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1. INTRODUCTTION

Open access exploitation of common property fisheries resources frequently
causes severe stock depletion. Indeed, the question whether open access may
cause stock extinction has been analyzed by several authors (Smith, 1968;
Berck, 1979; Hartwick, 1982). Moredver, as Smith has pointed out, although
stock egquilibrium urnder open access mway be positive, the stock may be driven to
extinction along the path of adjustment.

With the exception of Wilen (1976) the work on the dynamics of open access
fisheries is mainly theoretical. The purpose of this paper is to provide an
empirical application, based on the North Sea herring fishery, with special
reference to the guestion of stock extinction under open access. Herring is a
schooling species. The achooling behavior has permitted the development of
very effective harvesting technigues. With moderm fish-finding equipment,
harvesting can remain profitable even at low stock levels. Open access
exploitation of a mmber of schooling species has caused severe stock depletion
(Marphy, 1977). The question of possible stock extinction thus takes on
special importance for schooling species.

Tn section 2, we will develcp a deterministic model for an open access
fishery based on Smith (1968) and give a characterization of open access
equilibrium. In gection 3, open access exploitation of North Sea herring
during the period 1963-77 will be analyzed. Alternative production functions
are considered and estimated for the Norwegian purse seine fishery. The
bionomic equilibrium and approach dynamics are presented when prices and costs
are changing. Finally, the work is sumarized and some policy implications are
discussed in section 4. '

2. THE OPEN ACCESS MODEL

Tn this section we construct a simple open access model to discuss steady
state (eguilibrium) conditions ard system dynamics. The medel will be speci-
fied in discrete time as a system of difference equations. Time is partitioned
imto annual increments which is consistent with the data used to estinate
production and growth functions and the eguation for capital (vessel) dynam—
jcs. It is also consistent with the chservation that vessel owners are
reluctant to incur the cost of regearing once a decision has been made to enter
the herring fishery which, in the North Sea, has a season running from May
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until September. While the steady state equilibria for differential equation
systems and their difference-equation analogues are usually equivalent, the
stability and thus apprcach dynamics can be cualitatively d:!.fferent The
distinction becomes more than a mathematical curiosity in resource systems
where discrete-time and possibly lagged adjustment to bioclegical and economic
corditions can lead to overshoot and greater potential for overharvest and
possibly species extinction.

The model prasumes an industry production function

gt = H(Ktr S‘t) ' {1

where Yy is yleld (harvest) in year t, K. are the mumber of vessels in the
fishery during year t and Sy is the fishable stock at the beginning of vear t.

The muber of vessels, Ky, may be a crude measure of actual fishing
effort. As Clark (1985) notes the best measure might be the volume of water
"screened" by nets during the year. Net hours or vessel days, possibly
adjusted by engine horsepower or other Vessel/gear characteristics, might
produce a more appmrlate estimate of fishing effort,

For schooling stocks, like herring, there is some guestion as to the
significance or "elasticity™ of yield with respect to stock size, Sp. If as a
population declines it contirmes to concentrate in (fewer) schools of the same
approximate size, and if these schools can be located with relative ease by
electronic search, then yield may be essentially determined by effort, indepen-
dent of stock, until the population declines to a gmall mmber of schools. If
this were the case the production function H(-) mghtdependstnctlyml(tand
catch per unit effort, often used to estimate stock, would not predict the
collapse of the fishery (Clark and Mangel, 1279; Ulltang, 1980).

Assuming that vessel mmbers are an appropriate measure of effort and that
yield is stock dependent, the standard open access model proceeds by defining
industry profit (net revenus) in year ¢ as

= pH(-) -~ K, | (2)

where p and c are the per unit price forme}mvestedmsmamm.per
vessel, respectively. Two additionsl assumtions are implicit in equatien

{2). Fimt the fishery must ba one of several sources of the species in
guestion, otherwise price would depend on yield, i.e., Pe = p(¥) where p(-) is
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irwerse Gemand sumed given. Secondly,
the rhrough time. Neither assump-
tion is likely to hold in “real world" fisheries but thelr maintenance permits
+he estimation of an open access OF bicnomic eguilibrium which may given an
indication of the extent of overtishing.

sumed to enter a profitable fishery and exit an wprofitable

Ky~ B = B R (3)

where n > 0 ls an adjustwent parameter {unit: vessels/$). Withn positive it
will be the case that (a) K., > K¢ if7g > 00 (B) K., < Ke 1€ mg < O, and
(c) Kt+1=1€tifﬂt=0, Tt is possible that the rates of entry and exit may
aiffer, in which case n' might apply if ng > 0 and n~ might apply if ng < 0
 where nt, n” > 0, it # 0", . ,

Finally, the resource stock is assumed to adjust according to

S~ S = F(8,) - H(thstﬁ (4)

where ¥(S¢) is a net growth function. It is often assumed that there exists
stock levels 8 and § where F(S) = F(E) =0, F(8) < 0 for 0 <8 < §&, F(8) > 0
for 8 < < 8§, and F(B) <0 for § > S.

