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Abstract

While a moratorium that completely closes an overharvested fishery may best facilitate
stock recovery, such a policy can be particularly costly for communities dependent
on fish consumption for sustenance, or on fishing and fishing-related industries for
income and economic well-being. In this paper, we develop a bioeconomic model to
evaluate the optimality of a moratorium when costs to labor and capital are taken
into consideration. We apply our model to the ongoing moratorium instituted on
the Northern Atlantic cod fishery off the Canadian province of Newfoundland and
Labrador beginning in 1992. Under our model and baseline parameter assumptions
calibrated to fishery conditions in 1992, we find that, when compared to an alternative
“business-as-usual” policy of value zero, the cod moratorium is economically inefficient:
the costs of annual ex gratia unemployment relief significantly outweigh the benefits of
increased revenues from greater sustainable post-moratorium harvests, even under the
upper-bound benefits assumption that post-moratorium harvests are at their maximum
sustainable harvest level. The cod moratorium may become optimal if (i) the intrinsic
growth rate of the Northern cod stock is sufficiently high; (ii) the anticipated future
net dockside price of cod is sufficiently high; (iii) the social discount rate is sufficiently
low; (iv) the unemployment benefits paid to fishermen during the moratorium are
sufficiently low; or (v) the option value of a “business-as-usual” no moratorium policy
is severely negative, possibly owing to the risk of potential collapse or even extinction
of the stock. In the baseline scenario, however, when compared to an alternative
“business-as-usual” policy of value zero, the cod moratorium remains economically
inefficient even with cod prices that vary or are forecast using actual price data from
Newfoundland over 1990-2016.
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1 Introduction

Fish provide a major and valuable source of nutrition for the global population. According to

the Food and Agriculture Organization of the United Nations’ most-recent 2018 State of the

World Fisheries and Agriculture Report, in 2015, fish comprised more than one-sixth (about

17%) of worldwide animal protein consumption; for more than 3 billion persons, fish made

up almost one-fifth of their average diet. Although the last two to three decades have seen

a rapid expansion in aquaculture whereas capture or wild fisheries production has remained

comparatively static, the latter still accounted for just over half (53%; 90.9 million tons) of

total world fisheries and aquaculture production (170.9 million tons) in 2016 (FAO, 2018).

Beyond the direct consumption of wild-caught fish, the existence of such capture fisheries

is also economically important for the substantial indirect economic benefits that spillover

from their presence; especially within those coastal communities best-located to receive these

harvests. For example, to preserve freshness until the fish are processed or reach the point

of sale requires a ready supply of ice, ensuring a relatively steady source of demand for ice

manufacturers. Subsequently, after the fish are landed, they must be sent to appropriate

processing facilities onshore if fish-derivative products (e.g., canned sardines or tuna) are

desired. Likewise, the vessel construction, upkeep, and repair activity required to maintain a

robust fishing fleet is likely to sustain a similarly healthy shipbuilding industry (FAO, 2018).

Unfortunately, it has been well-known for some time that capture fisheries face a seri-

ous and global crisis due to long periods of continuous overexploitation, with a number of

pessimistic forecasts already made in the 2000s. Most famously, extrapolating the current

trend of fisheries collapses (“catches dropping below 10% of the recorded maximum”), a

2006 study by Worm et al. projected the complete collapse of all currently fished taxa be-

fore the middle of the century. While this utmost catastrophic scenario was challenged by

other scientists, who cited successful examples of fishery recovery (Buchen, 2009), a later

consensus report (Worm et al., 2009) still predicted a “significant fraction” of stocks would

remain collapsed without management intervention. Nearly a decade hence, the situation
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has not much improved: fully one-third (33.1%) of assessed fish stocks monitored by the

Food and Agriculture Organization are estimated to be overfished (“fished at a biologically

unsustainable level”) in 2015, with a further 59.9% being fished at maximally sustainable

(or “fully”) fished levels, leaving just 7.0% of marine fisheries underfished and with room for

further sustainable development (FAO, 2018).

A standard management strategy for overharvested fisheries is the imposition of an out-

right moratorium on fishing that prohibits any catch whatsoever. While completely closing

the fishery might best enable a depleted fish stock to recover, embracing such an extreme,

even “draconian” measure might entail serious drawbacks (Clark and Munro, 2017). Most

immediately, human populations dependent on fish consumption for sustenance may be sub-

ject to higher food prices and hunger if all fishing must stop. Furthermore, because inputs

to harvest cannot be shifted costlessly both into and out of the resource industry (Bjørndal

and Munro, 2012), a prolonged moratorium is likely to place a significant burden on affected

economic sectors and communities predominantly dependent on fishing harvest, income, or

on downstream fishing-related industries. Nevertheless, even if a fishing moratorium repre-

sents a policy option that should be reserved only for the most dire of circumstances, it is

useful to understand the economic consequences both of potentially failing to prevent such

a worst-case scenario (for those overharvested stocks which have not yet collapsed), and of

having already mismanaged fisheries to the point of collapse.

In this paper, we develop a dynamic fishery model to analyze the optimality of a harvest

moratorium when costs to labor and capital are taken into consideration. As neither the

social benefits nor costs of a moratorium policy are incurred at once in their entirety, but

accrue gradually over a potentially substantial or even infinite time horizon, our dynamic

model emphasizes the need to account for the temporal dimension of resource management.

Rather than limiting our calculus to the immediate benefits and costs of a moratorium, we

must instead conduct a dynamic benefit-cost analysis that compares the present discounted

value of the entire stream of benefit and cost flows that a moratorium entails (Conrad, 2010;
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Conrad and Rondeau, 2020).1

One can conceive of the optimal length or duration of a fishery moratorium t∗ as that

which maximizes the net present value of expected future resource rent less moratorium

costs from labor unemployment and capital depreciation. Under the capital-theoretic inter-

pretation of fish as productive capital, such a harvest moratorium is equivalent to a capital

investment in the resource (Clark and Munro, 1975, 2017). To evaluate whether undertaking

this investment is in fact economically efficient therefore requires comparing the value of the

optimized moratorium, NPV (t∗), to the value of the alternative “business-as-usual” policy

of refraining from imposing a moratorium, when the fishery stays open and fishermen need

not be paid ex gratia relief,2 but which risks the potential collapse or even extinction of the

stock.

We subsequently apply our model to a numerical case study of the ongoing moratorium

instituted on the Northern Atlantic cod fishery off the Canadian province of Newfoundland

and Labrador beginning in 1992. Under our model and baseline parameter assumptions

calibrated to fishery conditions in 1992, we find that, when compared to an alternative

“business-as-usual” policy of value zero, the cod moratorium is economically inefficient: the

costs of annual ex gratia unemployment relief significantly outweighs the benefits of increased

revenues from greater sustainable post-moratorium harvests, even under the upper-bound

benefits assumption that the post-moratorium harvests are at their maximum sustainable

harvest level.

The cod moratorium may become optimal if (i) the intrinsic growth rate of the Northern

cod stock is sufficiently high; (ii) the anticipated future net dockside price of cod is sufficiently

high; (iii) the social discount rate is sufficiently low; (iv) the unemployment benefits paid to

fishermen during the moratorium are sufficiently low; or (v) the value of a “business-as-usual”

policy with no moratorium is negative, possibly owing to the risk of potential collapse or even

1Such a dynamic cost-benefit analysis is a crucial element in the current debate over the optimal climate
change abatement policy (see, e.g., Auffhammer et al., 2016).

2An ex-gratia (“by favor”) payment does not involve the recognition of liability or legal obligation.
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extinction of the stock. Interestingly, on the other hand, neither the initial stock level nor

the marginal cost of capital depreciation significantly affect moratorium net present value.

Moreover, in the baseline scenario, when compared to an alternative “business-as-usual”

policy of no moratorium with an expected economic value of zero, the cod moratorium

remains economically inefficient when the dynamic benefit-cost analysis is conducted using

cod prices that vary or are forecast using actual price data from Newfoundland over 1990-

2016; the cod price never reached nor maintained a sufficiently high level for the moratorium

to attain a positive net present value.

The remainder of this paper is organized as follows. In Section 2, we present our theoret-

ical model of the optimal fishery moratorium with ex gratia unemployment relief and vessel

depreciation payments, derive an analytic solution for the case of logistic growth, extend

the model to allow for time-varying prices, and extend the benefit-cost analysis to include

real options considerations. Section 3 describes our numerical model and application to the

famous Northern cod moratorium. Section 4 presents the results of our numerical analysis

regarding (i) the economic efficiency of the moratorium; (ii) the comparative statics of op-

timal moratorium length; and (iii) the effect of allowing for prices that vary or are forecast

using actual price data from Newfoundland over 1990-2016. Section 5 concludes.

2 Theoretical Model

2.1 The Optimal Fishery Moratorium

To determine the optimal fishery moratorium with ex gratia unemployment relief and vessel

depreciation payments, we develop a dynamic model of a fishery wherein the future stream

of increased revenues from greater sustainable harvests in post-moratorium steady-state over

an infinite horizon are traded off against the foregone harvest income and moratorium costs.

Consider a fishery severely overexploited to the point of being candidate for immediate

moratorium. Let the population dynamics of the fish stock evolve according to the standard
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differential equation:

dx

dt
= F (x(t))− h(t), x(0) = x0 given, (1)

where x(t) is the total fish biomass at time t; F (x) the density-dependent natural net growth

function of the fish population prior to harvesting; and h(t) the rate of harvest. It is typically

assumed F (0) = F (K) = 0, with F (X) continuous and concave such that F ′′(X) < 0,

and where F (X) > 0 for 0 < X < K. K denotes the natural carrying capacity or the

maximum fish population sustainable by the environment, embodying the tendency of the

fish population to grow toward the stable equilibrium at X = K in the absence of harvest

(Clark, 2010).

Suppose that the decision to impose a (perfectly enforceable) fishing moratorium of finite

length T is proposed. We model this by taking t = 0 to indicate the time of closure, with

x = x(t) and x(0) = x0 as before, but now:

h(t) = 0 ⇒ dx

dt
= F (x(t)), 0 ≤ t ≤ T, (2)

because harvesting ceases during the moratorium.

