished and now they are being sustained.” Online (2000)

It is also well known that fishermen are frequently resistanTQ’s. Their
resistance is not surprising. While ITQ’s can lead to a mazation of the aggregate
sustainable rents, there are many losers if a fishery’s muharvest levels are suffi-
ciently high that an ITQ (which reduces aggregate harvedt)dnve fishers and or
vessels out of the fishery. For a discussion of the resultses? Kealand’s conver-
sion to an ITQ system directed at the concerns of fishers skeeq8000). The New
Zealand fisheries have done well under this new system. E€Eatahd stocks are up
and the industry is profitable. There are predictable distional effects from the ITQ
system and these are exemplified by the quote below. It isurptising that many
fishers in current fisheries are reluctant to accept ITQ mamagt schemes given these

experiences;

To begin with, it is the fishing companies and not New Zealasiukefimen,
which have benefited since 1986. The fishing companies weradyl run-
ning their own fleets of fishing boats, and so they immediatelited a
major share of quota. In the 1980’s individual fishermen waoge likely
to be landing fish to a company than selling the catch on ankehaf his
arrangement had put the companies in a dominant positiontibedisher-
men before anyone had even dreamed of QMS. The fishing corypand
fish dealers did then, and still do, represent sole the méskdlew Zealand
fish. In general, an independent fisherman negotiates a withea com-
pany even before going to sea and then fishes at a stable dgpritte for up
to a year. As the major owners of quota and most of the fleetedbmsed
fishing companies control almost the entire New Zealand $thing sec-
tor....

Once fishermen had sold their quotas, the only assets thelefiadere
boats. As they had no direct access to quota, the boat bedaumaly re-
dundant. With fishing effort so reduced, there was over-cigpen the fleet.
Therefore, even the boats were rendered worthless. Areaggimeration of
owner-operators was pushed out of the industry and the myajurtheir



boats were either decommissioned or dumped.

The potential for losses to input suppliers have been razedrin the liter-
ature by Samuelson (1974) and Karpoff (1989). The lattegssis heterogeneity in
fishing captains as the driving force. Alternatively Boy@@@4) finds that the man-
ager’s concern with surplus to input suppliers is the maintrdoutor to adoption of
suboptimal management tools rather than ITQ’s. As the tesidlthis paper demon-
strate, in the presence of technical progress even a fishemaged perfectly for some
sustainable catch level (or the implied biomass level),wiider some assumptions to
be discussed below, experience a percentage decreasederttand for inputs com-
parable to the percentage increase in productivity. Trgaltavhile not surprising, is
important to remember for several reasons. In an otherwidlermanaged ITQ fishery,
we can interpret the decrease in demand for inputs as a coshtiiued rational man-
agement. It may be important to recognize the need to corapetise losers in such
a situation in order to make ITQ’s more acceptable to therdgimdustry. In fisheries
where ITQ’s are not an option in the near term, then thesdtsdsave implications for
vessel buy-back programs which seek to reduce capacityrdisfeeries with limited

entry programs as the principal management tool.

|.B Static Gordon-Schaeffer Model

The model used in this section is based on the work of Gordad@n(1954)
Schaefer (1957) and Scott Scott (1955) often referred toea&brdon-Schaeffer model.
The model is that of a static single species fishery with patamoutput price 2. Har-
vesting occurs as a deterministic function of total inputd ao distinction is made
between vessels or individual harvesters. The treatméniwhmosely follows the sum-

mary by Munro in Munro (1982) though some of the notation heentchanged to avoid



redundancy. The principal addition to the above mentioregtinents is the specifica-
tion of the function that converts individual inputs intcshiing effort” discussed below.

Define the biological growth rate of the fish biomass,

X

r=pr(l— E) (1.2)

Parametep is sometimes called the natural or intrinsic growth rate &nid
the carrying capacity (the maximal biomass level in the absef harvesting mortal-
ity.)

Fishing mortality or harvest, (measured in the same unitsiadiomass/time)

is given by:

y=qbx (1.2)

The coefficieny is frequently called a catchability coefficient and is asedm
constant for now. Fishing effortt is an aggregator function of various individual
inputs. In general we will say that effor is a function ofn different capital inputs

and labor. Thatis:

E = E(Ky, Ky, ..., K,) = E(K) = AF(K) (1.3)

Input K, will be labor in the section 3 and as a matter of expositionale-
nience may be referred to &s The Parameted is a Hicks-neutral technical progress
parameter. The effects (comparative statics) of this patanon conditional factor de-
mands is our main concern in this paper. We do not considiereift forms of technical

progress for two reasons; firstly, for the Cobb-Douglasstion considered in section



3 both Harrod and Solow technological change reduce to Hiekgral technological
change. Secondly, for most empirical examinations of teehprogress, (see Kirkley
et al. (2004) and Squires (1992)) the authors consider p&ge increases in produc-
tivity, a concept naturally modelled by Hicks-neutral teal progress. In section 4
and for the introduction of the model here we generalize tttipie capital inputs and
require only that”' (L, K1, ..., K,,) be constant returns to scale, quasiconcave.

As is assumed in Hanneson (1983) and implicitly in most tetcal formu-
lations we presume that the production technology is suahtkie effort aggregator is
weakly separable from the fish stock. This allows us to wrifeagion 1.3 independent
from thez. Squires (1992) extends the weak separability conditiomadti-product
fisheries as it is useful for empirical investigations anceguired to prevent the cross-
ing of isoquants when switching between target species.ofedin Hanneson (1983)
one implication of this assumption is that no technology banome more useful as
the stock declines. Because of this, the current model mapaappropriate for fish-
finding devices.

Let r; be the rental rate on input; (in section 3 we cally = w). Then the
single producer’s effort constrained cost minimizatioolgem (for some effort Ievef)

is given by:

min ril;  subject to; E(K) = FEiag (1.4)

As is well known, the constant returns to scale propertygivethat the op-
timal value function from the above minimization problene(ithe total cost function)
is linearly increasing in effort. As in the standard Gordon-Schaeffer model imple-
mented by the authors mentioned above, we will now restuct@ves to consider only

sustainable harvests, i.e. whgn= z. This means that we restrict fishers to steady



states in the biomass where harvest exactly equals growthpEaiod and will not con-
sider the approach paths to these steady states. This alfotesspecify each point on
the effort expansion path as an implied level for the biomas$o see this, set equation

.1 equal to equation I.2 and solve for effort to obtain:

BE(K) = g (1 - %) (1.5)

Equation 1.5 implies that the total cost curve for sustaiediarvest is a de-
creasing affine function of the biomass achieving zero at B. If we now multiply
equation I.1 byP, the market price of output (taken parametrically) we abthe total
revenue curve for sustainable harvest.

This completes the general model to be used through the teke @aper.
The next section considers the two input Cobb-Douglassifsgson for effort while
section 4 considers a more general formulation. For bottissecwe will consider cost
and input demands as functions of some biomass level. Ifgader is confused by
the biomass targets as output constraints, recall thadisasility. provides a 1 to 1 and

onto correspondence between biomass and effort, the marehautput constraint.

[.C Cobb-Douglass effort with two inputs

In this section the effort production function will be a ctar#t returns to scale
Cobb-Douglass function of two inputs; labor and capital. thAd specific functional
form in hand we can examine the effects 4f our Hicks-neutral technical progress
parameter on the factor demands under various conditioh®. agjgregator function is

given as follows:
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E(L,K) = AL°K'~® (1.6)

Therefore we can perform the effort constrained cost miratndon problem to
obtain the total cost of effort function:

TC(B,A0) = wK*(E,A0) +rL"(E,A,0) (1L7)

E —a —a
= Z(UW +ry' )

r (0%

where v = Em (1.8)

and 8 = (w,r, p,q) (1.9)

When we restrict to sustainable harvest, (setting I.1 eiquia?) effort choices

uniquely imply biomass choices so we can cast |.7 in termiseirhplied biomass level;

TC(x,A0) = wK*(x,A0)+rL*(z,A,0) (1.10)
= in <1 - %) (wy™ +ry' %)

This then gives us Figure I.1 taught in many undergraduatgsel on renew-
able resource economics. In Figure 1.1 there are three oimthe biomass curve of
interest. The firstg*, is the biomass level that maximizes sustainable rentsdifhe
ference between the sustainable revenue curve and costveshaurve.) To the left
of z* is x5y the biomass level that corresponds to the peak of the sabtairevenue
curve and consequently the peak of the sustainable hamast (as it is the same as

the biomass growth curve.) This maximum has long been ifilethtby biologists as the
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maximum sustainable yield or MSY. This point is of particutgerest for management
and, as will be discussed below, has been the focus of maragédiy legislation in
the United States for many decades. The third point of istese: ), the open access
equilibrium value for the biomass is the point at which tatas$t of sustainable harvest
equals sustainable revenue. This last point is what we naghéct to prevail in an
unregulated fishery with many producers (or vessels) andarmiels to entry.

Equation 1.10 implies the following sustained biomass t@msed input de-

mand equations:

Lz, A,0) = q%@-%)y—a (1.11)
Kz, A, 0) = q%(l—%) S (1.12)

Equation 1.10 is the version of the total cost curve showngufe 1.1 specific
to this Cobb-Douglass representation. Using 1.11 and l.&Zan obtain formulae for
the three focal values for the biomass (highlighted in Feglut) and the implications

for input demand functions.

I.C.1 Input demands under optimality.

Optimality., here means that we are maximizing sustainedi¢s. In order
to consider the management implications of technical msgwe must first determine
how technical progress affects input demands conditionahe optimal biomass level
z*. Under optimality., the effects of technical progress gouindemands are summa-

rized by the following proposition.

