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Abstract

This paper examines a common-pool resource where quotas and fines are set by a regulator,
an artisanal organization (cooperative), or both. We analyze the interaction between these two
regulatory agencies under a flexible policy regime, where quotas and fines can be revised across
periods, and under an inflexible policy regime, where they cannot. We show that inefficiencies
arise in the inflexible regime, but they are reduced when the two agencies coexist. Overall, we
demonstrate that the artisanal organization may be preferred when environmental damages are

low, but the regulator may be preferable otherwise.
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1 Introduction

Fishing cooperatives and Territorial Use Rights for Fishing (TURF) programs have received more
attention in the last decades, suggesting that their coexistence with a regulator can help better
protect the fishing ground or, generally, any other common pool resource. We seek to understand
the effect of having two regulatory agencies (any form of artisanal organization and the regulator),
identifying in which contexts having only one of the agencies managing the resource is socially
optimal and in which cases, instead, having both agencies may be preferable. In the US, for in-
stance, the National Oceanic and Atmospheric Administration (NOAA) coexists with at least five
cooperatives (i.e., PCC & HSCP, Pollock mothership, and Chignik salmon, among others). In Nor-
way, the Institute of Marine Research coexists with the Norwegian Fishermen’s Sales Organization;
and in Japan, the Ministry of Agriculture, Forestry and Fisheries coexists with around 456 fishing
cooperative associations (FCAs) as reported by Uchida and Makino (2008).

Our model considers a common pool resource (CPR) able to regenerate and two firms exploiting
it in each period. We study the effect of only having a regulator (denoted as R) choosing the
aggregate allowable quota and fines; an artisanal organization alone, such as cooperatives and
TURF programs, deciding individual quotas and fines to each fisherman (which we denote as AO);
or both regulatory agencies being simultaneously active (B). This setting characterizes agencies
exhibiting different abilities to observe appropriations levels. For instance, AOs closely work with
fishermen, thus having access to more accurate information about their appropriations; whereas
the R often works less closely with them.

Our setting considers two types of externalities: (i) a cost-related externality, since each fisher-
man does not internalize the cost increase that its appropriation entails on other fishermen; and
(ii) a third-party externality, originating from the biodiversity loss of appropriation decisions. The
AO only considers the first form of externality, while the R considers both types. As a bench-
mark, we first examine a context where regulatory agencies can easily revise their policies across
periods (“flexible” policy regime), showing that no inefficiencies arise when R is present, yielding
a first-best outcome. However, inefficiencies exist when only AO is active, because this agency
ignores the second form of externality. When appropriation does not generate biodiversity losses,
the second type of externality is absent, and all regulatory agencies give rise to first-best outcomes.
CPRs in countries such as Japan or Chile, where quotas are often revised and closely monitored,
would be closer to a flexible regime; as described in Cancino et al. (2007). In this context, the
R’s presence (with or without AO) can induce socially optimal appropriation levels, not giving rise
to inefficiencies. These results also apply to other CPRs, such as aquifers or groundwater, where
managers often have local control (e.g., Groundwater Management Districts), but there are also
state or federal regulatory bodies seeking to conserve water. For more examples, see the review
article by Edwards and Guilfoos (2021).

When regulatory agencies cannot adjust quotas and fines across periods (“inflexible” policy
regime), we demonstrate that inefficiencies arise, since they do not induce socially optimal appro-

priations in each period. Intuitively, these agencies have a single policy tool to use across all periods,



setting a linear combination of the quotas they would have set in the first- and second-period under
a flexible policy regime. Regulatory behavior under an inflexible policy regime resembles landown-
ers’ water use in the open-loop equilibrium in Negri (1989), where participants do not update their
pumping rates across time (although water use can change); as opposed to that in the feedback
equilibrium, where they update these rates in each period.!

We measure these inefficiencies as the difference in equilibrium welfare levels between the inflex-
ible and flexible regime and, next, compare equilibrium appropriation between these two regimes.
First, we show that, with inflexible regimes, no regulatory agency can, on its own, fully internalize
all externalities, implying that the inflexible regime, despite being welfare improving relative to no
regulation, gives rise to requlatory inefficiencies, as they arise because regulatory agencies cannot
revise their quotas/fines across periods. Our results not only apply to developing countries suffer-
ing from slow policy revisions, but also to countries where fishing quotas are revised every year
(such as total allowable catch in the EU). As suggested by non-profit organizations, climate change
and natural disasters may produce sudden changes in the available stock, requiring more frequent
adjustments in the allowable catches; see Marine Stewardship Council (2021).