Taken together equations (3) and (4) constitute a dynamical system (or an
jterative map). More specifically, with given values for Sg and Xg the system

Reyq = K + RIEE(KSp) = o]

84y =S¢t F(8y) — H(KeS¢)

(5}

can be iterated forward in time. The trajectory (St.Kg) may be plotted in
phase-space. A stationary point (5,K) 1s one for which Kiyy = K = K ard
Sppy = Sp = § for all future £, Such a point must satisfy K = PH(K,S)/c and
H(K,8) = F(8}.

For the Gordon=Schaefer nodel (Clark, 1976) where F(S¢) = 1Sy (1-S¢/L) and
H(¥,S¢) = dfeSe, the differential eguation system takes the form

K = n(pgrs—cK)
(6)
5 = rS(1-8/L) - kS
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where r is the intrinsic growth xate, L is the aviromental carrying capacity
and g is the catchability coefficient. The system has an equiliberiim at

Se = o/ {(pg) and K, = r{1-8,/L} /g which is the focus of a stable spiral (see
Figure 1(a)}. The difference eguation analogue might be written

Keap = [+ n(pes~ o) 1%,
= [1+ r(1-8, /1)K, J8,

and is capable of more comple b@hdvmr including limit cycles (see Figure
L{b)). -

{7}

3. THE MORTH SFA HERRTN FHERY 1963 - 1977

The North Sea herring fishery takes place in the central and northern
North Sea, with the wain season in the months Ma Y to September. In the present
case study, data for the N@mmlan Furse seine fleet will be used to estimate
production functions and V@Sﬁ@l dynamics. The fishery, utilizing this tech-
nology, started in 1963. In the middle of the 19708, however, the stock was
severely depleted under an open access mlma and the flshe:cy was closed at the
end of 1977. Severs reoul beer

ree seiners for the pericd 1963 = 1977. Other countries
Derma; Germany and the U.X.) were also harvest:mg the
herrm e:tmk using & vam@‘ty of gears in@ludiwg single and pair trawl ang
drift nets. After purse seine technology bacame the
ber and harvest of other gear types,

o bhss parameters for several
alternative pmduc:mm forme., The stock estimates fst) were cbtained by
virtual pog " regresgions were run and Table 2
shows four estimating equations (a) (1) = () (1) and four associated produc-
tion functions (a) (i.l} = {d) (ii). The exponents on Fe in (a) (i) and (b)
(i1) would indicate a vieldq/ elastmlty greater than one, perhaps the
result of economi zearching for schools of herring. The
yield/stock elasticity in (b) {ii) and (d) (ii) ave both significantly positive
but less than one. Thus a8 stock declines cstch per vessel will decline and
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Figure 1 (a): Phase plane analysis of system (6). The point
(5.5 K ) is the focus of a stable spiral.

K=
r(1-8_/1}/4q

s_ = ¢/ (pa)

Figure 1 (b): Phase plane analysis of system (7) The point
(S5 K_) is the focus of a limit cycle.

K = r(l-Sm/L)/q

oo

e o s e

s_ = c/(pa)




Year
1263
1964
1965
13686
i987
1968
1589
1870
1871
1972
1973
1274
1975
1978

1877

SCCE:

North Sea herring stock

of Norwegisn purse seiners.

Stock Size
Sy (fomes
2,325,000
2,529,000
2,348,000
1,871,000
1,434,000
1,088,000
698, 000
717,000
501,000
509,000
521,000
345,000
259, 000
276,000
166,000

Bigrndal (is84),

Norweglan Harvest
¥y (tonnes)
3,454
147,933
586,318
448,511
334,449
286,198
134,886
220,854
210,733
136,969
135,338
66,236
34,221
33,087
3,911

; Norwegian purse seine harvest and the mumber

Number of Participating

Purse Seiners K-
8

121

209

298

319

352

253

201

230

203

153

1658

102

92

24




Table 2: Estimates of production parameters for the Norweglan purse seigle
flest. All regressions OLS with t-statistics in parentheses.2

(@) (i) 1n ¥y = 4.540834 + 1.409885 1n K (adjusted R2 = 0.8541)
(5.861) (9.108)