Proposition 1. Optimal input demands are decreasing in technological gesnthat

are sufficiently smallL*(z*, A, 9)
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‘—TSC(x)
—6—TSR(x)

Figure 1.1: Sustainable Revenues and Costs in Biomass

and

K*(z*, A, 8) are increasing inA if and only if

(wy~*+ry' ")
Az pqPB

Proof. First, note that the optimal biomass level will solve;
maxPpz(1 — %) —TC(z,w,r, A, p,q) (1.13)

the solution function to this maximization problem is;

B (wy ™ +ryl®)
._B .14
S T Py (1-14)

substituting this expression into our formula for condiablabor and capital

demands we obtain;

L(x* Ag) — l<m‘a> 1 <(w7‘a +ml‘a)v‘a) (1.15)

KA = L1 <(w7‘a +ml‘a)71‘a) (1.16)
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Both of the above functions are globally convexdn Respectively they

achieve unique minimum values at;

-« 11—«
Afw = <(w7 pq;g )> (1.17)
- 11—«
AR, = <(w7 pq;g )> (1.18)
and the result follows. O

The above proposition gives conditions on the parametetseofnodel that
describe the effects of technical progress on the input ddriianctions when the pro-
duction is chosen so as to maximize sustainable rents. [Ebrauoptimally managed
fishery, the effects of technical progress on labor and abggémands are uncertain.
The intuition behind this result is easy to understand. @emdigure 1.1 and increase
A. This tilts the total cost of sustainable harvest down (hyatign 1.10) which in turn
leads to a decrease in the valuerdfand an increase in the corresponding optimal level
of effort. So while we now need less inputs for each level tdréfthe optimal amount
of effort has increased. Without knowledge of the paransetéthe model, we cannot

determine which effect will dominate.

I.C.2 Conditional input demands under open access

Under open access all resource rents are driven to zero. ollawiing propo-
sition shows that the open access equilibrium point behawesh in the same way as

does the optimal harvest point where input demands and aémiyare concerned.

Proposition 2. L*(zgq, A, 0)
and

K*(zpg, A, 0) are increasing inA if and only if

(wy~*+ry' ™)
Az pqPB
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Proof. First, note that the open access biomass level will solve;

TEQ

B )::ircxxEQvuurrA7p7Q) (ng)

Pprpe(l —

the solution to this equation is;

(wy™ ™ +7ry'™)
qAP

xEQ =

(1.20)

substituting this expression into our formula for conditalabor and capital

demands we obtain;

. B Y B S A Ul e oo i o
L*(zpg, A 0) = Z( p ) ﬁ< ZPE (1.21)
. B Yo S i e o 0 o
K'(oeg A.0) = (27 E( at 122)

These two functions are globally convex in A and achieve mum values

respectively at;

—« 11—«
Al = <(w7 pq;g )> (1.23)
—« 11—«
AR = <(w7 pq;g )> (1.24)
and the result follows. O

Proposition 2 gives a similar result to that of propositionia fact the critical
values for A are identical. The intuition is exactly the sanfs we increased, each
level of steady state biomass (the biomass which corresporgbme particular harvest
level) requires less effort. At the same time, total costsese so that the open access
biomass value decreases and consequently the requiretliefieeases. Which effect
dominates is again an empirical question insofar as we woeddl to fit this model to
data and compare the relative values of the models parasnefgris is likely to be a

very difficult exercise as to fit this model we would need dataharvest, effort, and
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biomass. These are not typically available together fonglsifishery. But hope is not
lost, as the next section discusses, these past two camsldi@ unlikely to prevail and

we have more concrete results for maximum sustainable figidries.

I.C.3 Input demands under a Maximum Sustainable Yield poligy

Most fishery management has historically targetgdy by law. For exam-
ple, the Magnusson Steven’s act 94-265 (1996) section 3Cdtiomal Standards for
Fishery 16 U.S.C 1851 states that among other national atdsdany fishery man-
agement plan must satisfy that “management measures sbadin overfishing while
achieving, on a continuing basis, the optimal yield fromheéishery for the United
States fishing industry.” While this regulation may seem twoah economist as it leads
to economic over-fishing, if our job is to be descriptive wewd consider what may
happen as well as what should happen. For this reason thegitiop below may be
more relevant to real management questions as well as mbsé/se in the mono-

tonicity of its conclusion.

Proposition 3. If sustainable harvest is suboptimally constrained to mmh sustain-
able yield, then the cost minimizing labor and capital dedsahave a elasticity of neg-

ative unity with respect to a Hicks-neutral technical pregs parameter.

Proof. First, note that;

Tysy = argmax pr(l — =) = — (1.25)
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Therefore;
1 —
L'(zysy. A, 0) = z@q’ (1.26)
1 11—«
K*(zpsy, A 0) = Z(péq ) (1.27)

and since the elasticity of any function of this formAns minus one the result

follows. O

So it is clear that with such a Cobb-Douglass productiontionan the styl-
ized Gordon-Schaeffer fishery, the cost minimizing inpunhdads are related to tech-
nical progress with a constant elasticity when outputs anstrained to maximum sus-

tainable yield. The next section will considers how robustthese findings.

[.D General CRTS effort function with n inputs

In this section we consider a more general production fonand more gen-
eral biomass targets. The intuitive reason that a target,@f- leads to concrete pre-
dictions about input demand elasticities whitfeandz g do not is that the latter two
depend on the cost structure and therefore the technolodne sy target depends
only on the biological growth function. The following progiton summarizes the
general finding that the minus unity elasticity result is actfquite general. Any tar-
get biomass level (serving as the constraint on output as theer,, sy target in 3.3)
which is independent of the technology will yield a minustymlasticity for each input

demand under fairly general conditions on the aggregatuntion.

Proposition 4 (General CRTS propositionJor any constant returns to scale, quasi-
concave effort aggregator functiofi(&£) as in 1.3, the elasticity of each sustainable

biomass constrained input demand function has elasticity. wd of minus unity if and
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only if the biomass constraint is independentdobr if the input’s demand is indepen-
dent of the biomass target value.

i.e. for some biomass levelg;

=0  (1.28)

(Tt ) =t G 0o g
Proof. ConsiderE(K) = AF(K) and Ey(K) = F(K) for some arbitraryd. Let

K*(xarg, A) (with all other parameter arguments suppressed for coemea) be the
vector of solution functions to the cost minimization prerol [.4 whereLi,q = g(l —

“29) as implied by sustainability.

Claim:

% — K (i ) (1.29)

Proof of Claim: since
~ K* T , 1 N K* T 71 )
E (%) — AE (%) — B(K (tag 1) = Fag  (1.30)

we know thatw will produce Eiq under aggregatoE(.). It remains
to check that% is the cheapest way to produég,y under aggregato@(.).
Since we know that the first order necessary (and sufficiequiagiconcavity)

condition for the optimality. ofX™ (zarg, 1) iS;

r> )\VE(K*(xtarga 1)) (|.31)

And sinceE(.) is homogeneous of degree one, each of its partials are homo-

geneous of degree zero. §e(3}—91) must satisfy 1.31 also[]
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With the above claim satisfied, and noting thatvas arbitrary we have that
each biomass constrained input demafjd g, A) is of the form; w We can

now calculate the elasticity of each input demand functidh vespect to4;

K (ztarg,1) OK [ (xtarg, 1) Oxtar
(aK; (iarg, A)/OA ) I e b ety v
KZ* (.’,Utarg, A)/A K;k (.’,Utarg, 1)/A2
= b e DOy )
Ki (.’,Utarg, 1) axtarg aA
= _1 + EKi7$targ€1’targ7A
Equation 1.32 proves the result O

Equation 1.32 in the proof of the above proposition is sugge®f much more
than the result of the propositionitself. As the proposiitates the minus unit elasticity
result holds only if one of either the elasticity &f (xwrg, 1) With respect to the target
biomass is zero or if the elasticity of the target biomas$ wéspect to technology are
zero. Let us consider either of these conditions separat€he biomass elasticity of
the demand for an individual inpuis unlikely to be zero except in the trivial case of a
corner solution where inpttis not used or in the case of a rather contrived production
function where the marginal product of inpuis zero over some finite range. Recall
equation .11 as an example from the Cobb-Douglass aggrefyeiction in section 3;
L*(x,1,0) = £ (1 — )y~ The implied biomass target elasticity is then;

@

OL*(x,1,0)/0x "

B .z
L(x,1,0)/x  e(1-%)y/fz B-u (1.33)

The above expression is clearly zero only when the targeh&ss is zero, a

rather trivial case. This elasticity with respect to therbass constraint is determined by
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the fundamentals of the biology and economics of the sysiEme.technology elasticity
of the target biomass level is not and the manager is freedosgha target biomass as a
function of A to yield any elasticity she chooses. This suggests a pessidhagement
strategy. If a manager wishes to achieve some particulati@ts for an individual
input’'s demand function and is free to choose a particulambiss target, then given
knowledge of the elasticity of that input’s demand with o the biomass constraint,
she can choose a biomass target that yields the desireddepu#nd elasticity.

As an example consider the labor demand in the Cobb-Doug&sss again.
Suppose we have a fishery manager who wishes to ensure thatkband will be un-
changed as technology increases and her only choice isdheabs target. As equation

1.33 indicates her desired value for the elasticity of thentss target with respect to A

IS then;B_‘f. This condition yields a first order non-homogeneous diffigial equation

with the following solution forzi,q as a function of4;

In the above equatioh is any constant. We certainly require thiat< 0
as rwrg Would otherwise not be feasible. Unfortunately, if one etpel to continue
increasing without bound then for any fixédhis rule forzg will eventually lead to
depletion of the resource. It is not a surprising but is ¢elfaa significant fact that
continued increases in technical ability impose eithem&yad reduction of inputs or

eventual depletion of the resource.
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I.E Discussion

In this section we discuss the possible implications of theva results in
various different types of fisheries. It is worth noting tla#though the current paper
does not explicitly model the innovation process to the ezl progress parameter,
the comparative statics are relevant for whatever sort ofgss we expect to govern
increases in productivity. We should expect that from thetage of a manager, in-
novations to technical progress should at least appeaonandrhis would complicate
the analysis but not overly. If managers are risk aversaqodatly with regards to
the potential of stock collapse, we would expect that theuld/dor example wish to
remove more inputs than would be indicated by expected saltitechnical increases.
The reader should bear in mind that what follows treats iations to the parametet
as point values yet the flavor of the analysis should not obaingstically were we to
complicate it by including complete probability distribarts on the innovations. The
process by which innovations to A occur should indeed be fextibut not in this static
framework. Future work considering the dynamics of the fighvall require specific
assumptions on the process of technical change as well eisgigon of the managers

risk preferences.