To assess the optimality of a fishing moratorium, we must first quantify its benefits and

costs. In doing so, it is imperative to recognize that neither of these benefits nor costs

are immediately incurred in their entirety, but accrue gradually over time. Accordingly, a

proper benefit-cost accounting necessitates comparing the present discounted value of the

entire stream of benefit and cost flows that a moratorium policy entails. On a broader scale,

our resulting dynamic model emphasizes the need to account for the fundamentally temporal

nature of resource management.

The economic benefits to a fishing moratorium arise from the increased revenues from

greater sustainable post-moratorium harvests. To stack the deck in favor of a moratorium,

we assume an upper-bound value to these benefits, and therefore that the fishery is optimally

managed post-moratorium yielding the maximum sustainable harvest post-moratorium.

As a renewable resource, if we define harvest to be indefinitely sustainable (abbreviated as
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“sust.”) only when it is strictly constrained by the productivity of the stock, i.e., hsust.(t) ≤

F (x(t)), we might describe the goal of a moratorium as finding the optimal trade-off from

delaying a smaller sustainable harvest today (as F ′(X) > 0 for X low), in order to reap a

stream of greater sustainable harvests tomorrow.3

While there will be no economic benefits derived from the fishery until the moratorium

is lifted at the future instant t = T , it seems a reasonable post-moratorium objective to

maintain the fish stock in a steady-state at its post-moratorium level x(T ) thereafter. Under

such a policy, the maximum sustainable harvest hsust.
∗(t) will be bounded above by the

population growth (stock productivity) at T , F (x(T )). Assuming for simplicity that the

owner of the fishery is subject to a constant dockside price p per unit harvest, and social

rate of discount δ, the maximum gross discounted economic benefits from the fishery over

an infinite time horizon will be the integral of the revenues from the constant maximum

sustainable harvest from time t = T to t =∞, as given by:∫ ∞
T

pF (x(t))e−δt dt. (3)

The economic costs to a moratorium are more concrete in the sense that, for a real-world

fishery, they could be calculated from the specific micro- and macro-economic circumstances

of the affected dependent sectors, and the details of any government programs that provide

ex-gratia monetary compensation or other forms of economic relief. For our simple model,

however, we restrain consideration of moratorium costs solely to ex gratia unemployment

payments to labor and those necessary to restore depreciated physical capital.

Specifically, suppose that before they accede to stop fishing, the fishermen demand un-

employment relief at a constant rate u > 0 during the moratorium [0, T ). In addition, in

order to resume fishing after the moratorium, the fishery manager needs to pay the cost

to re-establish the capital that has been depreciated during the moratorium.4 In order to

3A moratorium completely eliminates the risk of unsustainable harvests hunsust.(t) > F (x(t)) causing a
population crash or extinction, but this consideration does not enter our present derivation of the fishery
net present value in our deterministic model.

4More generally, this capital can represent not only physical capital but also stocks of loyalty from
processors, consumers, and other buyers of the fish that may depreciate during the moratorium.
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stack the deck in favor of a moratorium, we assume a lower bound to the depreciation cost

by assuming that only needs to pay the cost of depreciation on the minimum capital stock

required to safely fish. Let A(0) = A∗ be the minimum capital stock required to safely fish.

The capital stock degrades at a rate γ when left unused, so that the cost to re-establish A∗,

once the moratorium is lifted, is c(1−e−γt), at a unit capital cost c > 0. With a moratorium

length T , the gross discounted moratorium costs are given by:∫ T

0

ue−δτ dτ + cA∗(1− e−γT )e−δT = u

[
e−δτ

−δ

]T
0

+ cA∗(1− e−γT )e−δT

=
u(1− e−δT )

δ
+ cA∗(1− e−γT )e−δT . (4)

As an overexploited fishery is often the culmination of excessive investment in fishing

capacity, from a policy perspective, it is unclear whether the government should actually

compensate private market participants for their short-sighted decision-making instead of

letting them simply absorb the costs of capital depreciation. One counterargument is that

bailing them out creates a situation of moral hazard and a perverse incentive for the fishing

industry to continue ignoring long-term sustainability knowing that they are protected from

low returns on capital by (essentially) the public purse. In our model, we are agnostic about

who pays to restore depreciated physical capital after the moratorium is lifted, allowing

the costs to be borne by, for example, either the government or fishermen. Regardless of

whose responsibility it actually becomes in practice, this is an overall cost to society that we

therefore include in our calculation of social net benefits.

Setting T to be the choice variable t, the fishery manager is presented with the problem of

finding the optimal moratorium length t = t∗ that maximizes the net present value NPV (t)

of the fishery, as given by the present discounted value of the gross benefits (3) minus costs

(4) under (2):

max
t

NPV (t) = −u(1− e−δt)
δ

− cA∗(1− e−γt)e−δt +

∫ ∞
t

pF (x(τ))e−δτ dτ

subject to
dx

dt
= F (x(t)) for t < t∗, x(0) = x0 given.

(5)

Since the value of the sustained stream of maximally sustainable harvests pF (x(t)) will itself
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be constant if the fish stock x(t) is maintained in steady-state following the end of the

moratorium at time t, it can therefore be factored out from the net benefit integral, so that

the objective functional becomes:

max
t

[
−u(1− e−δt)

δ
− cA∗(1− e−γt)e−δt + pF (x(t))

∫ ∞
t

e−δτ dτ

]
,

and using that

∫ ∞
t

e−δτ dτ = lim
T→∞

[
e−δτ

−δ

]T
t

= lim
T→∞

[
−e−δT − (−e−δt)

δ

]
=
e−δt

δ
, the opti-

mization problem simplifies to:

max
t

[
−u(1− e−δt)

δ
− cA∗(1− e−γt)e−δt +

pF (x(t))e−δt

δ

]
. (6)

With only one control variable and no constraint, we can directly obtain the first-order

condition by differentiating (6) with respect to t:

dNPV (t∗)

dt
= −ue−δt∗ − cA∗[−δe−δt∗ + (γ + δ)e−(γ+δ)t∗ ]

+
p

δ

[
F ′(x(t∗))x′(t∗)e−δt

∗
+ F (x(t∗))e−δt

∗
(−δ)

]
= 0,

and canceling common e−δt
∗ 6= 0 factors:

⇔ pF ′(x(t∗))x′(t∗)

δ
= pF (x(t∗)) + u+ cA∗[(γ + δ)e−γt

∗ − δ]

⇔ pF ′(x(t∗))x′(t∗) = δ
{
pF (x(t∗)) + u+ cA∗[(γ + δ)e−γt

∗ − δ]
}
, (7)

where x′(t∗) is the change in stock arising from a change in the length of the moratorium.5

The first-order condition (7) for the optimal moratorium length with ex-gratia relief,

t∗can be interpreted as follows. The net present value-maximizing fishery manager wishes to

ascertain in the present how long to defer the realization of economic gain from the effective

conversion of a natural resource into its discounted cash value, after which he enjoys the post-

moratorium infinite stream of maximized indefinitely sustainable harvests with discounted

net present valuation pF (x(t))e−δt/δ.

Consider what would occur if the moratorium were to be extended by an extra instant

dt. The marginal benefit from the fishery remaining closed for an additional increment dt is

5x′(t∗) is therefore different from the time rate of change in stock after the moratorium is lifted, which is
equal to 0: after the moratorium is lifted the stock x remains constant at x(t∗) since hsust.

∗(t) = F (x(t∗)).
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a further increase in the stock of x′(t), which itself causes a rise in the maximally sustainable

post-moratorium harvest of F ′(x(t))x′(t). The value of this marginal harvest is exactly the

left-hand side of (7).

The right-hand side of (7) is the opportunity cost of waiting, which is the foregone in-

terest payment on the income receivable from ending investment in the moratorium now.

The amount that could be deposited is comprised of the instantaneous value of the cur-

rent maximum indefinitely sustainable harvest pF (x(t∗)), plus the avoided marginal costs

of unemployment relief u and capital depreciation cA∗[(γ + δ)e−γt
∗ − δ]. Thus, the optimal

moratorium length t∗ balances the marginal benefits and costs of waiting .

We are able to analytically conduct comparative statics of t∗ for changes in p and δ.

From (7), the first-order condition with c = 0 is given by:

pF ′(x(t∗))x′(t∗) = δ[pF (x(t∗)) + u],

which, after dividing through by p and separating δ on the right-hand side, yields:

F ′(x(t∗))x′(t∗)

F (x(t∗)) + u
p

= δ. (8)

An increase in the net dockside price per unit fish p decreases the denominator on the

left-hand side of (8), leading to an overall increase on the left-hand side. To reestablish

the equality, given our assumptions on the biological production function F (x(t∗)) must

correspondingly increase and/or F ′(x(t∗)) must correspondingly decrease, which requires a

lengthening of the moratorium t∗. Consequently, an increase in the net dockside price per

unit fish p increases the optimal moratorium length: ∂t∗/∂p > 0. The predominant economic

pressure on the fishery manager is to end the moratorium earlier and save unemployment

costs. When the net dockside price per unit fish p increases, the stream of indefinitely

sustainable post-moratorium harvests becomes more relatively valuable, which intensifies

the counterbalancing incentive to wait for the fishery to become even more productive.

On the other hand, an increase in the discount rate δ decreases the optimal moratorium

length: ∂t∗/∂δ < 0. A higher prevailing discount rate δ means other economic assets (espe-
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cially the risk-free bank account paying interest on deposits at δ) offer improved returns on

investment.

2.2 Stock Effect

A fishery departs from the analogy of rotational forestry in one potentially important detail:

for fish, there is a possibility that there exists some stock effect, whereby the cost to harvest

is sensitive to the current stock level. The basic intuition underlying this hypothesis is that

if there are fewer fish in the water, and fish are or tend to be more uniformly distributed

spatially, then fishing vessels will need to expend extra effort to catch the same amount

of fish. In contrast, the sessile or immobile nature of a forested land parcel ensures that

rotational forestry harvest costs should not be density-dependent in this manner (i.e., the

cost of cutting down a tree is unlikely to be affected by the number of trees per unit area).

