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FUR SEAL AND BLUE WHALE:
THE BIQECONOMICS OF EXTINCTION

Robert McKelvey

Department of Mathematical Scienées
University of Montana, Missouia, Montana 59812 USA

Abstract Caommon property sxploitation repeatedly has
been implicated in instances of mismanagement ol marina
niclogical resources, resulting in depletion, even exhaustion, of
stocks, and in dissipation of the economic benefits that the harvest
might entail. Hers | shall re-examine historical patterns in the
competitive exploitation of two marine mammais, examining the
interplay between common property harvest practices and inertial
effects that result, among other things, from irreversible capital
investment ("sunk capital”) in the harvesting industry. I find that
common property expioitation tends to exaggerate the swings and
overshoots that inential features introduce into the temporal pattern
of harvesting, leading 1o an excessive buildup of capital capacity,
) followed by an excessive depletion of the resource stock. Under
| , . some conditions these exaggerated swings can result in stock
extinclions which optimal management might have avoided. The
formal model is set up as a differential game, and analyzed by
control theory methods,

 §1. Biceconomic Predator-Prey Models

The obvious parailel, between predalor-prey interactions in natural ecosystems and
* .- competitive harvesting of a wild biclogical resource, has inspired considerable
theoretical analysis and model-buiiding.
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In his seminal article, *The economic theory of a common-property resource: The

fishery,” Gordon (1954) arqued that, in harvesting a previously unexploited fish stock,
“man’s intrusion would have the effect of any other predator; and that can only mean
that the species populatipn would reach a new equilibriumr at a lower Iet_re! of
abundanca.” More decisival . Gordan enunciated the principlé':hat the human predator
population size, governed y the interaction between biclogical and economic forces,
would come intg a certain|*bioeconamic equilibrium® with the prey population. This
would occur at a level of hafvest etfort which, having driven down the reproducing stock
of fish, would yield a rat
(including “cpportunity costs ) of exerting tha effort.

A full predator-prey dynamic model of this process was propcs-ed by Smith {1969). it
incorporates the standard “surplus production® harvest model for tha prey dynamics

(1.1 dx/dt = Fix)- hit),

with x(t) being stock siza, F(x) intrinsic growth rate, and hft) harvest rate. Har'vest is
assumed 10 be proportional 1o both stock size and fishing eifort level: thus 4 = gxK,
where K(1) is a measure of the siza ot the active fishing fleet,

Smith's model couples the harvest equation {1.1] with a second equation which
describes the evolution in the siza of the fleet. The simple behavioral nule is that the
rate of entry of vessels inio the fleet {or of exit from tha fleet) is proportional to the
current per-unit net profit (or icss) rate

/K = pgx-¢c.

Here zis the net profit, s the unit price of harvest, and ¢ is the unit vessel cost. Henca

(1.2]-  cK/dt=f [pax-c],

-

with B an empirical proportionality constant,

A voluminous thecretical fiteratura has develcped around this dynamic predalor-
prey formulation and its variants, (For a partial account, see Berck 1979). From the

of income from Karvest only just balancing the costs
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general structure of the equations, it is clear that-assuming downward-sloping per-
capita growih rate--there is a locally-stable equilibrium at Gordon's biseconomic point
Xo=C/pq, Ko = F(x,)/qx.. Trajectories sufficiently close to the equilibrium will
spiral in toward it, But the dynamics of motion distant from the equilibrium would seem
to be entirely ad hoc, reflecting the arbitrary nature of the behavioral entry rule in [1.2).

Nevertheiess, considerable attention has been given to theoretical study of the
dynamics of this system, to determine whether trajectories sufficiently far from
equilibdum might in principla lead to stock extinction. With the special finear structure of
(1.2], the canclusion will depend very much-on the prey growth function £ and the effect
of stock size on the effort-harvest retation.