I.LE.1 AnITQ fishery currently at the target biomass

The "best case scenario” for current fishery managementrgaiaialy be high-
lighted in the current New Zealand ITQ fisheries modulo trstritiutional effects men-
tioned in the introduction. A stylized ITQ fishery cast in th@ntext of the model of
this paper would consist of a perfectly enforced total atible catch and an implied
Zwarg Value for the biomass. Supposing that such a fishery hasvachsesteady state

characterized by the chosen harvest (TAC) level and the dmgrtarget. If the manager
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expects technical progress in harvesting to occur in thedudt say, rate% per annum
and if the manager is prepared to accept the assumptiongpbgtion 4 then she can
expect to see= % of inputs displaced from the fishery each year. As mentionede
introduction, these inputs are frequently non-mobile aisgldcement results in sub-
stantial loss to the owners. There are at least two possislgigations for the manager
to consider compensation for those displaced from the fyshieairness considerations
may be relevant as the rationalization of the fishery createst gain to those still in-
volved in the fishery and a perpetual benefit to the larger @ognas the resource is
now generating larger sustainable rents. A more competiagon to be concerned
with losses to displaced fishers is that losers can geneoditeal support and attempt
to block the managers’ quota decisions. To the extent thmpenmsation of the losers in
this scenario is a concern for the manager (for either of finementioned reasons) this
compensation can be viewed as a cost of continued rationzgeanent of the fishery.
These future costs can be estimated using a simple pereecoftéige total factor use in

the current fishery.

I.LE.2 A limited entry fishery

Most of the worlds fisheries have yet to convert to an ITQ systeTo the
extent that we believe eventual conversion to be inevitgivien the potential gains, we
may be tempted to say simply that these fisheries will be beftevhen they switch to
ITQ’s and restrict the discussion to the possibility of leastg the eventual conversion.
However, in the near term, it behooves us to make "second bestmmendations
subject to sub-optimality constraints such as imperfeahiagament tools. One such
imperfect management tool is limited entry. A common firepsn attempting to con-

trol recognized over-fishing is limiting the number of lices in the fishery to current
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participants and attempting to decrease these numbersmagbes by (examples in-
clude Norway see Rettig (1986) and the New England Groundifklery). If direct
reduction of capacity through either legal mandates or etarkethods such as vessel
retirement programs or so called "buy-backs” are principahagement tools then the
results of this paper are salient indeed. In such a case, nvecrssider a fishery which
controls capacity and has reached a steady state in whicltitas at the desired level.
The manager should then be aware that further reductiorapimoity will be required in
the future dependent upon the expected rate of technicgigss. The funds necessary

for a "buy-back” program can then be estimated using praiposé.

I.LE.3 Open Access

There remain many unregulated open access fisheries in tthé withe U.S.
Pacific Albacore longlining fleet is one example as is the @peake Bay Blue Crab.
The lesson for these fisheries is slightly beyond the scoplei®papers results but the
intuition is relatively simple. Section 3 shows that it iscentain how technical progress
will affect labor and capital demands under open access $imecpoint of exhaustion of
sustainable rents moves to the left on the biomass axis. iffipiges more effort is used
but less inputs are needed for each level of effort. If wevalboirselves to somewhat
informally consider non-sustainable conditions, we canstwct a cautionary tale to
fishers who might believe that their unregulated fishery if &t for perpetuity of
current harvests. Suppose that a fishery has been harvasfaigy constant levels for
several years. Suppose further that the inputs to the fidherg been fairly constant
over the same period. It may be tempting to suggest that #herfy is harvesting at
sustainable levels. But consider the possibility that mécdl progress has continually

occurred during this time interval. In this case, it seenasipible that asl increases we
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increase effort without increasing inputs but this effadrease is paid little attention as
the instant that effort increases stocks will begin to desee As the stock decreases,
if A continues to increase at a more or less comparable ratentpakequation 1.2 we
can see that biomass and technological changes might tifddesach a way as to keep
harvest values fairly constant as we unwittingly draw doleresource stock.

More formally; revoking the sustainability. condition aswabstituting I.2 into

the labor and capital demands implied by 1.7 to get;

. yy
L Al = L -— l.
11—«
Yy
K* A = = 1.36
(04 0) = (1:36)

Clearly from the above equations, there exists a path forch slat for what-
ever valuer takes at each instant, both labor and capital demands aranged even
though harvest, y is constant. For the above story to occurege only have the path
of A through time be "close” to that which keeps labor and talgiemands constant.
The likelihood of such "closeness” is beyond the scope af discussion.

A similar story to that above was employed by Hanneson (1&88)plain the
sudden near collapse of Atlanto-Scandian herring and S@sthpilchard stocks. Han-
neson’s argument focuses on the paramegtdre catchability or availability coefficient
in 1.2. While the two parametersand A are empirically indistinguishable the causal
interpretation of his argument is quite different. In Haso@'s story as fish stocks are
drawn down, the stock "maintains its density by occupyingnalter and smaller area”
so that the catch per unit effort remains high. Both stomesllto sudden collapse of
the stock after apparent sustainable catch rates. It magrbewghat more general to

consider the increase in technical ability as the drivingdarather than a particular
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behavior of the fish. The technical progress story could gpeedimilar results even in
a fishery where the species became more sparse and diffiduittas the abundance

decreased.

I.F Conclusions

The results of this paper provide a first look at the relatgmbetween fish-
ery management and technological progress. The genetdl ie$hat, with constant
returns to scale production, technology affects input defeavith a constant elasticity
of minus unity except when biomass targets depend on castc@msequently technol-
ogy.) Future work should consider non-neutral varietiegeohnical progress such as
changes in the marginal rates of technical substitutiowéen inputs.

The manager’s problem in this paper is one of enforcing a&tdngmass. This
is a bit of a departure from previous literature. Frequemitly manager is treated as the
social planner in dynamic fisheries models. While the sgd&iner’s problem must be
solved for these models, it is perhaps unrealistic to im&trihe fishery manager as the
social planner. Fishery managers are real individuals eothplicated mandates from
government who must work with the tools they are given and ae/wf the demands
and desires of various lobby groups such as fishers and envanatalist. Future work
should take the target biomass as exogenous to the manatjsharwill minimize a
distance function between actual biomass levels and ttgstta The managers choice
set must include a range of different available instrumeAtsan example, one political
constraint to the manager can be the maintenance of somleolesarplus to input
suppliers who may block one or more of the manager’s instnisnié the constraint is
violated.

As mentioned, future work will need to specify the dynami€she system.
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Optimal control theory has been used for decades to inastigarious economic con-
cepts pertaining to fishery management (see Clark (1976t and Munro (1975).)

Preliminary inspections have found results for the sintpdggimal control problems

similar to proposition 1. This is not surprising as optimahtrol maximizes present
discounted value of future rents which must depend on thiestagture. Another pos-
sibility is over-lapping generation models as applied ircrnaconomic models which
can make separate the roles of manager and social plannarceSmf randomness in
biological growth should be considered as well as the ranpiaess driving technical
progress. Should technical progress be disembodied? ikely that changes in tech-
nology are driven by investment which may be highly coredawith fish stocks. When
stocks are declining, we should expect more investment lnciéching technologies.
This feature may reinforce many results in the current payaeticularly the cautionary

tale for open access.



Natural Resource Collapse:
Technological Change and Biased

Estimation

Abstract

Unexpected collapse of natural resources is of great cortogpolicy mak-
ers. The literature and popular press have attributedps®#l¢o the lack of well-defined
property rights and policies which pay inadequate attentitorandom environmental
variability. Both the literature and policy makers haveaged how unobserved techno-
logical change can obscure the depletion of natural cagtibeks. The paper considers
the example of the fishery. In a simple but general model ohglsispecies fishery,
technological change can readily generate unexpectedpsallafter a long period of
apparent stability. The paper shows that even if propeghtsi are well-defined and
random fluctuations are small, modest changes in technaoggeal the depletion of

stocks. When technological change is ignored, biologicadpctivity of the fish stock is

26
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overestimated and as a result sustainable catches arstwerted and collapse results.
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[I.LA Introduction

Collapse of natural resources is a costly phenomenon. Ibeas shown in
the literature that under certain conditions on unceryaartd discount rates, it may
indeed be optimal to fully deplete a natural capital stoge(®r example Clark (1976)
and more recently Amundsen and Bjgrndal (1999).) The curesearch is concerned
with unexpected collapse. Unexpected collapse can causrisgolitical economy
problems when non-malleable human and physical capitaindared valueless by the
shutdown of an industry.

In this paper, | show that the manager of a renewable natesalurce needs
to be aware of technological change. If the manager igne&sblogical change, she
overestimates the productivity of her natural capital lstggnalytically, | show that an
increase in the state of technology over one period leads tovarestimation of the
proportional rate of growth for that period. Through sintidas | find that standard
statistical tests overestimate policy variables. | shoat tollapse is inevitable if tech-
nology increases without bound. In simulations, the pathaditapse is not observed
until stocks are low and declining rapidly.