The presumption of a stock effect is typically made for demersal (bottom-dwelling) stocks

(e.g., cod), that are considered not as prone to aggregation, unlike pelagic (open water)

species (e.g., herring), which are more likely to exhibit schooling behavior as a defense

against predators. It is often assumed that harvest costs are independent of stock size for

such schooling species, as the unit harvest cost for a targeted school of fish is unrelated to

the overall stock level. On the other hand, a smaller stock of a pelagic species might too

equally require fishermen to expend extra effort in locating suitable schools of fish (see, e.g.,

Hannesson, 2007 for a more detailed discussion). A natural outcome of production costs

rising as the stock declines is that, theoretically, a stock effect should increase the optimal

steady-state biomass relative to a scenario where there is no stock effect (Clark, 2010).

Previous empirical research has indeed found a significant stock effect in both demersal

and pelagic fisheries, although its strength varies with species’ differing ecological charac-

teristics, and the type of gear used in the fishery. For example, Sandberg (2006) reports

a stock effect for coastal vessels fishing Norwegian herring, a schooling species, but not for

pelagic trawlers or purse seiners, hypothesized to be due to the coastal vessels’ lower geo-
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graphical range. As these boats are restricted to operating in coastal waters, their costs may

significantly reduce as the stock becomes more robust, if this means they can spend less time

searching for herring schools. Similarly, Hannesson (2007) estimates a significant stock effect

in the Norwegian bottom trawling fisheries for haddock, cod, and saithe. Grafton, Kompas,

and Hilborn (2007) suggest that overharvested fisheries may especially benefit from rebuild-

ing due to the stock effect: comparing four different fisheries (the Western and Central Pacific

big eye tuna and yellowfin tuna, and Australian northern prawn and orange roughy fisheries),

they find that the more exploited fisheries would enjoy even greater marginal economic gains

from stock rebuilding, with the stock effect notably large at current overexploited biomasses.

To extend our model to incorporate a potential stock effect, following Clark and Munro

(1975), we make the “standard” assumptions that harvest increases linearly with respect to

fishing effort, denoted E(t), and also increases (although perhaps not linearly) in biomass,

x(t):

h(t) = qE(t)x(t)β, (9)

with q, β > 0 constant; and that the total cost of harvest, ch(·), is directly proportional to

effort:

ch(E(t)) = aE(t), (10)

with a being the unit cost of effort. Rearranging (9) to make fishing effort a function of

harvest, these production and cost functions imply:

h(t) = qE(t)xβ ⇔ E(t) =
h(t)

qx(t)β
⇒ ch(h(t)) =

ah(t)

qx(t)β
;

that is, harvesting costs are themselves also linearly increasing in h(t), but a decreasing

function in x(t).

Specifying β = 1 for simplicity:

ch(h(t)) =
ah(t)

qx(t)
,

and recalling that a is the unit cost of effort, and q the constant of proportionality in
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the harvest production function (9), often called the (species- or stock-specific) catchability

coefficient. The profit π(h, x) per unit fish is then:

π(h, x) = R(h)− ch(h, x) = ph− ah

qx
=

(
p− C

x

)
h, (11)

and such production-cost dynamics imply a cost of harvest that is simply inversely propor-

tional to the stock level, with C = a/q being a cost parameter specific to each fishery (as it is

the ratio of the unit cost of effort, a, to the catchability coefficient, q, which are dependent on

the particular fishery, and the species and fishing gear used, respectively). As the inclusion

of a stock effect just modifies the net dockside price per unit fish from p to (p−C/x), we may

directly make this substitution in (6) to give the moratorium optimization problem with a

stock effect (abbreviated as the subscript “sto. eff.”):

max
t
NPVsto. eff.(t) =

{
−u(1− e−δt)

δ
− cA∗(1− e−γt)e−δt +

[
p− C

x(t)

]
F (x(t))e−δt

δ

}
. (12)

Evidently, the first-order optimal condition for (12) will be nearly identical to (7), as

the only difference between the two expressions for NPV (t) is in the value of the post-

moratorium revenue stream. To understand the impact of a stock effect on t∗, therefore, it

is sufficient to compare the derivative with respect to moratorium length t of the present

discounted value of the entire stream of post-moratorium revenues when there is no stock

effect, to that when a stock effect does exist.

In our earlier derivation of the first-order condition (7) for the optimal moratorium length

t∗ ignoring any stock effect, we computed:

d

dt

[
pF (x(t))e−δt

δ

]
=
p

δ

[
F ′(x(t))x′(t)e−δt + F (x(t))e−δt(−δ)

]
= e−δt

[
pF ′(x(t))x′(t)

δ
− pF (x(t))

]
. (13)

Ignoring the common discount factor e−δt, we recall from our subsequent discussion of op-

timality that the first term within the square brackets in (13), pF ′(x(t))x′(t)/δ, may be

interpreted as the marginal benefit (to revenue) from extending the moratorium an extra

instant dt, being the value of the associated marginal increase in post-moratorium harvest.
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Conversely, the second term within the square brackets in (13), pF (x(t)), is the marginal

opportunity cost (to revenue) of lengthening the moratorium: it represents the foregone

income from fishing which would otherwise be received if the moratorium were to be lifted

without further delay.

Now compare (13) to the first time derivative of the revenue term in the extended mora-

torium model (12), accounting for a stock effect, which we evaluate using the product rule:

d

dt

{[
p− C

x(t)

]
F (x(t))e−δt

δ

}
=

1

δ

{[
p− C

x(t)

] [
F ′(x(t))x′(t)e−δt − δF (x(t))e−δt

]
+
d

dt

[
p− C

x(t)

] [
F (x(t))e−δt

]}
= e−δt

{[
p− C

x(t)

]
F ′(x(t))x′(t)

δ
−
[
p− C

x(t)

]
F (x(t)) +

d

dt

[
− C

x(t)

]
F (x(t))

δ

}
. (14)

By inspection, the first two terms within the curly braces in (14) are clearly analogous to

the marginal benefit and cost terms in (13), just with the constant net dockside price of fish,

p, in the former (with no stock effect), replaced by the variable price (p − C/x) that arises

when harvest costs are subject to a stock effect in the latter.

The final term within the curly braces in (14), however, is entirely specific to the stock

effect scenario:

d

dt

[
− C

x(t)

]
F (x(t))

δ
. (15)

This, then, is the main marginal contribution of a stock effect to post-moratorium revenue.

Should there exist such a stock effect, lengthening the moratorium a further instant dt

results in a marginal reduction in harvest cost; or, equivalently, an effective increase in the

net dockside price, of d/dt[−C/x(t)]. (By the quotient rule, d/dt[−C/x(t)] = Cx′(t)/[x(t)]2,

which is clearly positive, as x′(t) ≥ 0 without harvest.) Multiplying this gain in unit price

by the present value of the perpetuity of constant post-moratorium harvest F (x(t))/δ means

that (15) represents the additional marginal value of a stock effect over the infinite horizon

of the problem, beyond its impact on the net dockside price. Thus, the presence of a stock

effect would augment the benefits from a moratorium, raising both the optimal moratorium

length t∗ and the optimum post-moratorium steady-state stock x(t∗), as we naturally expect.
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2.3 Application to Logistic Growth

We derive the analytical expression for the net present value NPVlog.(t) of a moratorium

as a function of time when the fish stock exhibits deterministic logistic growth. In partic-

ular, suppose that the natural net growth function F (x(t)) for the fish population prior to

harvesting is given by the following logistic growth function:

F (x(t)) = rx(t)

(
1− x(t)

K

)
, x(0) = x0 given; (16)

where r is the intrinsic growth rate of the fish stock, and K the environmental carrying

capacity.

Sans harvest, such a population is well-known6 to follow a sigmoid trajectory:

x(t) =
K

1 + αe−rt
, α =

K − x0

x0

.

Here, the maximally sustainable post-moratorium harvest is:

F (x(t)) = rx(t)

(
1− x(t)

K

)
=

rK

1 + αe−rt

(
1− 1

1 + αe−rt

)
=

rK

1 + αe−rt

(
αe−rt

1 + αe−rt

)
=

αrKe−rt

(1 + αe−rt)2
;

and inserting this into (6), the optimization problem becomes:

max
t
NPVlog.(t) = −u(1− e−δt)

δ
− cA∗(1− e−γt)e−δt +

pαrKe−(δ+r)t

δ(1 + αe−rt)2
. (17)

In case there additionally exists a stock effect, substituting P (x) = (p−C/x(t)) for p and

the analytical expression for 1/x(t) into (17), the maximand of the optimization problem is

further modified to:

max
t
NPVlog., sto. eff.(t) = −u(1− e−δt)

δ
− cA∗(1− e−γt)e−δt

+

[
p− C(1 + αe−rt)

K

]
αrKe−(δ+r)t

δ(1 + αe−rt)2
. (18)

6By separation of variables (omitting intermediate steps for brevity),

dx

dt
= rx(t)

(
1− x(t)

K

)
⇔

∫
K

x(t)(K − x(t))
dx =

∫ (
1

x(t)
− 1

K − x(t)

)
dx =

∫
r dt

⇔ ln

∣∣∣∣ x(t)

K − x(t)

∣∣∣∣ = rt + C ⇔ x(t)

K − x(t)
= Dert, and solving for x(t) and D = eC .
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With some careful algebra, we could arrive at the associated first-order condition, but

the problem is clearly better suited to being implemented in any standard numerical solver.

We take the latter approach in Section 3 below.

2.4 Incorporating Time-Varying Prices

We now allow for the possibility that the dockside price of fish, p, may possibly evolve

over time during the moratorium. In particular, we examine the case in which p increases

exponentially at a non-zero rate g > 0 over time, such that p(t) = p0e
gt, with p(0) = p0

(given) being the price observed at moratorium’s beginning, t = 0. Suppose first that the

exponential price growth is determined to extend to the infinite horizon, and there is no

stock effect on harvest costs. This simply modifies the gross economic benefits from the

infinite stream of maximally sustainable post-moratorium harvests (3) to:∫ ∞
t

p(τ)F (x(τ))e−δτ dτ =

∫ ∞
t

p0e
gtF (x(t))e−δt dt

=

∫ ∞
t

p0F (x(t))e−(δ−g)t dt, (19)

and we can thereby define (δ−g) ≡ ρ as the “effective” discount rate; p0F (x(t)) still remains

constant and can again be factored from the integral as before:

= p0F (x(t)) lim
T→∞

[
−e−ρT + e−ρt

ρ

]
.