The Smith modsl has been shown to exhibit considerable power in empirical
analysis. Of particuiar interest 1o us herg is a study by Wilen {1976) in which he re-
examined the historical data from the late 19th century pelagic harvest of the Northern
Pacific fur seal. At issue is whether that uncontrolled common property harvest would, if
continued unchecked, have driven the fur seal stock to axtinction. Wilan's study seems
10 suggest it would not have, but one is entitled 1o wonder to what extent these
indications ara mode! specific.

It is natural to wish to refing Smith's predator-prey model o incorporate non-
equiibrium dynamics which, as in Gordon's original analy<is of equilibrium, would be
based more explicitly on the individual harvester's presumed profit-maximizing
behavior. Such a refinement might, for one thing, provida a better insight into a
bioecenomic system's “self-regulating® mechanisms. The key requirement is a proper
characlerization of entry into, and exit from, the active "predator” popuiation.

Now, models of the optimal management of a harvested biclogical resource are
well-established in the resource economics literature, and incorporate explicit profit-
maximizing behavior on tha part of the monopolistic sole owner or social manager.
(See, for example, Clark 1976). The appropriale generalization, 16 analyze competitive
exploitation by a number of independent firms, particularly of a common property

resource, is more difficult in principle, and has been studied much less. (But see =

Levhan and Mirman 1980).

Ot particular interest to us here is the model, due to Clark et al. (1978), of the sole
owner exploitation of a maring popuiation (fish or mammal), taking explicit account of
“capital immalieability"; specifically, the irreversibility of major investment decisions.
Capital immalleability is important in a modern, capital-intensive resource harvest'ng
industry since it impans a certain inertia to the biceconomie gystem, through the so-
called sunk-capital effect. The immalleable capilal model has been applied by Clark
and Lamberson (1982) in a normative study of the mid-century Anlarclic whaling
industry, presuming oplimal management,
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In this article, | deveiop a dynamic mogal of competitive exploitation of a comman : Pr = gxe, .
preperty renewable resourcs, assuming profit-maximizing goals by the individual '

participants in the harvest, and formulating their intaraction as g differential game. Likes
lark et al. (1978), I assums that irreversible investment decisions are important, Withe
such an assumption, a natural rula for capital entry can be darived. This modet is &
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After deriving the model and noting some of itg properties, | turn to applications. [ rg-
examine the Clark and Lamberson (1 982) ana'lj;sis of Antarctic whaling, taking note
that in its later phases the industry became in effect an cligopoly of five nations which:
negotiated harvest shares through the medium of the International Whaling
Commission (IW.C.).

Total industry harvest rz

The objectiva of ea.
Finally, I return to Wilen's (1976) analysis of the biceconomics of fur seai harvest, :

. e S Tt meg— e

. profits:
where investment seems 10 have been aimaost completely revarsible, but where other,
shorter-term inertial factors Seam to have played z role, T
' (2.2) % = [ &®
§2. Tha Model 0

! shall consider a fishing or whaling industry consisting of N firms, each operating a
vessel or fleet of vessais, and 2ach exerting harvest sffort €4(t) within its effort capacity:

-8

. ) . =1 e -
O0SepsSxy,lorna 1,2 .., N . Investment I ins capital Capacity is irreversibie, 0 < tn: J

i.8., disinvestment is ruled out. Taking account of depreciation,

Hera W,(x) = Wn/ qux
2.1] dxy/ dt = thT%n . 0S1, . : s . ' L : current stock size x. B¢
demand.

S e s i remains 10 specity
Total industry rate of investment, tolal capacity, and total rate of sffart are, respectively > . -

harvest. The simpiest g

""" : ST vetons oy i . _that |
3 N . o oo N L R VUWT L e L ED
- Tl .o . e T
I:Zlnl K=an.‘ E-Zen . R A : . oL
n=1 a1 =

[5.31 dx/dt=Fx)-

" | Here F(x) is the intrinsic
current stock size, This 1
characleristic responses

As is customary in modeling the harvesting of a wild marine stock, I shalf assume:

thal the individual firm's harvest rate hn(1) is proportional to its exerted effort, and also =, ~ o L f ol
is proportional 1o the Population size x(1} of the harvested stock: = .0t o
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i hn = quﬂ .