As natural resources go, fisheries have proven to be patigudifficult to
manage. Fisheries collapse has received much attenticecent years, particularly
after the costly closures of cod and other groundfish fiskéni@&ewfoundland and the
Georges Bank. With a few exceptions, economists have bedratarcteristically silent
on this topic.

Biologists have tried to identify the causes of collapse sughest remedies.
Notably, Ludwig et al. (1993), Roughgarden and Smith (128%) Walters and Maguire
(1996) point to the importance of uncertainty, and the laicgaditical will to enforce

appropriate input or output limits. To be sure, uncertaistgn important consideration
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for marine resource management. What has been missing @a@utih discussion of
the lack of observability. Even if random variability is ngreat in magnitude, the fact
that neither stocks nor technology are observed meanshbairbduction function is
not identified. This fact combined with technological pregg can lead to unexpected
collapse.

Technological change is discussed widely in the resourceaics literature
but seldom in the context of resource management and caiservOften it is invoked
to rescue consumption streams from the pressures of papulgtowth and resource
depletion. | show that unobserved technological changebeaquite problematic for
a renewable resource manager who does not observe theaestack. Even in the
case of a single-owner, inference about stock growth anefibve appropriate harvest
is confounded with technological change. In the case ofaatbmal management, the
predicted outcome is sudden collapse following a periodppiaent stability. The ex-
ample considered is that of the fishery but the cautionaeyapplies whenever a natural
capital stock is observed imperfectly and when the produactiinction unknown and
dynamic.

Technological change has received surprisingly littlergton in the fisheries
economics literature, largely limited to empirical mea&snents of changes in total fac-
tor productivity (for example, Squires (1992), Squires94pJin et al. (2002), Kirkley
et al. (2004)). Squires (1992) showed that if one ignoresksaffects one tends to
under-estimate technological improvements. The conveese is shown, that ignor-
ing changes in technology leads to over-estimation of ssrplroduction, current stock
size, and appropriate catches. Ignoring technologicalgd& input-managed systems
leads to collapse. A fishery manager must invest in eitheefjsindependent signals of

changes in resource stock or accept costly precautiontingegtch limits.
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The next section reviews the relevant economic and fishemature. Section
[I.C introduces the modeling framework. The results areanized by assumptions
about management. Section II.D shows that even when pyopeits are assigned and
perfectly enforced, the productivity of the fishery is owstimated. Many of the worlds
fisheries are either un-managed or managed via a suite af ¢goptrols; the dynamics

of collapse in these fisheries are described in section 8eetion 11.F concludes.

[I.B Relevant Literature

Fishery collapse is not a rare phenomenon. In addition toméké known
collapses of Northern Cod, Peruvian Anchoveta, Virginat&yand California Sardine,
Mullon et al. (2005) have identified collpases in nearly onarter of the world’s fish
stocks. Using FAO data the authors find that 366 fisheries baNa&psed. Collapse is
defined as four consecutive periods of catch below 10% of @hear high.

The limited economic literature considering fishery cadagas considered
exogenous sources of uncertainty and finds optimal ruleegpand to these forces.
(c.f. Amundsen and Bjgrndal (1999) and Johnston and Sufit@®6).) In some cases
it is found to be optimal to allow the stock to collapse. Gailgrcollapse is considered
to be the result of critical depensation, regime shifts,lieeaseffects. In another paper,
Ruitenbeek (1996) studied the Newfoundland cod collapsecamcluded that quota
management, removal of subsidies, and greater attentexotogical uncertainty might
have helped avoid costly collapse.

The biology literature is more concerned with this last tpfiie goal is to ex-
plain collapse and offer lessons for management so thakfetllapse may be avoided.
Ludwig et al. (1993) describe a ‘ratchet’ process by whicbertain variability is treated

inappropriately. In years where the stock is subject totp@sshocks, we invest but this
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physical capital stock is fully utilized in years of negatishocks. A political result of
this line of thinking has been the somewhat arbitrary notibprecaution. The precau-
tionary principle or some similar concept is generally fdun management plans in
most OECD countries.

A notable contribution to the theory of fishery collapse isuBlagarden and
Smith (1996). The authors use a logistic growth functionrtboize the standard eco-
nomic paradigm of fishery management. The proposition isfiblaeries collapse be-
cause management attempts to balance the underlying fick at@n unstable equi-
librium (less than one half of the carrying capacity). Tha&awyic optimum of Clark
(1976) involves so called bang-bang control of harvestydsi nothing when the stock
is below the target stock and harvest at the maximum rate evegrthe stock is above
the target. Random variability makes the stability of thgeaequilibrium relevant and
the authors claim stock crash is unavoidable. This is becauasgers do not (or cannot)
in practice cut harvests to zero when the stock is believée toelow the target.

The solution offered by Roughgarden and Smith (1996) is tolmase ‘natural
insurance. By this the authors mean the manager should fergenue by maintaining
a stock greater than the economically optimal target. Thmgsst a target stock of
three-quarters of the carrying capacify,for the logistic model. An equilibrium to the
right of the maximum of the logistic growth curve is a stabd@iébrium and therefore
risk of stock collapse is minimized.

Economists recognized fishery uncertainty some time agginbeg with
Reed (1979). Reed assumes that randomness enters the firoettbn as a multiplica-
tivei.i.d. random variable and derives a constant-escapement rulaxiomze expected
discounted rents.

The first reply from economists to Roughgarden and Smith @189 Sethi
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et al. (2005). These authors use Reed’s model and explioitigel two other sources
of uncertainty cited by Roughgarden and Smith (1996), staelasurement error and
guota enforcement uncertainty. Through simulations thleas find that while constant
escapement is no longer optimal, a dynamic escapementanlée derived to avoid
stock collapse and extract higher discounted resource teah would be gained by
using the3 /4 K rule of Roughgarden and Smith (1996).

Reed (1979), Roughgarden and Smith (1996), and Sethi €2G05] all as-
sume that growth functions are known. Optimal or recommérmtdicies are defined
using key parameters such as carrying capacity. The cuagsearch considers the more
realistic situation in which these parameters are not knamahshows that fishery col-
lapse is no surprise.

A final line of literature to mention is the empirical liteuae which establishes
technological change in fisheries. The measurement of @sdangotal factor productiv-
ity is the primary focus of fisheries economics literatuttatiag to technological change
(see Squires (1992), Squires (1994) Jin et al. (2002) Kirkteal. (2004), Squires et al.
(2005)). These articles use economic indexes to estimaiiegels in total factor pro-
ductivity various fishery independent measures of changésoimass. These articles
are relevant to the current research as a verification toaht#ogical change does oc-
cur in fisheries and rather small annual percentage insdand to be found. As seen
below, ignoring this dynamic parameter causes a partidirtar of faulty inference and

increases the likelihood of collapse.

[1.C Model

The model here is a single fish species, governed by dynamdaisto Reed
(1979) and Sethi et al. (2005).
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By = B+ ¢G(B;) — G, (1.1)

The natural capital stock, fish biomass, at time given byB,. The function
G(-) represents natural growth. Whétt-) has a maximum it will be referred to as max-
imum sustainable yield)/SY’, and the corresponding biomass levB},s,. Growth
equation II.1 differs from those in Reed (1979) and Sethil.e2905) in that growth
occurs here over periodbiomass rather than escapement. The harvest or ¢atch

given by the standard Schaefer production function;

Ci = BBy (1.2)

The variableFE, is fishing effort, an aggregator function of physical cdpita
and labor inputs to the fishery. For this investigation | ignpotential problems associ-
ated with measurement and even existence of such an aggrégattion (see Squires
(1987).) The potentially dynamic parameter, is referred to as catchability or fishing
power and represents technological and environmentaltefées well as non-linearities
and even errors in the measurementpf Note that by stating nothing about the de-
terminants and dynamics qf equation 1.2 is not restrictive and permits any general
specification of harvest function for there always existg such that 11.2 holds. This
form is convenient as it is consistent with most standardieogp specifications and it
allows the simple specification of technical change below.

When making statements about technological change it iseto@nt to spec-

ify the following;

a = qo H (1+ a;) (11.3)
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Note, as with the production function specification, thieas restrictive until
statements about; are made. When this specification is invoked, assumedthate
weakly positive, implying that technological change idisignt to insure that efficiency
of harvest does not decrease over time. This still allowsdtier unobserved dynamics
affect catchability but assumes that the dominant trend ia@rease in catchability.

The general model is complete but for computer simulatiomthér specifi-
cations are required. Sections I.D and Il.E contain compaimulations which use
specific forms of equation I.1 and equation 11.2. Techngleggmodeled by constant
percentage Hicks neutral improvements in efficiency eacdlogeThis amounts to con-
stanta;’s for a given simulation.

The growth function(-) is specified as the logistic in spite of criticisms of
this Schaefer model as in Maunder (2003). It is certainlycthee that this simple func-
tional form may be inappropriate for many fishery data. Thkisidt a concern here.
For computer generated data we are free to choose the sptoifiand since the final
result is that inference is limited even when our model igexity specified, it is not
troublesome that the simplest model is used. Adding moranpaters is not going to
provide better inference here. The familiar logistic sfieation follows in two forms.
The first has multiplicative noise as in equation 11.1. Theos®l has additive noise and
is used only for the simulations and regressions in sectibnith order to provide more

well-behaved estimators:

B

Biyi = B4 erBi(1— ?t) —C, (1.4)
B

By = Bt+rBt(1—?t)—Ct+wt (11.5)

Note also that for this specification, the peak of the growttve is given by:
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MSY = % (1.6)

[I.D Single Owner

This section shows that even in an optimally managed fisigmgring unob-
served technological change can lead to overestimatioroafty.