(11) Vg = 93.769 K

®) (i) 1In ¥p = -2.787630 + 1.355563 1n K + 0.562071 In St _
(2.11) (16.388) (5.840) (adjusted RZ = (.9589)

(ii) Y = 0.06157 w396 £0-562

¢y (1) 1In (Sp~Yy) = =0,5682950) + 1.039770S) 1n 8¢ - 0.00109569 K¢
(1.285) (30.807) (3.741)

(i1) ¥ = Se(i-e 0001 (adjusted K2 = 0.9861)

@ (1) In (YK = -1.671751P) + 0.608589 1n 8¢  (adjusted R? = 0.5376)
' (0.843) (4.156)

(i) ve =52 K

a) autoocorrelation was only indicated in equations (a) and (4). First order

correction did not significantly alter the magnitude of the estimated coeffi-

cients. Two stage least squares did not indicate the presence of simultanecus
equations bias which can cocur if estimates of Sy are based on current period

narvest. This is less of a problem when stock estimates are obtained by

virtual population analysis.

b} pNot significantly different from zero; parameter aseumed to be zero in the
associated production function.

C) Not significantly different from 1.00; parameter set equal to one in the .
associated production function.




there will be a stock-dependent incentive to exit from the industry, as
irdicated by the rather rapid departure of purse seiners fram the Norwegian
fleet after 1972. The remaining vessels, however, seemed more than adequate to
contimie harvest in excess of growth and recruitment, and from inspection of
Teble 1 it is still not clear whether exit would have been rapic enough for
the stock to increase,

The expression for profits was specified ag

M= PHK,8,) - oK (8)

where Cp = ep 8 + £ ; etisttmaveragemmberofdaysspent fishing herring,
ﬁtistheaostperdayinyeartamlftarethefixedamlomrttmitycosts
Vessel dynamics were assumed to comur according to

Kepy™ K = 01/ (BK,) (9)

Bquation (9) assumes that entry or exit will depend on the sign of normalized
profit per boat. This form was amployed to take advantage of pPrevious analysis
Yy Bjgrndal (1984). Estimstes of n ranged between 0.08 - 0,10,

A discrete-time analogue to the logistic growth function might be written

as
Span™ B = X8, (1 ~ 5/1) (10)

where estimates of r and L were 0.8 and 3.2x10° metric tomnes. Equation (10)
is actually an approximation to a more conplex delay-difference equation also
discussed by Bigrndal (1984),

Of the four production models the Cokb-Douglas form Yy = akP sf resulteq
in the most plausible values for the bionemic equilibrium and open access
dynamice. The open access system way be written as

R =K+ n(a@l 5§ - o/py)

- - P
Spyq = Bt 18, (1-5,/T) ax{st

ins the following equations at the

(11)

Ifat=candptwpmmm
bionomic equilibeivm



8 = [/ (paxy 11"

K = [x8, (1-8,/1)/ (s 17/

(12}

While it is not possible to solve for explicit expressions for Sy and ¥,

it is possible to solve for S, and Ky mmerically. By making an initial guess
for ¥, the first eguation in (12) provides a value for Se. substituting this
value into the second eguation one cbtains a value for K, consistent with
growth and yield. Calling the initial guess Z, che can evaluate [Zg - Kyl IE
this ismtwithinanarbitrarya, readjugttheguﬁssaccordimjto T =

(Zt o) /2. This process will converge to the bionomic equilibriun from akove
or below Ky.

During the period 1963 - 1977 prices and costs were changing as indicated
in Table 3. If the 1975 values of ¢ = 556,580 and p = 735 {(both in Norwegian
Kroner) were somehow fixed inte the future and all other parameters remained
unchanged, then the biocnomic equilibrium is calculated at S, = 430,191
(tonnes) , K, = 393 (boats) arnd Y = 297,887 (tomnes). When ot and pp are
allowed to vary as per Table 3 the time paths for 8¢ and K¢ are given in Teble
4 and plotted in phase-space in Figure 2. The values for K might be inter-
preted as an estimate of "purse seine equivalents® fishing herring in the
entire North Sea. Thus K is larger than the rurber of Norwegian purse seiners
that participated in the fishery during the period. The stock actually
increases until 1965 and then decreases monotonically. The estimates of the
herring stock in Table 1 are & bit more ragged, lower than the similated
estimates until 1973 ard higher thereafter. Of particular interest is the
overshoot "past® the 1975-based bionemic equilibrium and the continued decline
in stock. In contrast to the resuits of Wilen, there is no increase in the
stock and the "first loop” of a convergent spiral has not been corpleted.