Thus, the constraint on effort ranslates into a constraint on harvest:

3 SNy S g% .

N
Total industry harvest rate s H(t) = . Bt -
e |

i The objective of each firm is assumed to be to maximize the discounted stream ot
i profits:

2.2] o= [ e [ptHIN, < woe, - D W]

O, }

8™ { [ oy - W ] n, - e, } dt .

(= e ] |

1' Hera W,(x) = w,/d.x is the harvest cost rata per unit of calch, dependent on the
1 current stock size x . Both price p(H) and investment cost cpf) may depend on tetal
l‘ demand.

i

it remains t0 specify stock growth rate and how the biological stock responds 0

narvest. The simplest density dependent model {surplus production model) specifies
that

i
!
| .
‘ (23] dx/dt=Fl-H , 05 H=gEsagK. ' ‘

A

o

" Here F(x} is1he intrinsic growth rate for the poputation, assumed ta depend only on
" current stock size. This lormulation is broad enough ta aliow for a variety of differing - -
characleristic responses of the population 10 the harvest. We shall examine cases in
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which F(x) is, respectively, compensatory, depensatory, or over-depensatory (e.g.,
Clark 1976): Thess alternatives are illustrated in Figura 1, Prototypes for the threa
cases are, respectively,

Fix} = rx(1 -x/%), or

= rx_z“’(I “X/%), a20, o

"

=rx(t-x/x) (x/x-1).

Tha response to a constant harvest effort rate & by each of thesa modal varants is
well-known (e.q., Clark 1976). For the compensatory model, every stock level ¥ < 5
can be achieved 25 a steady state, by maintaining efont £ = F(x?}/qx* . Thisis a

depensation, extinction results for a population initially below x even if harvest etfon
ceases altogether,

A question beforg ug is whether economic rationaiity will lead, for each of tha three
kinds of populations, to a timely slackening of harvest etfort, leading to a sustained

harvest rather than driving tha population below criticai levels and eventually to
extinction,

Economic theory suggests that individual rationality ought to bring about a Nash
{competitive) equilibrium amaong the firms in the bioceconomic system [2.1]-(2.3] (Owen
1982). This means that firms' individual harvest Strategies will mesh, so that each firm
achieves the maximum net return x, compatible with the actions of all the

others. Thus, no firm can unilaterally afler its harvest pattern without suffering losses,

Let us focus, then, on the typical individual firm n, and its harvest and investment
siralegy in response to specified harvest and investment patlerns Benlt), toft) for all

the other firms m = n . Wa shall use the notation

A

H=ho s Hy, with Hy w3 b
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Figure 1, Growlh curves F(x) : {a) compensatory, (b) depensatory, and (¢) over-
depensatory. Equilibrium under constant-etfort harvest £ is at intersection of the
graph of F(x) with the straight line gx£ . Arrows show noa- equnlnbnum direction of
maotion.
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Stated {ormaily, the problem for firm n is: Given H,(t) and I,(t}, 10 choose h(t) and
15(t} SO as to maximize x,, under the constraints [2.1] and [2.3]. '

The problem may Se reduced, using Mangasarian's (1968) version of the maximum
ptinciple. Here we shail simplify the analysis by limiting attention to an ipdustry with
firms that are alike in their unit harvest costs W(x), and which face a constant price p

and a constant and identical unit investment cost ¢ . However, we raturn to the more
general formuiation in §5.