There is much work on the optimal harvest of stocks subjecanolom dis-
turbances. IfB; is observed and:(-) is known then we are in the framework of Reed
(1979); optimal catch can be calculated and, provided thiamse is not optimal, the
risk of unexpected collapse is zero. The optimal constacaEment policy insures
that the natural capital stock never drops below a certaigl,lehosen to maximize dis-
counted rents. If stock is observed imperfectly but growtictions and parameters are
still known then we are in the framework of Sethi et al. (20853 though the con-
stant escapement of Reed (1979) is no longer optimal, maorplcated rules allow
for the quasi-maximization of discounted rents. But thesesrrequire knowledge of
parameters such as carrying capadify,

The reality is that stocks are not observed, growth and mti@ufunctions are
not known and therefore a manager in a fully rational fishacg$ a statistical challenge;
determine appropriate catch limits. It is often the casedatch limits must be estimated
solely based on catch and effort data. In this section | shawvdnalytically and then
through simulations that ignoring technological progriesestimation leads to faulty
inference of a specific kind, growth is over-estimated; lcdimits are overestimated.
The following establishes the general result that ignotewnological change period-

by-period implies overestimation of last period’s natuedwth or surplus production.
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Proposition 5. Given catch and effort data for periodandt+ 1 and known technology
for periodt an estimate of period proportional surplus productiongt(%’f”) which

does not account for technological change between periadstrictly positive bias.

The proof is in the appendix. This intuitive result showd #slong as tech-
nical efficiency increases over one period and is ignoredidweager attributes a greater
proportion of the catch per unit effort to the natural growlitan is warranted. The
econometrician does not observe decreases in the natpradlcdock.

The period-by-period result of proposition 5 demonstratesmost general
inference problem with unobserved technological changenk the manager knows
today’s technology she overestimates the productivithefresource if she ignores just
one period of technical change. Technological increasegudie the decrease in the
natural capital stock. This fact is explored further in siations below.

In order to relate this result more realistically to stockessments made in a
rationally managed fishery, we must consider statisticdingues which make use of
some finite sample of data. It is necessary to pass to spaaifatibnal forms and par-
allel stock assessment techniques. If we sp&Gify to be the logistic growth function,
then we can derive the standard catch-effort regressiahtan introductory resource
economics courses. As noted by Hilborn and Walters (19%&etlequilibrium methods
frequently lead to over-estimation of surplus productioemall samples and will there-
fore not be discussed further. One of the simplest dynantéheetfort relationships was

derived by Walters and Hilborne (1976) for the Schaefer mode

U1 1= r
J— =r - —

Ut q]{?
_ O

Here, the observable variablg;, catch-per-unit-effort is definedy, = B

(Uh) — qBy 4w (11.7)

Using this definition and equation 1.4 one obtains equaliioh It is straightforward to
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show that the classical regression assumptions are wvibhteng is dynamic.

Proposition 6. Under positive technological change the residuals fromgaassion of

the form in equation 11.7 have strictly positive mean.

Proposition 6 (the proof is in the appendix), shows that igrgptechnical
change of the form in equation I1.3 over the sample periodliespthe residuals of
the regression are positive, implying that at least theroefat, , is biased. And this
occurs even if the growth and harvest functions are cograptécified. At first glance,
proposition 6 suggests that we overestimate the intrinsivtiy rate -, and that we have
a result of the same flavor as proposition 5.

Furthermore, the final statistic(s) of interest are nomm@nction(s) of the
regression coefficients. If the manager is like most realagars, the statistic of interest
is maximum sustainable yield or a multiple thereof. ThougRY is rarely the harvest
target, the target is often a multiple fSY and assessments often attempt to determine
if MSY has been exceeded. The following definition}dfSY applies to the logistic

model and the regression 11.7.

Definition 1. The estimate obtained for MSY from the regression 11.7 is:

MSY = —— (1.8)

This nonlinear function of several estimates is not negédgambiased even
if each individual coefficient is. There are several soudafdsas, (for example, the con-
vex function of(q/ik\) introduces an upward bias by Jensen’s inequality but pielerd-
variance between estimators may counteract this and thaseuness of all estimators
further confounds this). To explore the net implicationghese estimation problems,

computer simulations are useful.
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Using the logistic model with a unit carrying capacity, a gater simulated
50 periods of a fishery 10,000 times for each pair ahda values. The intrinsic growth
rate,r, ranged from .1 to .5. The increase in efficiency multiplieryaried from 0 to
.03. Growth noise was additive and.d. drawn from a normal distribution having mean
zero and variance .0001. Effort values were randomly gée@rsith a mean of /2, the
effort required to harvest/SY when the stock is aB,;sy. The multiplicative noise
factor perturbing this effort target had mean one and vaga@3. All trials began with
initial stock valueB;,sy .

For r values between .1 and .3 and technological increadg®ad about 3%
per period, the results are clearly an increasing posiia® in estimates o8/ SY. The
results are less clear for very smaNalues or those larger than .3. When technological
change becomes too fast (more than about two percent pgrgsalts are also difficult
to interpret (the results for the full range are displayethlular form in the appendix.).
But for the range in figure 11.1 below there is a clear increiastine overestimation of
M SY as a function of the magnitude of technological progress: ligreases, moving
to the right and back of the figure, the percentage error iimasibn of M/ SY rises.
Increases in the rate of technological change cause morenanel dramatic upward
bias in our estimate of sustainable yield. The range in fidulecontains most of
the annual percentage changes estimated in the literatdréha range for is quite
relevant as well. For example Hutchings (1999) founalues for Newfoundland Cod
to be between .135 and .164.

In the best real-world fish-stock assessments, the poltémtiehange in ‘fish-
ing power’ is not ignored. In their review of techniques féargdardizing catch and
effort data Maunder et al. (2006) describe a ‘year effectiolwlshould summarize the

concerns raised in this section and other parameter dysammiorder to calculate this
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Percentage Overestimation of MSY

50 5
40
30
% Faor

20

10+

0l o2 Py . 5oL 0015 0.02
04 o5 o 0.005

L Hicks Neutral Factor
Intrinsic Growth Rate

Figure 11.1: Estimation Error

year effect data beyond catch-and-effort data are requiistiery independent data are

necessary to identify the system.

[1.D.1 A Note on MEY

The reader may worry that the previous results applyt8Y which is not
necessarily the optimal harvest policy. While this autlsarat aware of many fish stock
assessments which actually attempt to estimate the ecoraptima of Gordon (1954)
or Clark (1976) this section shows that the results from éisedection imply that over-
estimation is still a problem if economically optimal hasvéargets are the statistics of
interest.

The seminal article by Gordon (1954) showed that with caristaarginal

costs of effort, the static optimal harvest target is lessith/ SY. Given P, the mar-
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ket price of output and’, the marginal cost of fishing effort, the harvest target \Wwhic

corresponds to the static maximum of Gordon (1954) is gigiokows.

MEY = Msy — < (11.9)
a K(2qP)? '

Equation (I1.9) is readily re-written in terms of the regsies coefficients from

equation (1.7) and our estimate 61 SY from equation (11.8);

o 7 (2
MEY = MSY — (—
5 (qK>4p2d

(11.10)

From the previous section, we know thetSY” is over-estimated. In the sim-

uIations,(qLK) is decreasing in magnitude with the rate of technologicahge. When-
ever there is technological change an estimate isfsome average of thg over the
period and so increasing in the rate of technological chamgearticular this is true
in simulations. These facts taken together show &ty is also overestimated when

technological change is ignored.

[I.E Dynamics of Collapse

This section looks at the actual dynamics of collapse an@tlavecalculation
of quota estimates each period. Consider a suboptimal reamagt regime which fixes
inputs based on a target catch and biomass level. While b(hpwvest) management
is often superior both in theory and in practice to input coist many of the world’s
fisheries are still effort-managed or un-managed and sontipdidations of technical

change are salient.
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The policy is one of fixed effort based on a stock target. Evighout techno-
logical progress this policy is clearly suboptimal as shdayrproposition 7 below but
proposition 8 shows that it is not terribly bad for this modétst some notation.

Suppose management has a stock targéi,of

Definition 2. Management’s effort target i85, and satisfies:

_ G(Bo)
Ey= T (I1.11)

If ¢ does not change this is the effort required to harvest theagd growth
at target stocl3,. For the specifications of the current model, this managésteategy
amounts to taking a constant proportion of the stock pravitiat technology does not
change. Note that there is literature supporting this tyfpeaovesting rule in the face
of some types of natural variability such as climate changalters and Parma (1996))
and cyclical variability (Carson et al. (2005)).

The analytical results in this section assume the genamalsfof equation 11.1
and I1.2 with the restriction that/(-) be strictly positive and concave. Simulations use

the logistic form with multiplicative errors.

II.LE.1 Effort management without Technological Progress

When management prescribes Effort each perioklase following proposi-

tions are satisfied (proofs in the appendix).

Proposition 7. If By < Bjsy, then
E(B:|Bo) < BoVt (1.12)
Proposition 8. WheneveB; < By, B; is a submartingale;

E(Bi1|Bi < Bo) > B (11.13)



42

These results establish that a constant effort policy fa thodel is not a
bad policy so long as technological change is not presentiléébnstant effort does
not achieve an average stock size equal to the stock targetdick tends to increase
whenever the stock is below the target.

Simulations agree with these analytical results. Fiskagenerated similarly
to section I1.D do not crash when effort levels are fixed. Aig¢gbsuch simulation is

given below in figure 11.2.

Simulation of Catch and Biomass with No Technological Change

25

2t

Stock Biomass
Biomass - = = Catch

151

K=10
r=.15

1r Target
Biomass= 2.5
MSY=.5

05

_______
--- -~ N T N T e e m=== -

| | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Time Period

Figure 11.2: Fixed effort with constant technology

II.LE.2 Dynamics with Technological Progress Under Effort Management

Proposition 9 below establishes that under the assumgtairiechnology in-
creases weakly each period according to equation 11.3tanhsffort guarantees that a
stock tends toward zero. While the stock does not go extisiciguthis constant effort

harvest strategy, it eventually drops below any arbitravgl, d;
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Proposition 9. When technology increases without bound, givendamyo there exists

a time, 7, for which the unconditional expectation Bf is less than.