The limit evaluates differently depending on the sign of ρ:

lim
T→∞

[
−e−ρT + e−ρt

ρ

]
= lim

T→∞

[
−e−ρT

ρ

]
+
e−ρt

ρ
=


e−ρt

ρ
, ρ > 0 ⇔ δ > g;

divergent, ρ ≤ 0 ⇔ δ ≤ g.

If δ > g, assuming that price will rise in the future decreases the “effective” discount rate,

as future discounting, which diminishes the present value of expected net benefits, is offset

by price gains, that bolster the expected value of future harvests. Since an increase in the

discount rate decreases the optimal moratorium length, an exponentially increasing fish price

that decreases the effective discount rate increases the optimal moratorium length. All else
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equal, the higher the growth rate in fish price, the longer the optimal moratorium length. The

analytic expression for moratorium net present value given logistic growth and exponential

price (which we indicate by the subscript “log. x, exp. p” as shorthand) then only differs from

(17) in having each instance of δ in the last term (representing post-moratorium revenues)

replaced by ρ:

NPVlog. x, exp. p(t) = −u(1− e−δt)
δ

− cA∗(1− e−γt)e−δt +
pαrKe−(ρ+r)t

ρ(1 + αe−rt)2

= −u(1− e−δt)
δ

− cA∗(1− e−γt)e−δt +
pαrKe−(δ−g+r)t

(δ − g)(1 + αe−rt)2
. (20)

Otherwise, if δ ≤ g, i.e., the price of fish is expected to grow exponentially as fast as

or even faster than the discount rate, the effective discount rate is in fact zero or negative.

Economically, the future is weighted at least equally, if not greater, than the present, and

the notion of trading-off between today and tomorrow becomes meaningless. Rather, in such

a situation (when fish are projected to become extremely scarce relative to future demand,

for example) it becomes optimal to continue extending the moratorium forever, as the future

growth in price dominates the diminishing effect of discounting (or risk-free interest paid by

the bank).

Should there be a stock effect, the net dockside price of fish becomes p(t) = p0e
gt−C/x(t),

which introduces an additional cost term into post-moratorium harvest profits (19):∫ ∞
t

p(τ)F (x(τ))e−δτ dτ =

∫ ∞
t

[
p0e

gt − C

x(t)

]
F (x(t))e−δt dt

=

∫ ∞
t

p0F (x(t))e−(δ−g)t dt−
∫ ∞
t

[
C

x(t)

]
F (x(t))e−δt dt. (21)

Since we expect harvest costs to decrease as the stock recovers, and they are moreover

discounted at the original discount rate δ, which exceeds the effective discount rate ρ = (δ−g)

applied to harvest revenues (assuming δ > g), the harvest cost from a stock effect can only

dampen the effect of any expected exponential growth in fish price over the short run. In

the long run, these costs will too likewise be dominated by exponential price growth.
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2.5 The Option Value of “Business-as-Usual”

The classic natural resource economics approach to fisheries management is founded upon the

application of capital theory to a dynamic bioeconomic resource. If the choice of whether

(or not) to impose a moratorium on an overharvested fishery is to be interpreted as an

investment decision, however, its optimality must be evaluated correspondingly on the basis

of its nature as an investment. Most intuitively, investments are often judged solely on

whether they offer a positive return to investment; that is, whether the net present value of

discounted benefit flows from undertaking the investment project exceed that of costs. This

orthodox theory of investment results in a “positive net present value” decision rule.

In contrast, Dixit and Pindyck (1994) identify three potential characteristics of invest-

ment that cause option considerations to become relevant. First, investments may be par-

tially or completely irreversible, so that at least some portion of initial expenditures are sunk

and cannot be recovered even if the investment were able to be undone. Second, uncertainty

over future rewards arises if payoffs (and/or costs) to investment depend at least in part on

future economic (and, in the case of biological resources, potentially biological or ecological)

circumstances. Third, investment timing is often flexible and affords the potential opportu-

nity to delay. In the real options approach to investment, this triumvirate is accounted for

by considering a firm with the opportunity to invest to be holding an “option”: the right,

but not the obligation to engage in investment. Exercising the right to make said investment

(“killing” the option) foregos the associated “option value”, which is an opportunity cost

that must therefore be included in the benefit-cost analysis.

In our deterministic model of a fishery moratorium, there is naturally no uncertainty

as to future rewards. On the other hand, the decision to cease harvest is most definitely

irreversible in the sense that on re-opening the fishery, moratorium costs cannot be recovered;

and there is, of course, always the opportunity to delay or even refrain from imposing a

moratorium altogether. Thus, whereas real options analysis has rarely been applied to the

optimal management of fisheries, and more broadly, renewable resources in general (Mezey
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and Conrad, 2010), we assert it is the appropriate framework within which to evaluate the

optimality of resource closure.

For our baseline model, we assume that the option value of the alternative “business-as-

usual” policy to refrain from imposing a moratorium is zero:

NPV (“business-as-usual”, baseline) = 0. (22)

While accounting for option value typically implies a higher threshold for investment,

however, it is possible that the option value of “business-as-usual” for an overharvested

fishery may in fact be severely negative, especially if the stock is at imminent risk of potential

collapse or extinction. Again, in a deterministic world, certainly even a miniscule stock can

be harvested sustainably over an infinite time horizon. As a starting point for policy, however,

we must acknowledge that severely overharvested fisheries are, in the real world, at much

greater risk to collapse, whether due to decreased resilience to averse stochastic population

shocks, or if there exists a minimum viable population required to sustain the stock.

In our stylized formulation, therefore, a lower bound to the social cost of stock collapse

can simply be computed as the cost incurred from an immediate stock collapse followed

by a compensated moratorium of infinite duration. Assuming that the entire cost of now

unemployed capital is paid upfront, the lower bound to the the option value of the alternative

“business-as-usual” policy, which arises from an immediate stock collapse followed by a

compensated moratorium of infinite duration, is given by:

NPV (“business-as-usual”, lower bound due to collapse) = −
[∫ ∞

0

ue−δt dt+ cA∗
]

= −u lim
T→∞

[
−e−δT + e−δ0

δ

]
− cA∗

= −u
δ
− cA∗. (23)

Additionally, although we do not consider these in our numerical case study, there could

potentially be further ecosystem goods and services, as well as intrinsic existence or other

non-use values, that will be lost if the stock collapses.
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3 Numerical Model and Application

Beyond the simplest cases, analytical methods can only progress our understanding of the

underlying economics in a problem just so far. Even for our basic moratorium model with

ex gratia relief payments (5), the first-order condition for optimality is an implicit equation

(7), and there is no obvious algebraic way to solve for t∗. Analytic solutions are even less

tractable when a stock effect is included. Hence, as an illustrative example, we apply our

model to a numerical case study of the moratorium instituted on the Northern Atlantic cod

fishery off the Canadian province of Newfoundland and Labrador in 1992.

3.1 The Northern Cod Fishery

Prior to its ultimate collapse to commercial extinction in the late 1980s and early 1990s, the

cod population in the Northwest Atlantic was the foundation of one of the world’s richest

fisheries for half a millennium. A contemporary observer reported that the crew of John

Cabot’s exploratory 1497 voyage through Newfoundland waters had discovered “[t]he Sea

there is swarming with fish which can be taken not only with the net but with baskets” (see,

e.g., Kurlansky, 1997), a quote well-repeated ironically by environmentalists in the present

day.

Throughout the centuries since, the Northern cod fishery drew both migratory fishermen

and outright settlers from Europe, sustaining an annual catch that gradually rose from

100,000 to 300,000 metric tons from the eighteenth to late nineteenth centuries, and the

development of a provincial economy almost solely based on the harvesting and processing

of cod (Haedrich and Hamilton, 2000; Lear and Parsons, 1993).

As the passenger pigeon of fishery mismanagement, the history of the Northern cod col-

lapse has been extensively recounted elsewhere, both in academic and popular literature. To

briefly summarize, in the post-WWII years, the fishery suffered two periods of extreme over-

exploitation. Firstly, initial pressure arrived from overseas in foreign fishing fleets equipped
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with “factory trawler” technology that expedited, for the first time, fishing on an industrial

scale, with foreign harvests peaking in the late 1960s at an obviously unsustainable 700,000

metric tons, on top of domestic landings of 120,000 metric tons.

Secondly, when Canada officially declared its sole exploitation rights over all natural

resources in the 200-nautical mile Exclusive Economic Zone, as negotiated at the 1977 3rd

United Nations Conference on the Law of the Sea (UNCLOS III), the domestic response

was not to relax fishing pressure, but rather indulge in a further expansion of harvesting and

processing capacity in an already over-saturated industry, driven by nationalistic enthusiasm

and overly optimistic assessments of the cod stock.

Unsurprisingly, these eventually precipitated a tremendous decline in harvests that, cou-

pled with increasingly pessimistic estimates of the cod population, paved way for the then-

Minister of Fisheries and Oceans to announce a commercial moratorium on the northern

cod fishery (the Northwest Atlantic Fisheries Organization (NAFO)/International Council

for the Exploration of the Sea (ICES) management unit 2J3KL) in July 1992. For our case

study, we use our model to conduct a demonstrative numerical dynamic benefit-cost analysis

of the optimality of this moratorium policy.

3.2 Baseline Bioeconomic Parameters

We calibrate our numerical model of the optimization problem (6) using official statistics or

primary research sources where possible, and use these statistics and sources to justify our

construction of supplementary parameters if specific data is not readily available.

For simplicity, we adopt the logistic growth function (16) to describe the dynamics of the

cod population. The intrinsic growth rate of the cod stock is taken from a report by Myers,

Mertz, and Fowlow (1997), who estimate the parameter r for 20 populations of Atlantic cod

from various locations. For the 2J3KL stock (Labrador and Northeastern Newfoundland

Shelf), they find an approximate intrinsic growth rate of r = 0.17. While we use this value

of r as a baseline in our model, we additionally conduct a sensitivity analysis of our results
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across the range r ∈ [0.13, 0.35]. These are the lower and upper bounds for r reported by the

Committee on the Status of Endangered Wildlife in Canada (COSEWIC) for the Newfound-

land and Labrador Atlantic cod population as a whole, encompassing not only 2J3KL but

also NAFO/ICES management units 2GH, Northern Labrador; and 3NO, Southern Grand

Bank, the latter of which was later placed under moratorium in 1994 (COSEWIC, 2010).