The current value Hamiltonian forfi'm n is
Hy = [p - WX)]hy -Ctq + En{th-Yxn] + A [F(x) - hy - Hyp]

and the Lagrangian is T

L, = H, + g [qxx -h ] + oh, + pot, -

Here s, and 1, ara shadow prices for capital and biological stock, and the non-
negative multipliers oy, c;",,. and p, are zaro unless the corresponding constraint binds,

Ditferentiating L, by x, and x yieids the dual dynamic equations (in current value
formulation): a

(2.4] O fot - Btp = - 3L,/ 3%, = Wy - IaGX

- g

The control variables h

hyMaxX = qxx, we find 1!

Furnthermore, whan p > |
-4 otherwise oy = 0.

(2.7 gr=[p-W

with [y J* = max(0y]
qne finds that

(28 1, = { 0

The latter allernative inc
where state variables re
rate and constant harve:

{2.9] (@) pp=m <

and Ditferentiating to.ally, us
(25] A/t - 8, = -3La/3x = - F(x)Ag + W(x) o -G %, . % duidt =0,
: 3




by 8L e

RN

WFTIARPY

55

The control variables h,, 1, are chosen so as to maximize H, in particutar, setting
hyMax = gxx, we find that

0 f paWX) + A
2.8} R, = { e # P> WX+ A

Furthermore, when p > W(x) + 1, then the capacity constraint binds and 6, = p - W(x)
- Ay ; otherwise o, =+ 0. Hence, in avery case

271 on=[p- W -]+,

with [ y J* = max[0y], indicatisg positive part. Similarly, by maximizirg H,over i,
one fincs that

0 i p <c
(2.8] Iy = {.. if j.l.:)C.

The latter alternative indicales an instantaneous pulse investmeant. An equilibriurh é:aie.

where slale variables remain constant over time, requires a constant finite investment

rate and constant harvesting at capacity. Hence, from [2.8] and [2.6],

(2.9] (a) pp= o, M W) +Ay+0,=20p.

Differentiating totally, using dx/dt = 0, yields

du/dt =0, dhy/dt + dog/ct 20,
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Substituting from equations (2.4] and {2.5] yisid

“Wx)h,
[2.10) (a) g, =8+ c/qx, (b} lﬂ = —5-:?(,‘)—
whera
Pn = qxx, = Fx) - Ha
and

Wrlx) = W(x) + B+vic/gx = W + 8+¥)c]/ gx

is tha total cost (including amartized investment cost) for operating at full capacity.
Eliminating A, between (2.9b] and [2.10b] yields a characierization of the equilibrium x:

LR
"N 5P

=p - Wix) .

We now invoke Symmetry: all firms react identically, hence have the same harvests
and investments. Hance, H = Nhg, I = Nty K = Ny, . Dropping subscripts on An.
Hp.and g, , the dynamic equations become:

[2.113] dx/dt = Flx) - H

[2.11b) OK/dt = 1-yK ]
(2.11¢] dA/dt = (5-F)}A - aqK/N + W(x)H/N

{2.11d]‘- dp/dt = S+yu - aqx

g

A
wherg
[2.115] g =
aﬁd;«
[2.1 17 H = {

[2.11g] I =

The equilibrium stock

1

12 AN = —

{2.123) A 3
while

[2.120) HY = §

"Note that the case N =
, -fent-dissipating bicecon

the preceding formulas,
is 1o be found in McKeaky

Note that, in the bice
the resource, ttey do
However thesa returns
- Investment [ = W(x) + ¢
a net positive real returr
new firms (recall that V.
interlemporal lradeotfs, ¢
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whera
(2.11e] g={p-%-WxJ*
and
. 0  when p<'W(X) + X
(2.111] H oK when p>Wx) + X%,
0 when pec
1 =
(2.119] I {.. when H>cC .

The equilibrium stock level x* and shadow price A* are characterized by

1 (p- W (x")} I
(2.12a) A om = EX) e —— = p - WX’
N SR T P
whila
[212] H = F(x), I" = K /v = F() /g, and  p” = c..

Note that the case N = 1 correspands to monopoly. The limitas N — « corresponds 10
rent-dissipating bioeconomic equiiibrium: One simply sets 7 /N =0 andift) = 0 in

the preceding formulas. A direct development of the bioeconomic open-access fishery

is to ba found in McKelvey (1885).