Stocks shrink to arbitrarily low levels. Simulations agweiéh this result and
provide more information. A typical simulation is shown delin figure 11.3 and it is
notable that the catch levels do not begin to decline urgibdth period when the stock
level is less than half of its target. This graph was gendrhtea typical simulation
described in the previous section but run for 100 periodsse@table variables, catch
and effort, are not changing much but the capital stock isvdrdown as technology

changes.

Simulation of Catch and Biomass with 1%
annual increase in technology
4.5 T T T T T T T

Stock Biomass

= = = =Catch

K =10 i
r=0.15
Target
Biomass
=25

MSY =0.5

25
Biomas

2

15

1

05F  _w--=
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Figure 11.3: Technology Driven Collapse

Generating 10000 of these simulations for each r and a pawskstimation

of the expected time to collapse. | define collapse loosdigviang Mullon et al. (2005)
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as the first period when expected catch is less than 10%.%¥". In the appendix these
times to collapse are given in tabular form along with bioglasels and rates of change
at collapse. Biomass at collapse tends to decreaseaviitht does not vary much with

r. The magnitude of the rate of change of the biomass is incrgasbotha andr.

II.F Conclusion

Technological progress is potentially problematic to nggana of unobserved
natural capital stocks. In particular, the likelihood oexpected collapse is higher when
productivity creep is present. The problem is one of infeeenStatistical techniques
and simple observations are confounded by an unidentifistesy As the stock is
drawn-down, the catch-per-unit-effort increases so thial tatches increase or remain
constant.

There are many potential causes for unobserved collaps@oEmental vari-
ability, the tragedy of the commons and high discount ratesamong the proximate
causes of collapse. Technological change is present irsinds which depend upon
natural resources and this alone can lead to sudden calldijpbehooves mangers to
consider this possibility and invest in methods to detedt@nrect for faulty inference.

On the one hand, this paper presents a plausible explanattinatural re-
source collapse. On the other hand this paper is a call fagrfjlshdependent data and
for greater attention to technological change. It is comnaoimvest in expensive fish-
ery independent biological surveys. These efforts areycbst necessary to identify
the system. The economic literature generally ignoresetiestimation problems but
unobserved and therefore unidentified systems are fundahieatures of fishery man-
agement. Where fishery independent signals of stock chaegeafeasible managers

should seek signals of technological change and attempictmrporate these directly
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into management decisions.

A last resort is the arbitrary notion of precaution. This@agives yet another
reason for precaution in setting harvest targets. Congenists have long argued that
catch limits should be reduced because of uncertainty. ginbaan say no more on the
guantity of precaution that is appropriate, | make exptlog direction of bias in harvest

targets; harvest targets are biased up when technolodiaabe is ignored.
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Table I1.1: Average Percentage Overestimation of MSY
Table 1: Average Percentage Overestimation of MSY
r

a 0.1 0.125 0.15 0.175 0.2 0.225 0.25

0 9.8% 6.4% 4.4% 3.2% 2.4% 1.9% 1.5%
0.0025 10.3% 6.3% 4.0% 2.7% 1.8% 1.2% 0.7%
0.005 153% 9.7% 6.2% 4.3% 3.0% 2.1% 1.4%
0.0075 20.4% 13.6% 9.9% 7.4% 5.6% 4.3% 3.4%
0.01 29.6% 18.7% 14.2% 11.1% 8.9% 7.2% 5.9%
0.0125 325% 23.6% 185% 14.8% 12.1% 10.1% 8.5%
0.015 37.1% 278% 21.9% 17.8% 14.8% 125% 10.7%
0.0175 40.9% 30.8% 245% 20.3% 17.6% 14.8% 12.5%
0.02 435% 32.8% 265% 23.9% 18.8% 17.7% 15.5%
0.0225 45.0% 34.3% 28.0% 27.8% 24.4% 45.0% 29.1%
0.025 102.3% 37.9% 37.2% 34.6% 67.4% 89.9% 63.0%
0.0275 46.6% 49.9% 50.6% 110.4% 80.5% 126.3% 146.5%
0.03 48.6% 50.3% 117.3% 97.9% 140.7% 206.0% 262.5%

.G Appendix: Tables

[1.G.1 Section Il.D

11.G.2 Section II.E
[I.LH Appendix: Proofs

Proof of Proposition 5.Suppose the resource owner obselweand E; and knows pe-
riod t technology,q;. DefineU, = C,/E, = ¢ B, and assume that,; = ¢, and

substitute into equation 11.1 to obtain;

U G(B
(Zl —1=¢ ;ﬁt) — qF, (11.14)

Now sincel,.,, U; and E; are observed angl is assumed known, our manager may

calculate the realized proportional surplus productiampferiodt, et%ﬁt) by rearrang-



a

0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
0.05

Table 5:

a

0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
0.05

r

0.05
300
260
161
123
102
88
78
70
64
60
56

r

0.05
0.499
0.013
0.010
0.008
0.006
0.005
0.005
0.005
0.004
0.003
0.003

Table 11.2: Time periods to collapse
Table 4: Time periods to collapse

0.1 0.15
300 300
217 198
131 117
99 87
81 72
70 62
62 55
56 49
52 45
48 42
45 39

0.1
0.498
0.016
0.013
0.011
0.010
0.008
0.008
0.007
0.005
0.005
0.004

0.2
300
187
109

81

66

57

50

45

41

38

36

0.25
300
179
103

76
62
53
47
42
39
36
33

0.3
300
174
99
73
59
50
44
40
36
34
31

0.35
300
170

96
70
57
48
43
38
35
32
30

0.4 0.45
300 300
166 164

94 92
68 67
55 54
47 45
41 40
37 36
34 32
31 30
29 28

Table 11.3: Biomass at Collapse

Biomass at collapse

0.15
0.498
0.018
0.015
0.014
0.011
0.010
0.008
0.009
0.008
0.007
0.007

0.2
0.497
0.019
0.016
0.014
0.013
0.011
0.011
0.010
0.010
0.009
0.007

0.25
0.496
0.021
0.018
0.016
0.014
0.013
0.011
0.011
0.008
0.008
0.010

0.3

0.496
0.021
0.019
0.016
0.015
0.015
0.014
0.011
0.013
0.009
0.011

0.35

0.495
0.021
0.019
0.017
0.015
0.015
0.011
0.013
0.011
0.012
0.010

0.4
0.494
0.022
0.018
0.018
0.016
0.014
0.014
0.012
0.010
0.011
0.010

47

0.45

0.493
0.021
0.019
0.016
0.014
0.017
0.013
0.012
0.015
0.012
0.011



48

Table 11.4: Rate of Change of Biomass at Collapse
Table 6: Rate of Change of Biomass at Collapse
r

a 0.05 0.1 0.5 0.2 0.25 0.3 0.35 0.4

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.005 -0.044 -0.051 -0.056 -0.057 -0.063 -0.066 -0.066 -0.074
0.01 -0.07v8 -0.088 -0.096 -0.106 -0.105 -0.115 -0.117 -0.124
0.015 -0.114 -0.128 -0.133 -0.146 -0.158 -0.155 -0.167 -0.171
0.02 -0.150 -0.163 -0.179 -0.191 -0.201 -0.207 -0.211 -0.205
0.025 -0.190 -0.204 -0.225 -0.234 -0.248 -0.238 -0.251 -0.277
0.03 -0.229 -0.245 -0.262 -0.271 -0.293 -0.290 -0.320 -0.312
0.035 -0.266 -0.285 -0.300 -0.314 -0.324 -0.348 -0.360 -0.382
0.04 -0.307 -0.342 -0.342 -0.356 -0.397 -0.378 -0.411 -0.440
0.045 -0.374 -0.386 -0.400 -0.414 -0.451 -0.462 -0.450 -0.499
0.05 -0.426 -0.443 -0.441 -0.486 -0.474 -0.490 -0.523 -0.546

ing equation 11.14. But this is based on the assumption #@dtrtology does not change.

In fact if technology evolves according to I1.3 our estimate, ¢, “'2*) is actually given
as follows;
U, B
= — 1+ @B = [(1+awm)— — 1]+ ¢ B
U, B,
G(B C
= (1+ Clt+1)€tM +(1— _t)at+1 (11.15)
B, B,

Now since% must be less than one (otherwise the stock would be extiict an
U1 = Othe final expressionin I1.15 is strictly greater than thetrealized proportional

surplus production and this concludes the proof. O

Proof of Proposition 6.If we assumed thaj, = ¢ for all ¢ then Walters and Hilborne

(1976) showed that if we definé, = C,/E; = ¢, B, we can rewrite 1.4 as in I1.7.
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If technological change evolves according to equation llIr8this case, the

residuals from I1.7 are actually given by;

Ui r
= —1l=|r—-— —qF
w = [t ==l (V) — B
Bii1 G r
= — 1| —|r—=(B;) —qF
et == - (B0~ aBy
B B
= [;;(Ham) 1] = gl —1]
B
= 5 (an) (11.16)

0

Proof of Proposition 7.Proceed by induction and first note that:

E(B,|By) = By + G(Bo) — G(By) = By

Now, show that if the proposition is true foit must be fort + 1; by the Law

of Iterated Expectations:

E(Bi11]Bo)

IN AN IN

E(E(Bys1|Bs, ..., Bo)|Bo)

E((1 — ¢Eo)B; + eeG(By)| Bo)

(1 —qFEy)By + E(G(B;)|By) by assumption

By — G(By) + G(E(B|By)) by Jensen’s inequality

By — G(By) + G(By) by assumption and sinc€, < X5y
By
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Proof of Proposition 8.AssumeB; < B,. ThenE(B,.|B;) = B, + G(B;) — qEyB;.
Now by concavity of7(-) and the definition ok, G(B;) > qFyB;. Thereforee(B,,1|B;) >
By. O

Proof of Proposition 9.For anys let 7 be such thag, > %‘? Apply proposition 7 with

By replaced withj and the result follows. O



Marine protected areas as a risk

management tool

Abstract

There is considerable debate in the literature about thellagss of Marine Protected
Areas as fishery management tools. While most economisesfband that it is unlikely

that marine reserves will improve steady-state yields,esbialogists have shown that
protected areas have the potential to reduce uncertairugt M the work on uncertainty
has focused on exogenous environmental variability; tlodoadility of collapse can

be reduced with protected areas, but this comes at the cdetwef yields. Here |

consider single-owner management with spatial closurdsmugrowth and production-
function parameter uncertainty. There are many reasonadpest that estimates of
fishery growth parameters are highly uncertain: intrinsidgability, lack of data, weak
identification, and technological change to name a few. lihgle owner does not know
growth parameters very well then it is difficult to determm@imal extraction paths.