Haedrich and Hamilton (2000) assume the carrying capacity of the cod fishery to be the

biomass K = 3, 000, 000 metric tons calculated in 1962, immediately before foreign fleets

began intensive harvesting in Newfoundland waters. By the 1992 closure, fishery biomass

X was assessed as having declined to just over 20,000 metric tons and continued falling

even after that, reaching only 13,000 tons in 1995. For our baseline, we follow Haedrich

and Hamiliton (2000) in setting the same parameters K and a “possibly optimistic” initial

stock size of X(1992 :: t = 0) = 50, 000 metric tons, with sensitivity analysis over the interval

X(0) ∈ [20000, 80000], chosen to include the lower measurement of X(0) and be symmetrical

about our baseline X(0).

We find the dockside price of cod p by dividing the 1992 value of Atlantic coast commercial

landings of cod in Newfoundland (NFL Total; $32,145,000) by the volume (52,323 metric

tons) as recorded by Fisheries and Oceans Canada (DFO, 2016a; DFO 2016b), which implies

a price of p = $614.36/metric ton (2 d.p.).7

Our source for the harvest cost ch is Grafton, Sandal, and Steinshamn (2000), who

used Fisheries and Oceans Canada (DFO) economic and commercial analysis data on a

sample of cod fishers in NAFO regions 3K and 3L to determine an average landings-weighted

operational cost of ch(x(t)) = C/x(t) = $353/metric ton in 1989. Given an estimated

exploitable biomass of approximately x(1989) = 569, 000 metric tons, they thus derived the

Atlantic cod fishery-specific cost parameter C = ($353/metric ton)(569, 000 metric tons) =

$200, 857, 000.

We will first compute our baseline model fixing the harvest cost (i.e., excluding any

7We note this and all other prices and costs through the remainder of the Northern cod moratorium case
study are denominated in Canadian dollars.
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potential stock effect), before allowing the harvest cost to be subject to a stock effect, as

is more likely appropriate to the cod fishery, in order to allow comparison between the two

scenarios. Applying the cost function ch(x) = C/x to the assumed 1992 biomass of 50,000

m.t., however, gives a harvest cost of just over $4, 000, more than 6 times the dockside price

p calculated by the DFO landings records; fixing ch at this value would imply harvesting the

fishery would never be worthwhile. As Grafton, Sandal, and Steinshamn (2000) note, this

reflects the fact that the cod stock completely collapsed in 1992, when fishing would have

presumably indeed become economically nonviable. Instead, we adopt the fixed harvest cost

for the 1990 biomass of 405,000 m.t. reported by Grafton et al., the last year fishing would

have been profitable under the 1992 dockside price: ch = $200, 857, 000/405, 000 m.t. =

$495.94/m.t.. Finally, we examine the sensitivity of the stock effect to variation in the

1989 harvest cost across ch(h(x(1989)) ∈ [$100, $500], corresponding to a range for the cost

parameter of C ∈ [$56, 900, 000, $284, 500, 000].

3.3 Moratorium Costs to Labor and Capital

The initial Northern Cod Adjustment and Recovery Program (NCARP) established by the

Canadian government in the wake of the cod moratorium incorporated a broad package of

economic measures. Beyond ameliorating the direct socioeconomic impact of the morato-

rium with unemployment insurance for fishermen and financial support for maintenance and

upkeep of idle vessels, NCARP also attempted to facilitate ongoing efforts to restructure the

fishery for longer-term sustainability by providing incentives for voluntary early retirement,

license relinquishment, and skill retraining (Emery, 1992).

We restrict our attention to the direct economic impact of the moratorium on the pri-

mary harvesting sector in order to constrain our benefit-cost analysis within a realistic scope.

Then the relevant rate of ex gratia unemployment relief payments u is the unemployment

insurance paid in 1992 to 13,905 fishermen only, and excluding workers employed in fish pro-

cessing (Newfoundland and Labrador Statistics Agency (NLSA), 2017). Income replacement
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payments ranged from a minimum weekly payment w = $225 to a somewhat more generous

maximum w = $406, for those fishermen willing to engage in skill or non-fishery-related job

training (Emery, 1992). To obtain the shortest possible optimal moratorium length, we use

the upper bound estimate of u = $406/fisherman/week× 52 weeks/year× 13, 905 workers =

$293, 562, 360/year; in our sensitivity analysis, we will allow w (and by extension u) to vary

over w ∈ [225, 360.75], and compare these cases to an ideal “frictionless labor adjustment”

scenario under which no unemployment benefits are paid out at all (w = 0).

Although direct measurements of fleet capacity such as gross tonnage or horsepower are

unfortunately unavailable in the Fisheries and Oceans Canada (DFO) archival statistics, they

do tabulate the number of vessels registered by length (in feet) by province and region. We

condense this into a single measure A∗ by taking a weighted average of all vessels enumerated

in the Newfoundland fishery in 1992 (DFO, 2016c). Since the majority of vessels fishing from

Newfoundland were in the <35’ length category, we define a theoretical “standardized vessel”

of 35’ and weight all other vessels proportionally to this 35’ standard, with the weight being

the midpoint of the length category divided by 35’.8 By this computation, A∗ = 15, 280

“standardized 35’ vessels”.

Likewise, there is no ready data on the rate or marginal cost of capital (vessel) depreci-

ation, the parameters γ and c. As a rough proxy for the capital depreciation rate γ, we use

the maximum tax deductible rate of depreciation,9 which for the majority of fishing vessels

is γ = 0.15 (Canada Revenue Agency (CRA), 2017). For the marginal cost of capital (vessel)

depreciation c, the closest relevant measure we can find is cited in a descriptive analysis of

the cod fishery (Roy, 1997), which gives the average investment (after grants) in full-time

small boat enterprises to be c = $14, 429. As this value is extremely speculative, we add

the variation of c over c ∈ [7500, 20000] to our sensitivity analysis and, as with our sen-

sitivity analysis for the weekly individual unemployment benefit w, juxtapose this against

8For example, a vessel falling in the 50’-54’11” length category would have weight 52.5’/35’ = 1.5, and
thus be considered equivalent to 1.5 “standardized 35’ vessels”. We set the “midpoints” of the <35’ and
>100’ length categories to be 35’ and 100’, respectively.

9In Canada, this is termed the Capital Cost Allowance.
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an ideal “frictionless capital adjustment” scenario where capital depreciation need not be

compensated (c = 0).

Finally, we assume a baseline discount rate δ of 2%. As with climate change policy, the

choice of discount rate δ in dynamic benefit-cost analysis can be a source of great political

contention, as it has perhaps the most far-reaching repercussions of all model parameters on

the benefit-cost outcome. Whilst we have heretofore taken the perspective of a net revenue-

maximizing sole fishery manager, we elect not to use a discount rate appropriate for private

industry reflective of the market competitive opportunity costs of capital, which the Intergov-

ernmental Panel on Climate Change (2007) considers to be on the order of 4-6% in developed

countries. Rather, we choose a lower discount rate that is more representative of the social

rate of time preference. More recent studies argue that uncertainty in risk-free returns over

the long time horizons relevant to environmental policy should dictate a decreasing discount

rate over time. The 2% discount rate we adopt corresponds to approximately a “medium fu-

ture” period of consideration, “within 26 to 75 years hence”, as recommended by Weitzman

(2001). We examine moratorium optimality under discount rates closer to market values

ranging upward to δ = 0.1 in our comparative statics analysis.

4 Results of Numerical Analysis

4.1 Baseline Results

Using the baseline parameter values for the Northern cod fishery discussed above and sum-

marized in Table 1, we numerically compute the present discounted valued NPV (t) of the

entire stream of net benefits from a moratorium as a function of the moratorium length t.

As seen in Figure 1, our results show that the optimal moratorium length for the Northern

cod fishery using the baseline parameter values is t∗ = 0 years. Thus, under our model and

baseline parameter assumptions calibrated to fishery conditions in 1992, and under the as-

sumption that the value of the alternative “business-as-usual” policy to refrain from imposing
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a moratorium is zero, the cod moratorium is economically inefficient.

As seen in Figure 1, in its initially overexploited state (t = 0), the minuscule sustainable

annual harvest (F (x(t)), the dotted green curve) that can be supported by the meager

surviving fish stock (F (X0 = 50, 000 metric tons) ≈ 8, 360 metric tons) is naturally very

low. If the net dockside price is fixed at the mean recorded 1992 price per metric ton of

landed cod less the 1990 harvest cost p − ch = $118.42, the present discounted value of

the revenues that would be earned without a moratorium if the fishery were maintained at

its initial state in perpetuity (by restricting harvest to the annual sustainable maximum of

8,360 metric tons) is merely $49.5 million. As this is vastly exceeded by the assumed total

yearly unemployment benefits of approximately u ≈ $293.6 million, the net present value

curve NPV (t) for the fishery with no stock effect (the dot-dashed red curve) in Figure 1 falls

below $0 extremely quickly, and remains negative over the entire simulated half-century. In

fact, unemployment costs dominate post-moratorium harvest revenues to such an extent that

in the no stock effect scenario, the NPV (t) curve is essentially negative and linear: extending

the moratorium only serves to incur additional unemployment costs that increased harvests

are nowhere near sufficient to cover.

Conversely, accounting for a stock effect has a major effect on the shape of the NPV (t)

(solid black) curve. For short moratorium lengths of about a decade or less, the stock effect

causes the net present value to be even lower than when any stock effect is ignored. This is

because at such low stock levels, harvest costs are extremely high and exceed the received

dockside price, and fishermen would consequently incur losses on their harvest. With enough

time, however, the stock recovers (and harvest costs fall) to the point that fishing becomes

more profitable than in the no stock effect case, and the solid black NPV (t) curve (for the

cod fishery with stock effect) rises above the dashed red NPV (t) curve (no stock effect),

and remains there for the duration of the time interval of interest. This demonstrates that,

at least for the northern cod fishery, the stock effect is important and should be taken

into consideration when studying moratorium optimality. Nevertheless, under our model
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and baseline parameter assumptions that are calibrated to fishery conditions in 1992 and

that account for a stock effect, and under the assumption that the value of the alternative

“business-as-usual” policy to refrain from imposing a moratorium is zero, the cod moratorium

is economically inefficient.