Note that, in the biceconemi¢ limit, even though firms put a zero shadow value 1 on
tha resource, they do anticipate future positive returns to harvest effort [p > W(x).
However these retutns serve only to balance off appontioned cosis of prior capital
investment [p = W(x} + aft} ]. New capital investment at any timg t2 0 is in responsa 1o
a net pesitive real retun, p-c¢ 2 0, for that asset, and may ba thought of as entry by
new firms (recall that N = =}, These firms, according 10 [2.11d}, must take into account
intetemporal tradeotls, 2s refiected in the discount rate 5:they do not simply put § ==

12

R



§3. Phase Plane Anailysis

The potarcases of N= 7 and N = v» have been analyzed By. respectively, Clark et

al. (1978} and McKeivey (1984). The behavior of the modefl's solution trajectories for 7

< N <« will be intermediate between thesa.

Phase piane trajectories for N = 1 and N = e are sketched in Figura 2, which
assumes a compensatory growth function F(x) . In both cases, the irajectories spiral
around the long-run equilibrium at (%%, K. For a-nascent industry there will be an initial
pulse of investment 10 a relatively high levei of capitalization. The lafger the initial
biolagical stock, the greater this capitalization leve! will be.

Harvesting then draws down the biological stock to well below the long-run
equilibrium level. In fact, tha stock level tends toward a middie-run 'quasi-equilibrium"
{x9, K% which comresponds o free capital (c = 0) in (2.12]. This is the “sunk-cost effect":
onca investment has been cemmitted irreversibly, vessels wiil freely utilize the
available capacity, and will eontinue 1o operate so iong as variable costs (including
shadow costs) at the margin do not exceed price p . This effect also implies that stock
will not ba drawn down below xo « Sinca that would entail z loss relative {o variable
costs, closing dewn the harvest (see equation [2. ).

By making tha model non-finear in factor costs, ane could replace pulse investmant

and the off-on switching of harvest etfort Dy less abrupt transitions. Nota alse that the .
spread between x* and x° (and thus the width of the spirais} results from the relative - -

size of W(x) = w, /qx and Wrix) =(w, + (§+yc]/ax:ie., the proportion oi costs that
fepresent amonized investments,

A comparison of the diagrams in the polar cases N = 7 and N = « raveals two
primary differences. First, the short and long run equilibrium positions are shifted, with
higher capial investment and tower biological stock levels when N = = . Both of thesa
arg aspects of the “over-capitalization® that characteristicaily is associated with
cemmon property exploitation of a renewable resource. - T '

Figure 3 shows how the model's soiution trajectories are atfected by a depensatory

or over-depensatory growth function F(x) . The key conclusion is that, with depensatory )

£, though stock recovery from low levels will ba slowed down, the siock eventually will
recover, Only with over-depensatory £ can stocks be driven 1o extinction, and then only

for those particular lrajectories, arising from high initial stock level, that fail below the

critical level x . This behavior is related to the feature of the model that imposes a
complete cut-off of harvest when marginal variable costs rise above unit price.
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»
E=K Iz
I=0

Figure 2. Phase-plane portrait: Compensatary mndel, (@) N=w and{b) N= 1, (Atter
respectively, McKelvey 1985, and Clark et al. 197¢). '
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Figure 3, Phase-plane portrait: Al = ee

; (&) depensaticn and (b) over-depensation,
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Plainly, the conciusions of the last paragraph could be altered by straight-forward
changes in the model, reflecting changed assumptions about nature and the
economics of the harvest. Thus, for instance, the assumption that H = gx£ ; i.e., that
harvest from a given etfort drops finearly with the stock level, may be violated for centain
species ar environments, theraby making the stock more (or possibly less) vuinerable
to harvest pressure, and thereby altering our conclusions about extinction {see Clark
1985). '