Traditional optimal management utilizes a single conteoiable, catch. When growth

51
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and production parameters are uncertain | consider theceeghéenefits of utilizing a
second control variable: fraction of area harvested. | stiaweven in a deterministic
dynamical system, if parameters are unknown, expectebtean be improved with

protected areas.
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[1I.LA Introduction

Marine protected areas, marine reserves or spatial clogargerhaps space-
time closures) to exploitation are often heralded as thevan$o the troubled history
of marine resource management. Uncertainty in the marivigogrment is one strong
justification for a simplified, spatial (or perhaps spaceei) form of management. In the
following | will use reserves and protected areas intergeably to mean some form of
closure to extraction.

Suppose we have the rosy scenario of a single-owner manageahyfi Ul-
timately, when growth-parameters of a fishery are unknowa,goal of the manager
making catch decisions is really a stochastic control gnwbunder parameter uncer-
tainty, or an ‘adaptive control’ problem as in Bagchi (1988y Walters (1986). In the
case of the fishery we have a control variable, catch, withreledying stock variable
subject to random fluctuations. Maximizing expected disted payoff is well under-
stood for such problems under some forms of uncertaintyexample, Reed (1979)
or even Sethi et al. (2005) for multiple-uncertainty. Indbecases the parameters of
the dynamical system are assumed known. In reality, the geamaust estimate these
parameters using past decisions and outcomes. In turn thetegestimate each pe-
riod should inform the next period’s control decision. Theads us to the adaptive
control paradigm in Walters (1986). The text lays out the itlegrough treatment of
what a renewable resource managers strategy should bestidtisgy involves seeking
some “optimum, or at least reasonable, balance betweearingand short-term perfor-
mance.” But even Walters admits that real managers are nketg to “act so as to filter
out the informative variation in favor of more conservativeremental policies.” This
is fairly intuitive; if management seeks to maintain catclstock levels, we learn only

locally about the dynamical system.
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For reasons cited by Walters it may be quite difficult to inmpéat the adap-
tive rule that maximizes the infinite horizon expected payaidditionally, there may
be confounding factors in marine fisheries which lead to &agefirreducible uncer-
tainty’ (see Ludwig (1989)). For marine fisheries, we mighegine several reasons
that parameter uncertainty will not be reduced as more ghsens are collected: poor
observability and measurement in marine systems; undetifidation of growth func-
tions, Carson and Murray (2005); technological change ead to overestimation of
natural growth, Murray (2006), unstable parameter due torabfluctuations, Carson
et al. (2005) or due to increasing variability as a functibexploitation, Hsieh (2006).

Here, | explore the potential for a management strategyinieguar less in-
formation than an adaptive control policy: marine protdeteeas. Some authors such as
Lauck (1996), Lauck et al. (1998) and Murray et al. (1999) fimat MPA's can reduce
or eliminate management uncertainty, Hastings and Batsfb®99) finds that in the
absence of uncertainty maximum sustainable yield can bieath by spatial closure
and harvesting fully outside the closure. Neubert (20085 wusspatially explicit Fisher
equation and finds that all optimal harvesting policiesudel at least one reserve. This
last result while very intriguing is in no small part driveg the assumption that fish
flow out of the fishery at the boundaries and cannot be recdvereharvest or repro-
duction. This implies that it is always optimal to harvestxinaally near the boundaries
and so no spatially homogeneous harvest policy could benajti

Economists such as Sanchirico (2000) are skeptical of tdgihg potential
for MPA's. Also Hannesson (1998), Sanchirico and Wilen (B0&nd Smith and Wilen
(2003) are skeptical of the ability of reserves to improvelds. With the exception
of Lauck (1996) and Lauck et al. (1998) none of these papensider uncertainty.

A few articles do address ecological uncertainty and hanggayoff. Grafton et al.
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(2005) show that expolited populations recover from emumental shocks faster when
marine reserves are in place and show that reserves can heneically optimal. Also,
Grafton and Kompass (2005) develop a procedure for degignarine protected areas
in response to environmental fluctuations. The cruciakdghce in this paper is that
uncertainty is not based on external ecological varighifittime. The only uncertainty
is parameter uncertainty and | find that reserves can inereggected harvests when
marine systems are imperfectly understood even if theymardically deterministic.

Let me note that there are many justifications for marinequted areas aside
from fishery yields. Many environmental amenities and est&sy services may require
large marine regions which are relatively less disturbdtesEt are not the topic of this
research. These benefits are certainly relevant to poliderséeut the case is rather
easily made. For fishery yield benefits, there remain sertmugts and many open
guestions as to the utility of protected areas. There isakgnificant potential fishery
benefit, I will not explore. Walters (1986) notes that theyomaly to avoid serious biases
in parameter estimation for heavily exploited stocks is stop harvesting for a long
period.” Protected areas allow for long periods of ceaseddsting without a complete
shut-down of the industry. The current research is limiteéirnding improvements to
expected catches under some form of irreducible unceytaint

The goal here is to model parameter uncertainty in a singgeies extracted
resource. There is both stock and growth-parameter umertdJltimately | want to
determine if heuristic methods of management can improe strictly catch-decision
management strategy. The next section describes somepsaviodels of protected
area management. Section III.C describes my model of a sidiffusion rate as a
function of the density differential at the imposed bourdagection 111.D describes

some initial steady-state results.
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[11.B Fisheries Models

It is worth reviewing the models that some authors have uselkscribe the
potential gains from spatial management. While this is nbiestive, the two papers
below are the most convincing theoretical papers | havedauaking a case for the
usefulness of protected areas. Interestingly, for all efdbpularity of patchy ecosystem
models amongst conservation oriented ecologists, netthrese models is spatially

explicit.

11.B.1 Lauck’s Model

Following Lauck (1996), use the following notation:
X, : biomass at time.

N : Natural growth multiplier.

H, : Fraction harvested, a random variable.

h; : Target harvest fraction.

a : Fraction of the stock protected by marine reserve.

This yields the dynamics of the stock given by:

Xip1 = XiN(a+ (1 —a)(1 — H)) (I11.1)

Given and initial value X, these dynamics can be written:

t—1

X =Xo [[Nila+ (1= a)(1 — Hy))) (1.2)

=1

Lauck claims that by choosing; = 1 and making the reserve large enough,

i.e.,a = 1 — h, we reduce uncertainty to zero. What is missing here is thiengfation
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of catch. Lauck is only looking at reducing variance. Thiglso the case in Lauck
et al. (1998) a similar paper that uses simulations to shaivréserves can reduce the

probability of stock crash.

[11.B.2 Hasting’s Model

In Hastings and Botsford (1999), the authors constructerahodel of spawn-
ing populations protected in a reserve area to show an dgut&in yield for spatial
management and traditional management. The main contibbere is that an age-
structured model shows that a reserve can yield equivalelutsywith a larger standing
stock. This is based simply on the fact that older individwaintinue to reproduce.

Notation:

m number of juvenile recruits per adult

j age of sexual maturity

a annual adult survivorship

¢ fraction of area in reserve

H fraction harvested

n; density inside reserve

cmny number of juveniles generated by reserve

Note immediately that homogeneous mixing is assumed. , Rhvstauthors

calculate the MSY for traditional management (whiéns the choice variable):

Y;, = maxH[f(mn) 4+ an] (111.3)
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In the case of reserves,is the choice variable (chosen to maximize the and MSY is

given by:
Y, = mazx[(1 — ¢) f(emn])] (111.4)

The authors show that both MSY’s are equivalent and that gienal c is
given by:

f(mn)

The densityn is the density at the optimal level of harvest. “Thus the op-

c=(1-H)— H| ] (111.5)

timal fraction of the coastline to put in reserves is alwagsslthan the fraction of
adults allowed to escape harvest under traditional manageiechniques ... This makes
sense because the adults in reserves can reproduce upntili¢heso if the population is

iteroparous, the fraction of the adult population set asale be lower than that under

traditional management.”

[11.B.3 Economic Models

Most economic work has focused on reserves as the only margeool.
This means that the analysis focuses on an open-accesy-statel One advantage
these papers have over the biological papers mentionedgabolre explicit modeling
of fishermen’s behavior and response to reserve creation.

Hannesson (1998) uses a non-spatially-explicit model batvs that a pro-
tected area is unlikely to improve catches in open-accasil@gum. More interesting
is the result in discrete time that the reserve will geneoatr-capacity in the fishing
fleet. The main insight gained by the spatially explicit msde Sanchirico and Wilen
(2001) and Smith and Wilen (2003) is that spatial behaviothgyharvesters is impor-

tant. Their models are also open-access in nature and fadely ®n improving net
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yields in cases when spill-over is sufficient to compensatesfis for lost harvests from
reserve areas. This unsurprising result is that it is uhlikeat reserves will increase
aggregate catches in an open-access fishery. Sanchiric&/iger (2001) do also find
some results which will be relevant to designing marineme=se relative dispersal rates
in a patchy system are important in choosing which patchekge.