The curvature of the NPV (t) (with stock effect) curve is also affected by the cost of

continuing the moratorium slowly decreasing in present value terms with t, due to the future

being more heavily discounted and the lessening magnitude of capital depreciation (since at

a constant rate of depreciation, an increasingly smaller amount of capital remains to be de-

preciated over time, and A∗(t) decreases exponentially). Simultaneously, as the moratorium

increases in length, the density-dependence of the natural growth function F (x(t)) begins to

assert itself, with its rate of change F ′(x(t)) (the slope of F (x(t))) incrementally accelerating

from t = 0 until it reaches a roughly constant rate some time more than a decade afterward.

Taken together, these two complementary trends gradually flatten the NPV (t) curve

from its immediate decline to about t = 20 years, when the fishery approaches its most

productive (i.e., the maximum sustainable yield (MSY), which occurs when the biological

production F (x(t)) is at its peak). When the stock exceeds the point of maximum sustain-

able yield, additional population growth becomes constrained by the environmental carrying

capacity and decreases, limiting the sustainable harvest, and causing NPV (t) to decline once

more.

Our sensitivity analysis of the effect of the fishery-specific harvest cost stock effect pa-

rameter C on the net present value curve NPV (t) (Figure 2) likewise illustrates that the

effect of variation in C lessens as the moratorium lengthens and cost and revenue flows be-

come more discounted. Although there is a difference of about $150 in per-unit harvest costs

at MSY (which occurs at XMSY = K/2 = 1, 500, 000 m.t. under logistic growth) between

the smallest (red) and largest (blue) values of C, by the time the stock has recovered to

this extent, the discount factor has reduced the distance between the red and blue NPV (t)

curves substantially. Nevertheless, across all values of the fishery-specific harvest cost stock
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effect parameter C we analyze, the cod moratorium is economically inefficient.

4.2 Sensitivity Analysis

We additionally conduct sensitivity analyses of our results to the intrinsic growth rate r; the

initial (1992) stock size X0; the weekly individual unemployment benefit w; the marginal cost

of capital depreciation c; the net dockside price per unit fish p; and the social discount rate

δ, by simulating NPV (t) for the different potential values of these parameters previously

discussed in Sections 3.2 and 3.3, ceteris parabus.

Figure 3 plots the sensitivity analysis of variation in the biological parameters r (upper

panel) and X0 (lower panel), with the curves colored as a rainbow spectrum such that

red indicates the lowest parameter value; and blue, the highest, and the baseline curve

included for reference in black. We see that a relatively small increase in the intrinsic

growth rate r significantly affects the shape of the NPV (t) curve. A rise in r and therefore

the stock productivity both shortens the time required for the stock to reach maximum

sustainable yield, as well as raising the maximum sustainable yield itself. This is shown

by the NPV (t) peak moving leftwards (in the direction of decreasing optimal moratorium

length) and upwards (higher NPV (t∗)), as r ranges from low (red) to high (blue). Indeed,

for r = 0.30 and r = 0.35, the NPV (t) curve peaks at some positive NPV (t∗) > 0, implying

a non-zero optimal moratorium length t∗ > 0.

Conversely, the results of our deterministic model are rather less sensitive to variation in

the initial stock X0 (Figure 3, lower panel). At the very low initial stock levels of the cod

fishery (X0 ≈ 1.67% of K), changes in X0 elicit a small, albeit discernible response from

NPV (t). As with r, starting at a slightly larger X0 means the stock will reach maximum

sustainable yield a little more quickly, and the NPV (t) peak moves leftwards from low (red)

to high (blue) values of X0. On the other hand, the maximum sustainable yield remains the

same in all scenarios, so that the only effect of increasing X0 on fishery value (the height

of NPV (t)) is that it is marginally less costly to reach t∗ earlier. As such, the NPV (t)
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curves also shift upwards as X0 ranges from low (red) to high (blue), although with much

less distance between them than for r.

Figure 4 plots the sensitivity analysis of variation in the economic cost parameters w

(upper panel) and c (lower panel). It is immediately clear that lowering the weekly individual

unemployment benefit w (moving in the opposite direction, from blue to red), noticeably

increases the net present value of a moratorium. Nevertheless, the NPV (t) curve still does

not have a positive maximum at a non-zero t > 0 under the actual lower bound w = 225; even

if the Newfoundland government had limited weekly individual unemployment payments to

the bare minimum, a moratorium would continue to remain economically inefficient in our

model. Thus, even under the minimum weekly unemployment relief payment made by the

Northern Cod Adjustment and Recovery Program (NCARP) of w = $225, a moratorium

would be economically inefficient.

On the other hand, NPV (t) is strongly positive for a moratorium length t ∈ [12.5, 45]

years in the ideal scenario of frictionless labor adjustment (the highest, red curve); implying

that within the interval w ∈ [0, 225], there exists some positive interval of w for which

both NPV (t∗) > 0 and t∗ > 0. Indeed, varying w further below the minimum weekly

unemployment relief payment made by the Northern Cod Adjustment and Recovery Program

(NCARP), we see that NPV (t∗) has a slightly positive peak for w = $112.50: the cod

moratorium would have had a positive net present value and an optimal moratorium length

of t∗ ≈ 23 years with weekly unemployment benefit payments of this amount or less. Our

result that weekly unemployment benefit payments of w = $112.50 or less yield roughly

the same approximate optimal moratorium length of t∗ ≈ 23 years is consistent with the

results of Conrad, Lin Lawell and Shin (2020), who find that the optimal moratorium is only

shortened slightly by unemployment insurance payments.

In comparison to w, the marginal cost of capital depreciation c has little or no appar-

ent bearing on NPV (t) whatsoever; even the (red) NPV (t) curve for frictionless capital

adjustment (c = 0) is barely distinguishable from its other rainbow-colored counterparts.
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To understand this, we recall that fishing capital is assumed to depreciate exponentially,

and the associated costs are further discounted when expressed in net present value terms.

Consequently, after the marginal cost of depreciation is multiplied by the exponential rate

and discount factors, its ensuing impact on NPV (t) is ultimately negligible compared to

unemployment costs.

Figure 5 plots the sensitivity analysis of variation in the net dockside price per unit fish

p (upper panel) and the discount rate δ (lower panel); these results are also summarized in

Table 2. The behavior of NPV (t) as the net dockside price per unit fish p increases is very

straightforward. Revenues are greater and the NPV (t) peak clearly becomes proportion-

ately more prominent. It is difficult to distinguish visually, but the exhaustive numerical

computation of t∗ varying p in Table 2 demonstrates that ∂t∗/∂p > 0 also, confirming our

prior analytic result (see the discussion of equation 8).

In contrast, a higher discount rate signifies that present cash flows are weighted even more

heavily with respect to future net benefits, flattening the NPV (t) curve. At competitive

market rates, the NPV (t) peak associated with the maximum sustainable yield disappears

entirely. Analytically, increasing the social rate of discount δ on the right-hand side of (8)

must be accompanied by an increase on the left-hand side in F ′(x(t∗))x′(t∗). From the

concavity of the logistic growth function F (X) (F ′′(X) < 0), this results in a shortening of

the optimum moratorium length t∗. At a sufficiently high discount rate, NPV (t) becomes

entirely negative, and we should not impose a moratorium of any length at all.

4.3 Varying the Real Price of Cod

To examine whether and how the price of cod varied over the time period of our analysis,

we use the entire on-line archive of Seafisheries Landings data for the Atlantic Regions from

Fisheries and Oceans Canada (DFO, 2016d) to construct a time series of the average price of

Atlantic cod recorded in Newfoundland from 1990 to 2016, for which annual landed commer-

cial value and quantity data is available. Figure 6 plots annual landings and both nominal
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and real price (in 1992 dollars) of cod over these years. The real cod price is calculated by

deflating the computed nominal cod price using the Newfoundland and Labrador CPI for

the basket of all items recorded by Statistics Canada (2017), with the CPI re-indexed to a

1992 base.

Surprisingly, we see in Figure 6 that the real cod price only increased for a few years after

the moratorium, peaking in 1998 at just under $1,500/metric ton. This possibly suggests that

after a few years of adjustment to moratorium conditions, landings of Icelandic or Norwegian

cod had become adequate to close the shortfall in cod supply; or that other groundfish species

gained acceptance as suitable substitutes in fish markets in North America.

To assess if anticipating a higher price for cod may have affected the optimality of the

cod moratorium policy, we recompute the net present value curve NPV2016(t) as a function

of the cod moratorium length, but now evaluated at the most recent available real price of

cod (for the year 2016, in 1992 dollars), p2016 = $927.97/metric ton. As an upper bound,

we also compute the net present value curve NPVpmax(t) using the maximum observed real

cod price over the period 1990-2016, $1498.50/metric ton, recorded in 1998. In Figure 7, we

compare these two new NPV (t) curves against the original baseline, NPV1992(t), including

again a background plot F (x(t)) as reference.

Although the real price of cod in 2016 represents an increase of 51% from 1992, we already

saw from our comparative statics for p (Table 2) that it would be insufficient to raise the

net present value of the moratorium above zero. The cod price must therefore be higher in

order for a moratorium to be efficient against an alternative “business-as-usual” policy of

no moratorium with no option value. Nevertheless, even assuming cod price to be constant

at the observed maximum, the net present value curve NPVpmax(t) does not have a positive

peak.
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4.3.1 Moratorium Net Present Value Under Rational Expectations

Our computations of the net present value curve NPV (t) as a function of prospective mora-

torium length t have thus far held the dockside net price of cod, p, at a constant value. In

reality (as might be expected), Figure 6 shows that the price of cod in Newfoundland indeed

fluctuated over time. Following our analytic extension of the model to incorporate time-

varying prices (Section 2.4), we proceed here to allow for a variable price in our numerical

analysis.