§4. Application: The Great Whaies

Tha affect of immalleability naturally is most significant in a capital intensive
resource industry. This is the basis of the analysis of the mid-century Antarctic whaling
industry by Clark and Lamberson (1982). Antarctic whale stocks, whila heavily
exploited beginning around 1325, wera not harvested during World War Il and had
somewhat recovered by the end of the war. There then folicwved a 15-year period ot
rapid build-up of whaling fleets accompanied by an equally rapid decline of whaie
stacks. The fleet size peaked in 1961, with a total of 21 enormous factory vessels plus’
261 catcher vessels, representing Japan, Norway, USSR, the United Kingdom, and tha
Netherlands. Thereafler, these countries succeeded in negotiating harvest quotas for
each nation's fleet, through the International Whaling Commission. {LW.C.), and the
foliowing 20 years had bean a period of relative stabiiity of the size of the whale stock
(though at a depressed fevel} and a steady decline in the size of the fleet.

Clark and Lamberson (1982) applied the Clark et al. {1979) model to examine what
would have been the consequencs of monopolistic control of tha whaling industry.
They assumed a logistic growth function .

¥

F(x) = rx(1-x/%}

and made rough estimales of the biological and economic parameters. | have extended
their analysis, assuming alternative industry structures: an opegn-access competilive
whaling industry (N = =), and tha Nash competitive equilibrium for common property
exploitation by N = 5 nations. In our context, tha monopolistic case (N = 1) may be
presumed to forecast a cooperalive solution achievabie by the whaling nations,
bargaining through the |LW.C. )

The equilibrium stock level x*y for the multi-firm industry can be calculated by the
following formula, which generalizes the standard formula for N = 1 with the logistic. in
dimensionless form, let

/b
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Z) =x/x and 8 =35/y

Then

Z. = w/pi  and Zy=z[-B+yB4nl,

where

- 1 - 1 .
A<8zr[Sve-1], Baz [g-2]+0-1
Likewisa, the "free capital® levels Ly = x%/X are given by a parallal exprassion but

with wr = w, + (5+17) ¢ replaced by w, . Equilibriu.a capital levels are computed by
Ky® = r(t -Zn/q.

Non-equilibrium characteristics are obtained by numerical integration of the
differential system [2.11] working backwards from equilibrium at { = =, The results are

shown graphically in phase-plane portraits, and key features, such as initiai pulse
investment K..,, , and lowest whala stock level Xmin » read off the curves.

The predictions of each of the models can be compared to the actual historical

record of fleet size and evolution, and the corresponding (estimated) whale stock sizs.
The results are presented in Figures 4, 5, and 6. '

Nong of the modeis successfully simulates the initial 15-yeaf capital build-up phasa
of the indusiry. This of course is an anifact of tha model's linearity assumption
concerning investment costs, which implies an instantaneous initial investment puise.
As | discuss in §5, one could do much better hera by incorporating non-linear
"adjusiment ccsis®. Indeed, tha Smith (1969) phenomenclogical model simulates this

build-up stage quite well, provided one "tunes® the ad hoe investment response factor

B appropriately,

Possibly, the predicted size of the capital build-up is more significant than its
phasing. In the cooperative model (N = 1) the predicted build-up is only about half of
that actually ohserved. Both tha common property (N = 5) and open-access (N a =)
models double i, C ' L s

It is during the subsequent period, of capital stock decline, that the models of ..

immalleable investment ought to show their predictive superiority over tha Smith {1959)

e
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Figure 4. Open ac:ceés
from Clark and Lan




73

i

Figure 4. QCpen access whale harvest: N = = . Logistic model with parameter values
from Clark and Lamberson (1982).
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phenomenoiogical moder. (For example, they respond to shor-term losses by
immediately shutting down excess harvest capacity.) The fact that the whale stock level
actually observed (or estimated) is nearly constant during this pericd suggests that we
are near the steady state equilibrium. The predicted cooperative equilibrium stock level
x;" seems much 100 high, compared with the observed stock levet, but once again the
common property and open access values arg reasonably close. Of course, parameter
values estimated in the models are very crude. As Clark has pointed out {1985}, a
lowered estimate of the whale stock's finear growth rate r would substantially lower
predicted steady state stock levels.