The only economic work finding value for reserves as a hedgirajegy is
Grafton et al. (2005) and Grafton and Kompass (2005). Thesdes model uncer-
tainty as ecological shocks and reserves manage this rikkdgying a population more
resilient.

None of this literature considers parameter uncertainhe iext section be-
gins to model the use of protected areas as a supplementageraent tool to the

single-owner harvest decision under parameter and stomriamnty.

[1.C Model

Notation:

e B ~ biomass

e [’ ~ Harvest

E ~ Fishing effort

r ~ intrinsic growth rate

K ~ carrying capacity

z ~ intrinsic migration rate
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e ¢ ~ catchability coefficient
e o ~ fraction of area closed

In order to generalize the logistic growth function to spllyidifferential har-
vesting, we must specify the rate of diffusion from the higtiensity region. Specif-
ically, if we have an entire fishery (area normalized to 1)s$gnhg a simple logistic

equation so that the law of motion of the biomaBss:

. B
B=rB(l- )~ F (111.6)

Fishing harvestF' is given by the standard Schaeffer production function:

F =qEB (11.7)

If we choose to harvest differentially in space, let’s firghsider two regions. For the

region of sizenx we have:

. B,
Ba:Ba |:T<1_—K)+M(Ba7Bl—a§a7K>:| — Fu (|“8)
[0

The equation of motion for the remaining region of size « is then:

Bl—a

Bi_o= B, { (1- 1-a)K

)—M(Ba,Bl_a;a,K)} —Fi_, (111.9)

One good candidate for the per-capita migration rate is:

Bl—a o Ba
(1-—a)K oK

M(-) =m(«a) ( (11.10)

That is, the migration rate is some intrinsic rate(«), multiplied by the density dif-

ferential. At this point | insist only that:(«) satisfy the boundary conditions(0) =
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m(1) = 0. This is the form used for the results in the following seatiés an aside we

might also consider:

M(:)=n (1 - B?:) (I11.11)

for some constant.

[1I.D One-time effort choice

Choosing catches under parameter uncertainty is certthelynost realistic
adaptive control problem but involves dynamics and leaynifor tractability | focus on
the plausible approximation of a single owner making a ame-fleet-size decision and
look at the expected long run steady state. For both resansksithout reserves | will
look at expected steady-state catches (ignoring price ast] and | will compute the
relevant payoff variables as functions of the effort (ortfl@ee) choice and reserve size

choice.

[11.D.1 No reserve

Steady-state biomass as a function of effort choice:

B%(E) =K — %E (11.12)

Steady-state yield as a function of effort choice:

FSS(B) = qKB(1 — %E) (111.13)



62

To round out this section we begin to consider uncertaintpp®se we have
prior beliefs on the three parametegg:, and K. If we want to maximize the expected

steady-state yieltl(F'°°(E)). The effort value maximizing this maximand is given by:

. _ E(gK)
(%)

T

(I1.14)

Even in the unlikely event that these these three randorablas are mutually

independent under our prior beliefs, we are left with théofeing:

E(q)
Er=——X
2E(¢*)E(})
By Jensen’s inequality and the definition of variance it isyee show that

E(r)
2E(q)’

tainable yield under our prior beliefs. One interpretatdmhis result is that parameter

(I11.15)

the effort level that harvests the maximum sus-

in the above formulatior* <

uncertainty alone necessitates a certain level of premaetien under risk neutrality.

[11.D.2 With reserves

With two regions and fishing effort restricted to a regioniaég1 — «), de-

notedF,_,, the steady state density differential between the regsns

Bl_a BO‘ _ _qu—a
((1_04)[( a OZK) N T—l—Qm(a) (1.16)

This equation I11.16 shows that the steady-state fish densithe reserve is

higher than that in the fished region; this is not a surprisasmylt but a comforting one.

The biomass levels in the two regions are:

BSS(E,_,) = aK — ‘-’O;KEl_a (%) (111.17)
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BYS (Byi_o) = (1—a)K — MEH (1 - M) (11.18)

@ T

The steady-state harvest in this context is given by:

FSS (By_0) = q(1 — a)KEy_, (1 - gEl_a <1 - %)) (111.19)

Also note that the sum of the two biomass values is given by:

qK ((2a — Dm(a)

B =K-—1-F 1— 111.20
Total r 1 r+ 2m(a) + ( Oé)) ( )

Note that because:(0) = 0 equation I11.20 reduces to equation 111.12 when

there is no reserve.

[II.LE Optimal Steady-State

If our manager wishes to maximize expected yield under juétiefs then the

optimization problem is given by:

maz (1 — a)E {qKEl_a - qz—KEf_a (1 - M)] (I11.21)

,E1—q r r+ 2m(a)

The first order conditions for this maximum are:

8Eal_a =0=E [QK —2E_ <quK (1 - %))] (11.22)

and
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K 2f¢
9 —-aE < ey @) ~E <qKE1_a 1 Ef_a\I!a) (111.23)
T

r

U,=1-— Y (I1.24)

and therefore

/
v = —% (I11.25)

It is important to first note that the derivative of the exgelctalue with respect
to o can be both positive and negative. Suggesting there may bptanal reserve and
fleet size. The exact analytical solutions to these firstrocdaditions are not easily

solved so it is necessary to pass to numerical methods as mettt section.

III.LF Numerical solutions

In order to numerically optimize equation 111.21 | normai& = 1 and spec-
ify m(a) = za(l — «). Call z the intrinsic migration rate. | consider values foand
g ranging from .01 to 2. The result is that reserves do indeeiase expected payoff.
For each parametrization, the optimal steady-state isaetiwith a positive value for
«, that is reserves are optimal when fleet size and reservais@zbe only management
tools. Not only does a reserve decrease the probability twick €rash to zero but it also
increases the payoff in very low catch steady-states whetittte or when too much
effort has been applied. In fact, even when distributioessaich that the probability of

a stock crash is zero reserves still improve expected payoff
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[1l.1 displays a typical three dimensional graph of the etpd payoff func-
tion I11.21. This particular graph was generated with inelegeent and identical discrete
uniform distributions on- andq (mean = .1050 and variance = .0035) and an intrinsic
migration rate of 1. In this case the optimal reserve size apgsoximately one-third
of the region. All other parameter distribution revealedlgatively similar results with
unique optima but no clear patterns emerged. Changes inatienee appear to have
little effect on optimal reserve size except when variascero, optimal reserve size is

Zero.

Expected Steady State Harvest

ATRA

alpha Effort

Figure 11l.1: Expected steady-state harvest

Perhaps more interesting than the existence of a uniqueoptiis the ex-
post value of reserves given a particular fleet size. For @amdq both with mean of .1

the maximum likelihood choice for fleet size for harvestingximum sustainable yield

E(r)
2E(q)

level. Implying that the best the manager can do without aresis to choose a fleet

is Emle =

= .5. Recall that equation 111.15 is less than or equal to thigreff

size lower than this maximum likelihood fleet. Here, | canwlftor these and other

parameterizations) that certain reserve sizes can imprmtgust expected payoff but
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can actually dominate the choice without reserves excefhtarcase when fleets were
far too small. That is, ex-post payoff is higher for everyliesion of » andq whether
our maximum likelihood fleet size was too high or too low. Farah larger reserves,
the result is that we still do better if our fleet size is togkabut we significantly under-
perform if our fleet size was too small.

To see this, fix the fleet size at .5. Then compare differetizezhpayoffs for
different reserve sizes for all pairs ofand ¢ realizations in the support. Here, | find
that with a small reserve of 10% we do better or equal to naveser almost every
realization paifr, ¢}. The only exception is when > 2¢ so that our fleet choice was
far too small. But for a larger reserve (70%) our payoff isn@gonly in the region
where our fleet size was too large € %q). These results are represented graphically
in Figure Il.2. There is an intriguing political economy phication of this result; when
fleet sizes are too large, yields can be uniformly improvegintected areas. More
generally, protected areas that are ‘small enough’ canaugpsteady-state yields no
matter the size of the fleet. To the extent that protectedsgreavide numerous other
benefits they may be far more politically achievable thaemfits to reduce fleet sizes,

such as the notoriously troublesome vessel buy-back progra

I11.G Conclusion

Reserves in this model do help improve expected payoffs vaeameters
are uncertain. The exact size of the optimal reserve is m@ted by the particular
parametrization. In particular the optimal size dependtherprior probabilities and the
intrinsic rate of migration. This improvement is not a featof any directional spatial
dynamics and disappears without uncertainty. Reservebe&no large; in every trial,

expected payoffs are eventually decreasing.i®mall reserves, over the large center of
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Ex-Post Steady—-State Harvest
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Figure 111.2: Ex-post steady-state harvest

the belief support, yield large benefits over no-reservieigsl and large reserve policies.
Large reserves only dominate small ones in the extremesawlests are far too large.
No-reserve policies are only marginally better when fleetdar too small.

The actual design of marine protected areas will involve ethr more com-
plicated than the present investigation, taking into antadiosyncratic features of the
region and non-fishery values as well. This paper suggestsaberves of the right size
are not strictly a loss to fishing industry. To the extent tmainagers and the public
wish to create reserves in nurseries or in regions servingr alues such as existence
values, the fishing industry may benefit in the long run as,yetivided the reserves are
not too large. This paper establishes the qualitative ré&sat many ecologist’s intuition
is sound; marine protected areas can help manage the r@kiaesl with our uncertain

knowledge of marine systems.
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