As we only have data on prices pt on an annual basis over 1990-2016, we transform our

continuous-time model to a discrete time model where each period t represents one year, with

the variables subscripted with a time index rather than being functions of time, and where

t = 0 corresponds to the year 1992 and t = 24 corresponds to the year 2016. In particular, we

specifically treat stock variables (e.g., fish biomass) as measured at the beginning of each time

period, and any flows (e.g., fish population recruitment) to occur during the period, between

such measurements. Lastly, we recall that in a discrete-time framework, the appropriate

discounting multiplier is the discrete-time discount factor ρ ≡ 1/(1 + δ).

Let X represent the fish biomass as before. From t = 0 through the length of the

moratorium, the equation of motion in difference form is given by:

Xt −Xt−1 = F (Xt−1) ⇔ Xt = Xt−1 + F (Xt−1).

We use U to denote the cumulative net present value of unemployment insurance relative

to t = 0, likewise paid out up until the beginning of period t. One might interpret Ut as

accounting for last year’s discounted unemployment payment, ρt−1u, added to cumulative

unemployment costs in the previous period, Ut−1:

Ut − Ut−1 = ρt−1u ⇔ Ut = Ut−1 + ρt−1u.

The cumulative cost of capital depreciation, D, is slightly more complicated. We assumed

that in each period, the initial capital stock A∗ depreciated at a constant rate γ, at a unit
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capital cost c > 0 . Thus the capital stock, A, evolves as:

At − At−1 = −γAt−1 = ⇔ At = (1− γ)At−1 = (1− γ)tA∗.

The additional depreciation cost incurred each year is then:

Dt −Dt−1 = ρt−1cγAt−1 = ρt−1cγ(1− γ)t−1A∗ ⇔ Dt = Dt−1 + ρt−1cγ(1− γ)t−1A∗.

We use our discretized model to simulate a social planner computing the expected post-

moratorium revenue from sustainable harvest, R, after the moratorium is lifted at the be-

ginning of period t, under three different scenarios.

Our original baseline assumption is that the price of cod remains constant at its 1992

value. Equivalently, one could conceptualize this calculation being made by a “static” social

planner (in the sense that they are conducting the benefit-cost analysis once, at t = 0, i.e.,

the initial year, 1992), with no foresight and the “näıve” expectation that the cod price will

not change over time:

[R(static, no foresight, nav̈e)]t =
∞∑
τ=t

ρτ
(
p1992 −

C

Xt

)
F (Xt) =

(
p1992 −

C

Xt

)
F (Xt)

∞∑
τ=t

ρτ

=

(
p1992 −

C

Xt

)
F (Xt)ρ

t

1− ρ
,

where we once again use the sum to infinity of a geometric series, S∞ = a/(1 − r). We

compare this baseline to two alternative rational expectation scenarios.

The first rational expectations scenario is that of a “dynamic” agent with no foresight,

“näıve” expectations, and “updating” prices. Suppose instead that the social planner insti-

tutes the moratorium and, as each period t commences, re-evaluates the benefits and costs

of ending the moratorium in that period t using that the cod price in period t as the steady-

state post-moratorium cod price. We call this agent “dynamic” because they are aware that

fish prices may change during the moratorium before the moratorium is lifted. Nevertheless,

they still have no foresight and näıve expectations, as they assume that the cod price pt

at the time t the moratorium is lifted will remain constant after the moratorium is lifted,
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throughout the post-moratorium future:

[R(dynamic, no foresight, näıve)]t =
∞∑
τ=t

ρτ
(
pt −

C

Xt

)
F (Xt) =

(
pt −

C

Xt

)
F (Xt)ρ

t

1− ρ
.

The second rational expectations scenario is that of an agent with perfect foresight (which

we abbreviate as “per. for.”) and “näıve” expectations. If the agent has perfect foresight of

the price trajectory {pt}24
t=0 for the first 25 years, corresponding to the years 1992-2016 for

which we have cod data, there is no difference between their computing revenues “statically”

or “dynamically”. Since the vector of prices is only available up to t = 24 (the year 2016),

however, they must still make assumptions as to price behavior beyond the horizon of their

foreknowledge. Here we assume they maintain “näıve” expectations and consider the price

to remain constant at p2016 in future years:

[R(per. for., näıve)]t =


24∑
τ=t

ρτ
(
pτ −

C

Xτ

)
F (Xt) +

∞∑
τ=24

ρτ
(
p2016 −

C

Xτ

)
F (Xt), t < 24;

∞∑
τ=t

ρτ
(
p2016 −

C

Xτ

)
F (Xt), t ≥ 24.

We plot the discrete-time NPVt curve for these two rational expectations scenarios, along

with our baseline scenario that the price of cod remains constant at its 1992 value and the

alternative scenario that the price of cod remains constant at its maximum observed value

over the period 1990-2016, in Figure 8. We see that the NPVt curve is lowest under baseline

conditions (black), because the cod price in all subsequent years exceeded the 1992 price,

and they are bounded above by the NPVt curve that assumes the highest observed cod price

(red). The stochastic nature of the cod price trajectory is clearly tracked when the agent

acts “dynamically” and updates prices each period along the second (blue) NPVt curve.

The third (green) NPVt curve, for an agent with perfect foresight, appears to be an average

smoothing of the (blue) NPVt curve, as both the positive and negative fluctuations of the

cod price are included in the computation of forecast revenues over the period for which

prices are known.
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4.3.2 “Sophisticated” Rational Expectations: Forecasting Prices

In contrast to a “näıve” social planner, who takes some price (whether it be the price of cod

in 1992, the price in the latest period, the last observed price, or the maximum price) as

remaining constant in the unknown future, a social planner with “sophisticated” expectations

seeks to forecast future prices.

We consider a social planner with “sophisticated” expectations who uses a model to

forecast future prices. We first test whether the trajectory of real cod prices can be modeled

as increasing exponentially at rate α over time. Assuming that pt = p0e
αt, taking logarithms

on both sides transforms this into the linear log-log relationship:

ln pt = ln p0 + αt ⇔ (ln pt − ln p0) = αt.

We estimate α using ordinary least squares (OLS) regression with robust standard errors for

both specifications on the observed cod price data in Stata, reporting our results in Table

3. There is no difference in the estimated coefficient α on t between specifications, nor is it

statistically significant at any level. Hence we reject exponential price growth as a model for

the observed cod price data.

We also regress the real price of cod against its value lagged one; one and two; and one,

two, and three periods in order to investigate whether the observed cod price trajectory

is better described by an autoregressive (AR) process. We estimate and compare these

AR(1), AR(2), and AR(3) specifications in Table 4. We find that an AR model explains the

Newfoundland cod price data far better than the exponential growth model in Table 3; in all

of the AR specifications, the coefficient on pt−1 is statistically significant to p < 0.001, and

the model R2 ranges from 0.373 (AR(3), column (3)) to 0.444 (AR(1), column (1)). Although

the Akaike and Bayesian-Schwarz Information Criteria (AIC and BIC) are minimized by the

AR(3) specification, R2 is significantly higher for AR(1), and the additional lags in the AR(2)

and AR(3) models are not jointly significant according to their F -statistics. Therefore, we

select the best-fitting and most parsimonious AR(1) specification to use in our simulation of
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an agent computing moratorium net present value NPVt with forecasted prices.

In Figure 9, we plot the discrete-time NPVt curve for a “sophisticated” agent forecasting

future cod prices with the AR(1) model estimated in Table 4. The NPVt curve is naturally

lowest under baseline conditions (black), because the cod price in all subsequent years exceeds

the 1992 price, and they are bounded above by the NPVt curve that assumes the highest

observed cod price as constant (red). The second (blue) curve computes NPVt when prices

vary over time according to the estimated AR(1) model. Lastly, the AR(1) model pt =

αpt−1 + β with 0 < α < 1 and constant β > 0 simply converges to its sum to infinity

p∞ = β/(1 − α), which, according to our estimated parameters is $948.424 per metric ton;

we use this limiting price as the steady-state price of cod in the third (green) NPVt curve.

The second and third (blue and green) NPVt curves essentially overlap, because the AR(1)

process converges very quickly to p∞.

5 Conclusion

While a moratorium that completely closes an overharvested fishery may best facilitate stock

recovery, such a policy can be particularly costly for economies dependent on fish consump-

tion for sustenance, or on fishing and fishing-related industries for income and economic

well-being. Nevertheless, even if a fishing moratorium is a policy option that should be

reserved only for the most dire of circumstances, it is useful to understand the economic

consequences both of potentially failing to prevent such a worst-case scenario, and of having

already mismanaged fisheries to the point of collapse.

In this paper, we develop a bioeconomic model to evaluate the optimality of a moratorium

when costs to labor and capital in the form of ex gratia relief payments are taken into

consideration. We first present our theory model of the optimal fishery moratorium with

ex-gratia unemployment relief and vessel depreciation payments, derive an analytic solution

for the case of logistic growth, and extend the model to allow for time-varying prices.
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We next apply our model to a numerical case study of the ongoing moratorium insti-

tuted on the Northern Atlantic cod fishery off the Canadian province of Newfoundland and

Labrador beginning in 1992. Assuming that fishermen are compensated throughout the

moratorium at the 1992 baseline of total unemployment insurance claims, that fishing ves-

sels depreciate at an exponential rate from their 1992 level, and that the option value of

the alternative “business-as-usual” policy to refrain from imposing a moratorium is zero,

the cod moratorium is economically inefficient, with the fishery value being maximized at a

moratorium length t∗ = 0. This is because the aggregate discounted costs of making annual

unemployment relief payments u significantly outweigh the aggregate discounted benefits of

greater sustainable post-moratorium harvests, even under the upper-bound benefits assump-

tion that the post-moratorium harvests are at their maximum sustainable harvest level.

Sensitivity analyses show that the cod moratorium may become optimal (i.e., t∗ > 0)

if (i) the intrinsic growth rate r of the Northern cod stock is sufficiently high; (ii) the

anticipated future net dockside price of cod p is sufficiently high; (iii) the social discount

rate δ is sufficiently low; (iv) the weekly unemployment benefit w paid to fishermen during

the moratorium is sufficiently low; or (v) the value that would arise under the alternative

“business-as-usual” policy to refrain from imposing a moratorium is negative, possibly owing

to the risk of potential collapse or even extinction of the stock. Conversely, the initial stock

level X0 and the marginal cost of capital depreciation c have little or no effect on moratorium

net present value.