The small difference between the resuits for N= 5 and N = =, as compared la N =
1, might be taken as indicating a very fimited potential for achieving sconomic
efficiency through limiting entry to 5 national fleets. But thera was a substantial potential
through [LW.C. negotiations. A comparison of the calculated cocperative salution (N =

1) with the reafized historical trajectory suggests that this potential for cooperative
advantage naver was achieved.

Pessibly the mest striking feature of the model's behavior, and ona which seems
likely to be robust under modal refinements, is the extent to which competitive common
property practices serve 1o exaggerate the swings in the trajectory of resourca
utilization: nat only is the final equilibrium state shifted (o the high capital, low
resource-stock bionomic path), but the initial build-up of investment and the degree of
overshoot 10 low resource-stocks both are very greatly exaggerated. This interaction,
between sunk capital and common property exploitation, is likely to prove to be a
pervasive feature of renewable resource utilization, wherever it occurs. (See for

example McKeivey 1986), It is yet another parnicious aspect of the "tragedy of the
commeon”®,

§5. Application: Pacifie Fur Seal

In an imaginative study Wilen (1976), has investigated the economic.:'hisloryrof the

late 18th century open-access pelagic harvest of the Nonhern Pacific fur seal. A. ,

widespread fear at the time was that this intensive uncontrolied harvest on the open
seas might have been driving the fur seal to extinction. Eventually ecanomic losses due
to the combined efects of falling prices and a precipitate decline in harvest success led
o a period of more restrained, monopolistic harvesting, and ultimately the pelagic
harvest was banned altogether. - h
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Wilen (1976) re-examined the available historical data on prices, fleet size, and
harvests, in the context of Smith's (1969) predator-prey model. He began by plotting. == = .
the historical values of fleet size and {inferred) stock size on an x,K-phase plane, and - ~
then, by adjusting parameters in the dynamic equations [2.1] and [2.2] obtained a
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trajectory which gives a remarkably good fit. The adjusiment involved tuning. the
unknown opporunity cost (which determines the equilibrium x.) and ther reaction

parameter § {which detarmines the tightness ot the- spiral).

Wilen's study suggests that bioeconemic factors might have combined so as to
temper harvest enough to avoid extinction, thaugir the historical axperiment was
interrupted by exogenous effects. So far as the model is concerned, one can prove for
the Smith's mode! that over-depensation or strong depensatiory (& > 0} ar@ necessary
in order for any trajectory to lead to extinction (see for example Berck 1979, Goh 1980).

In a rough way, the phenomenciogical model of Smith and-the more mechanistic
irreversible investment model daveloped in §2 are qualitatively similar in their solution
dynamics. However, irreversible investment was not a significant factor in the Pacific
fur seal harvest: according o Wilen, vessels couid easily and rapidly disengage from
saaling, by switching to the halibut fishery instead. And of course, our assumption ot
constant unit investment costs, and the resulting instantaneous capital build-up is
totally unreaiistic for Antarctic whaling, 2s well 2s for the pelagic seal harvest. (This
point is further discussed in §4}.

Aside from irreversible investmant effects, thare ara at least two other specific
econamic forces that we ought 1o consider, which can introduce inertia 1o a moael cf a-
bioeconomic system. The first of these is imperfect competition: whera the industry
faces a downward sloping demand curve for its product. The second is non-finear
investment costs, the so-called adjustment costs, of rapid investment or disinvestment.
Adji'stment costs provide a less extreme form of capital immalleability. Also, for tha
pelagic seal harvest, an appropriate idealization may be that of the open access
competitive limit, N = == Hence, the modeling framework developed in my earlier paper
(McKelvey 1985) applies. Here, | shall only sketch the meodifications needed in
equations [2.11).