In 1977 Noxway and the EEC agréed to close the fishery. Theve are no
official prices nor data to estimate costs after this year. One can oniy
speculate what the future evolution of stock and vessel rubers would have
peen, It seems entirely plausible that with declining harvest, price increases
would have excesded cost increases with species extinction the result. If the
price in 1978 were increased to 2,000 Nok/metric tonne and costs held steady,
the species "simulates” to extinction in 1983. With the moratorium which

9




Table 3: Costs (per season per vessel) and herring price (per tomne). Figures
in Norweglian kroner

Year O : Pt
1963 120,380 232
1964 195,840 203
1965 198,760 205
1966 201,060 214
1967 204,880 141
1968 206,800 128
1969 215,200 ' 185
1970 277,820 262
1971 382,880 244
1972 485,340 214
1973 ' 565, 780 384
1974 586,240 ' 458
1975 ' 556,580 735
1976 | 721,640 853
1977 857,000 1,418

* Price flgures have been a@;ju.ﬁtﬁ by a factor of 0.6, which represents the
hoat owner's share of income. Costs only cover costs covered by the keat
CWNeT.

irectorate of Fisheries, Norway.
The mdget Comuittes for the Fishing Industry, Norway
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mable 4: Bionomic Eguilibrium and Open Access Dynamics.

Symtem

R, = Ko+ n(aky 53 = cp/Py)

_ g
Seyy = Sp ¥ TB (1B - @st

Parancter values

a = 0,06157, b = 1.356,
L = 3,200,000, n= 0.1,
Biononic equilibrium

Se = 430,191, K, = 393,

With o and py as given in Table

t

1963
1964
1965
1866
1967
1988
1969
1970
1971
1972
1873
1574
1275
1976
1977

St

2,325,000
2,679,895
2,769,820
2,669,323
2,434,586
2,081,887
1,766,756
1,501,779
1,169,363
779,950
469,075
310,096
209,071
155,113
109, 609

¢ = 556,580, g = 0.562
p = 735, r= 0.8
Y, = 297,887

3, Sp = 2,325,000, Kg = 120, then

e

120
166
225
305
404
461
494
559
626
€26
538
480
410
385
343

Iy

153,698
258,531
398,376
588,874
818,564
897,077
808,025
970,003
983,051
782,754%
479,232
325,061
210,287
163,580
115,016

* pBevond 1972 harvest exceeds S but not S¢ plus growth. This is possible,
resource occurs before harvesting (see equation for St 1

gince growth to the
above) .
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Figure 2, Simulation of North Sea Herring Fishery

(Hundreds of vessels)

~J
!

| S

3.0 Herring Stock
(millions of
metric tons)
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lasted until 1981, the stock was allowed to recover ard fisheries scientists
estimated the 1983 stock at 800,000 metric tonnes.

NCLUSTONS AMD BOLICY IMPLICATIONS

In the empirical analysis of open access systems it is important to note
that nonlinear difference equations, with or without longer lags, are capable
of more complex dynamic behavior than their contirmous~time (differential
egquation) analcgues. The lag in adjustment by bcm. the exploited species and
the harvesters themselves is often a more accurate depiction of dynamics, and
the differential equation systems are best viewed as theoretical approxima-
tions.

If adjustment in an open access system is discrete there is a greater
1ikelihood of overshoot, severe depletion and poseibly extinction. When
discrete adjustwent takes place in a system where the species exhibits school-
ing, declining stocks may fail to reduce profits rapidly enough to turn the
critical "first corner® in an approach to bionomic equilibrium. The fact that
the econcmic and natural envirorments are subject to fluctuations places
greater importance on modelling the dynamics of nonautonomous systems as
opposed to the calculation of equilibria based on long run or average values.

The analysis of the Nerth Sea herring fishery would seem to support
many of the above points. During the 1963 - 1977 period the resource {1) was
subject to open access exploitation by Norway and members of the EEC, (2)
exnibited a weak yleld/stock elasticity (because of schooling) which failed to
encourage a rapid enoucgh exit of vessels from the fishery, and (3) was saved
from more severe overfishing and possibly extinction by the closure of the
fishery at the end of the 1877 season.

Recent analysis by Bjgrndal (1985) indicates that the optimal stock is
1ikely to be in the range 1.0 - 1.4 million tonnes supporting a harvest of
550,000 = 600,000 tonnes. With the recovery of the rescurce the stock might be
initially managed through a system of internationally assigned but intrana-
tionally transferable quotas. In the lorger mun a system permitting fisheries
managers from one country to purchase or lease the quota rights of another
ghould permit total allowable catch (TAC) to be harvested at least cost. The
theory and institutions for management of transboundary resources are still at
an early stage of develcpment, lut likely to be of critical importance if the
value of fisheries resources are to be maximized among coastal countries.
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