Although the cod moratorium may become optimal (i.e., t∗ > 0) if the anticipated future

net dockside price of cod p is sufficiently high, we find that it remains economically inefficient

when the benefit-cost analysis is conducted using cod prices that vary or are forecast using

actual price data from Newfoundland over 1990-2016. The cod price never reached nor

maintained a sufficiently high level for the moratorium to attain a positive net present value.

Our results therefore demonstrate that if ex gratia relief payments made to labor and

capital are taken into consideration, a fishery moratorium may not be economically efficient
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when compared to an alternative “business-as-usual” policy of no moratorium with an op-

tion value of zero, since the aggregate discounted costs of making annual unemployment

relief payments can substantially outweigh the aggregate discounted benefits of greater sus-

tainable post-moratorium harvests, even when potential future price increases are accounted

for. Nevertheless, we must also recognize that extensively depleted fisheries are likely at

increased risk of complete collapse, and the expected option value of not imposing the cod

moratorium might have been, in fact, drastically more negative. Under such a scenario, the

cod moratorium would become optimal policy even if imposing one incurred a net cost to

society, when compared to an entirely catastrophic alternative.

Our research elucidates a dynamic benefit-cost framework for assessing the economic

viability of a fishery moratorium. We find our dynamic benefit-cost analysis of the Northern

cod moratorium to be greatly sensitive to the intrinsic growth rate r, the net dockside price

p per unit fish, the social discount rate δ, and the weekly individual unemployment benefit

w (and, by extension, the yearly aggregate unemployment benefit, u); and, to a somewhat

lesser extent, the initial stock size X0. Scientific assessment of the fishery parameters r and

X0 will always contain some unavoidable level of uncertainty, indicating that bioeconomic

modeling should be undertaken over a relevant interval and not merely a single value of any

one biological parameter. Similarly, future prices cannot be known a priori and forecasts

should be done over a range of such. While the choice of discount rate is, on the contrary,

in some sense a political question to be determined by society, the analogous variability of

outcomes suggests that evaluating optimal behavior for a variety of discount rates should

likewise be standard practice as well.

Beyond being in accordance with economic intuition, our results reaffirm the need for

fishery management to account for biological uncertainty in stock modeling and assessment,

and for economic uncertainty in price forecasting. We hope to build upon our dynamic

fishery model to analyze the optimality of a harvest moratorium under uncertainty, and

also to incorporate nonlinearity in benefits and/or costs. Indeed, although we took the ex
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gratia unemployment relief payments to be constant and modeled capital depreciation costs

as evolving predictably in our case study of the Northern cod moratorium, and even though

inputs to harvest cannot be shifted costlessly both into and out of the resource industry

(Bjørndal and Munro, 2012), it may very well be the case that, for example, a significant

proportion of former Atlantic cod fishermen have in fact been able to easily find alternative

work for themselves and their boats fishing for other substitute commercial species. On the

other hand, there could be unexpected post-moratorium costs to resuming fishing after the

moratorium is lifted, if labor exits the industry in the interim, and specialized human capital

is irreversibly lost. We look forward to further exploring these nuances in future work.
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Baseline Bioeconomic Parameters

Par. Description Baseline Value Source

r intrinsic growth rate of cod population 0.17 Myers, Mertz, and Fowlow (1997)

K environmental carrying capacity (metric tons, m.t.) 3,000,000 m.t. Haedrich and Hamilton (2000)

x(0) initial (1992) stock biomass 50,000 m.t. Haedrich and Hamilton (2000)

p dockside price/m.t. cod $614.36 DFO (2016a, 2016b)

ch fixed harvest cost/m.t. cod (no stock effect scenario) $495.94 Grafton, Sandal, and Steirshamn (2000)

C fishery-specific harvest cost parameter (stock effect) $200,857,000 Grafton, Sandal, and Steirshamn (2000)

w weekly individual unemployment benefit $406 Emery (1992)

u aggregate yearly unemployment benefits $293,562,360 NLSA (2017); Emery (1992)

A∗ fleet req. to safely fish (standard. 35’ vessel equiv.) 15,280 boats DFO (2016c)

γ capital depreciation rate 0.15 CRA (2017)

c marginal cost of capital depreciation $14,429 Roy (1997)

δ social discount rate 0.02 Weitzman (2001)

t∗ optimal moratorium length 0 years

Table 1: Baseline bioeconomic parameters used in numerical model and resulting optimal moratorium length t∗.
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Figure 1: Net present value NPV (t) of a moratorium with (solid black) and without (dot-
dashed red) a stock effect on harvest cost; and post-moratorium stock recruitment F (x(t))
(dotted green) in the deterministic Northern cod fishery model as a function of morato-
rium length t.
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Figure 2: Sensitivity analysis of NPV (t) for the fishery-specific harvest cost stock effect
parameter C ∈ [$56.9 mil., $284.5 mil.]. Curves colored according to a rainbow spectrum
with red corresponding to the lowest value of the respective parameter, and blue to the
highest. The baseline curve is plotted for reference in black.

44



Figure 3: Sensitivity analysis of NPV (t) for intrinsic growth rate r ∈ [0.13, 0.35] (upper
panel), and initial biomass X0 ∈ [20000, 80000] (lower panel). Curves colored according to
a rainbow spectrum with red corresponding to the lowest value of the respective parameter,
and blue to the highest. The baseline curve is included for reference in black.
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Figure 4: Sensitivity analysis of NPV (t) for the weekly individual unemployment ben-
efit w ∈ {[0, 360.75]} (upper panel), and marginal cost of capital depreciation c ∈
{0; [7500, 20000]} (lower panel). Curves colored according to a rainbow spectrum with
red corresponding to the lowest value of the respective parameter, and blue to the highest.
The baseline curve is included for reference in black.
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Figure 5: Sensitivity analysis of NPV (t) for the net dockside price per unit fish p (upper
panel), and discount rate δ (lower panel). Curves colored according to a rainbow spectrum
with red corresponding to the lowest value of the respective parameter, and blue to the
highest. The baseline curve is included for reference in black.
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Comparative statics with respect to fish price and discount rate

p t∗ (years)
$750 0

$1,250 20.6075
$1,750 21.2365
$2,250 21.5583
$2,750 21.7557
$3,250 21.8895
$3,750 21.9863

δ t∗ (years)
0.0050 23.7019
0.0075 22.9122
0.0100 22.0853
0.0200 0
0.0500 0
0.0750 0
0.1000 0

Table 2: Selected comparative statics of optimal moratorium length t∗ across variation in net
dockside price per unit fish p and discount rate δ.
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Figure 6: Annual landings (solid red); and average nominal (dotted blue) and real price
(in 1992 dollars, solid blue) of Atlantic cod in Newfoundland and Labrador, 1990-2016.
Landed quantity and commercial value data from Fisheries and Oceans Canada (DFO,
2016d); CPI data from Statistics Canada (2017).
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Figure 7: NPV1992(t) (solid black), NPV2016(t) (solid blue), and NPVpmax(t) (solid red) are
the net present value at the 1992, 2016, and highest observed real cod prices, respectively.
F (x(t)) (dashed green) is the post-moratorium stock recruitment of the deterministic
Northern cod fishery model as a function of moratorium length t.
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Figure 8: Discrete-time net present value NPVt with dynamic prices and näıve expectations
for four different scenarios: (1) the “static” social planner (baseline, in black), who eval-
uates the benefit-cost calculation assuming cod price remains constant at its 1992 value;
(2) the “dynamic” social planner (in blue), who re-evaluates the benefit-cost calculation
each period, assuming cod price remains constant at its current value if the moratorium is
lifted; (3) the social planner with perfect foresight (in green), who is aware of the known
price trajectory, and only assumes the price stays constant at its last available value in
the unknown future; and (4) the “static” social planner, using the maximum observed
price (in red).
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Exponential Price Model

Dependent variable is:
log pt (log pt − log p0)
(1) (2)

t 0.005 0.005
(0.006) (0.006)
[0.878] [0.878]

Constant 6.728∗∗∗ 0.307∗∗

(0.098) (0.098)
[68.576] [3.131]

N 27 27
R2 0.029 0.029
∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001

Robust standard errors in parentheses,

t-statistics in square brackets.

Table 3: Ordinary least squares regression of ln pt and (ln pt − ln p0) on t, testing whether
observed cod prices can be modeled by exponential growth.
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Autoregressive (AR) Price Models

Dependent variable is cod price pt
(1) (2) (3)

pt−1 0.639∗∗∗ 0.588∗∗∗ 0.561∗∗

(0.106) (0.140) (0.152)
[6.009] [4.185] [3.688]

pt−2 0.029 -0.075
(0.122) (0.215)
[0.239] [-0.349]

pt−3 0.129
(0.169)
[0.763]

Constant 343.305∗∗ 369.160∗∗ 377.667∗∗

(107.839) (120.341) (121.961)
[3.183] [3.068] [3.097]

N 26 25 24
R2 0.443 0.405 0.373
AIC 344.7 334.0 322.8
BIC 347.2 337.6 327.5
F F(1,22)=0.06 F(2,20)=0.36
∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001

Robust standard errors in parentheses, t-statistics in

square brackets. F -statistic reported for (joint)

significance of additional lags not in specification (1).

Table 4: Ordinary least squares regression of pt against its one, two, and three lags. In
addition to R2, we report the Akaike and Bayesian-Schwarz Information Criteria (AIC
and BIC) for each specification; and for the AR(2) and AR(3) models, the F-statistic on
joint significance of the additional lags not entered in (1) as well.
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Figure 9: Discrete-time net present value NPVt curves under four scenarios: (1) the “static”
social planner (baseline, in black), who evaluates the benefit-cost calculation assuming cod
price remains constant at its 1992 value; (2) the “sophisticated dynamic” social planner
(in blue), who forecasts the price throughout the model timespan using the previously-
estimated AR(1) model and parameters; (3) the “sophisticated static” social planner (in
green), who takes the cod price as constant at the limiting value of the estimated AR(1)
process; and (4) the “static” social planner, using the maximum observed price (in red).
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