With market price p = p(H) , a decreasing function of total harvest H , the competitive
harvest levelis setby 1 =0 and ' '

pH) = Wix} ,

provided this equation has a solution in the range 0 S H < Hmax = qxK. Otherwise,
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H Q when pO} <W(x - .-
= Mpnee When P(H ) > W(x) . R

(This rule reduces to [2.111] when applied 1o constant pnce p) The funcuorr ain [2.1 19}

bacomes
o = [pHmad - WK+ .

A caveat is required here. Wilen's (1 978) data show that, in tha palagic seal harvest,
prices and harvests rose and fell togather around the peak period of the industry.

However, it isn't clear that price was responding to harvest. In fact, on the way up, price .-

led harvest, suggesting that the prica rise was exogenous; i.e., o = pyt).

To introduce adjustment costs we require that C{7), thae total ccst of investment at
rale I , be a monotona increasing and convex function: Ca}>0,C")>0 on

= < <o, with C(0} = 0. The slope {1} might be dlscontlnuous at I'= 0, as one
passes from disinvestment to investmant, . = -

The rats of investment is determined in the rnodel to sétisfy

B =C{)/1 = AC()

This is another manifestation of Gordon's (1954) bionomic principla: Open access. i

investment rises to the level of break-even; there are no net profits.

The effect of adjustment costs will be to induce a gradual build-up of capital, and
subsequent disinvesiment as the biclogical stock level declines. As before, there will
be some overshoot of the equilibrium. In a general way, this model's behavior parallels

that in §3 and §4. The common property effects, on initial build- -up and overstock, are
the same.

Unfortunately, there seems to be no way to actually measure adjustment costs
directly: all we can do is have recoursa to curve-fitting, much in the way that Wilen has
done. Still, the notion has a major conceptual advantage over Smith's (1969)
phenomenological model in incorporating explicit profit-maximizing behavior of
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individual sealing vessels, and in allowing direct comparison of common property and
monaopalistic regimes.

in particular, the biceconomic equilibrium levet now is determined by

a(H) = W(x) + (5+9 AC(D/Gx = WrxJ)

H = Fx) , I/y = K = Flx}/gx ,

and this might serve to define an improved version of Smith's empirical “flexible
accelerator” rule (see Nickell 1978).

Thera remains yet one other modeling device, that | wish to mention, 23 a means of
introducing inertia to our biceconomic system. This is the direct use of lags in the
dynamic equations. Lags may be motivated by biclogical or physical constraints on the
systems' rata of adjustment to changing circumstances, or may be regarded simply as
providing a phenomenclogical description of system dynamics. Sa far as | know, no
study has been made of the precise effect of lags in a model of immalleable investment
in a cormnmaon property resource industry.

it may be indeed that, aside from shodt ierm exogenous effects, what was occurring
throughoeut this period was a straightforward driving-dewn of tha stocks due to commion
property aver-exploitation. In fact, the pelagic harvest did continue beyond the period
modeled by Wilen. [n the 'ate 1890's a Japaness fleet entered the Bering Sea and
Northwest Coast sealing grounds, and remained active until the 1911 Treaty slopped
all pelagic sealing. A simple plot (Figure 7) of catch-per-effort (an index of stock
abundance} against time through that period shows a seemingly inexorable decline. In
this representation the stock recovery observed in the lata 1980's locks very much like
a short-term statistical aberration.

Which interpretation is right? Probably the evidence isn't adequate o decide. Still,
{rom a theoretical perspective, a turn around in seal stock levels has 10 be tied to soma
inerial effects present, and these have not been identified. in their absence one must
conclude that the "tragedy of the commen® surely was being played out yet again.

Acknowledgments. | wish to thank Ronald Lamberson for providing me with
historical information about the post-Worid War I whaling industry, and Colin Clark for
insightful comments. | am indebted to William Derrick for the computer simulations
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