The above finding entails that the inflexible R yields a suboptimal outcome and a natural ques-
tion is whether the inflexible AO or B can induce appropriation levels that are closer to the first
best, thus being preferable. We demonstrate that welfare comparisons and appropriation differ-
entials depend on the severity of the third-party externality. When biodiversity loss is relatively
small, the presence of AO yields the smallest inefficiencies in both periods, generating the high-
est welfare. Overall, our results suggest that, when agencies exhibit similar objectives, the AO’s
presence is unambiguously welfare improving, giving rise to smaller inefficiencies when operating
alone, or helping reduce the R’s inefficiencies due to the inflexible policy regime. Alternatively, this
finding entails that, if the R’s administrative costs are higher than the AQ’s, it should refrain from
operating in CPRs when both agencies have similar objective functions, letting the AO do “all
the work,” especially in settings where the R cannot easily revise quotas and fines across periods.
This is the case, for instance, of CPRs in Vietnam, Indonesia, or Sri Lanka where policies, despite
being often updated, are rarely monitored; as reported in Atapattu (1987), Harkes and Novaczek
(2002), Lai (2008), and Quynh et al. (2017). However, when the biodiversity loss becomes more
severe, the R gives rise to the highest aggregate welfare, implying that he should be left alone in
the commons. Intuitively, the R generates less inefficiencies than both agencies (B) because, in
this case, the R starts setting a more stringent aggregate quota to account for severe biodiversity
losses. The AO, however, ignores these losses and responds relaxing the individual quotas to its
members, ultimately giving rise to more inefficiencies.

We also show that faster regeneration rates emphasize the above results, making the third-party

externality more severe, and thus expanding the settings under which having only R is socially

!Nonetheless, the open-loop equilibrium settings in Negri (1989), where actors can commit to different harvest
caps in future periods (but do not update caps), is not exactly analogous to the inflexible policy regime in our paper,
where the regulator must commit to a single harvest cap for all future periods. In the open-loop equilibrium, pumping
rates can vary across periods, while they coincide in all periods in the inflexible regime.



preferable. This case includes pelagics, such as Bigeye scad, Pacific herring or Sockeye salmon,
which regenerate rapidly. In contrast, when regeneration rates are slow, it is more likely that the
AO or B become socially preferred, which may apply to mollusks, the Pacific ocean perch, or the
Sablefish.?

Related literature. Since Hardin (1968), several studies have examined socially excessive ex-
ploitation in CPRs; for a literature review, see Faysse (2005). Within the CPR literature, our study
fits into the articles comparing two common policies to regulate CPRs —individual transferable
quotas (ITQ) and collective right for fishing— such as Boyce (2000), Danielsson (2000), Cancino et
al. (2007), Arnason (2009), Zhou and Segerson (2016), and Isaksen and Richter (2019). However,
we analyze equilibrium appropriation when different agencies manage the resource, allowing for
flexible and inflexible policy regimes, and also letting R and AO exhibit different objective func-
tions. The case of similar objectives between R and AO has been extensively studied since Ostrom
(1990), showing that AOs can efficiently manage the resource. Zhou and Segerson (2016) also an-
alyze CPR managements under individual quotas, with and without trading, and under collective
quotas, where effort choices are decentralized or centralized; seeking to identify which setting yields
the highest profits. While we do not consider transferable quotas, we evaluate whether the coex-
istence of regulatory agencies attenuates inefficiencies or, instead, augments them under certain
contexts; and how our results are affected by the difference in agencies’ objectives. Kotchen and
Segerson (2019) also examine how different group policies can lead firms to behave closer to the
social optimum, thus internalizing an externality they impose on third agents. Our paper con-
siders one of their group policies, the “Proportional Tax with Allowable Group Limit,” where the
tax is paid only when aggregate appropriation exceeds a quota, but this tax is designed to help
firms internalize an externality that they only impose on third agents (consumers), not considering
within-group (cost) externalities. We allow for the externality to affect both consumers and firms
exploiting the resource.

Several studies examine the impact of different tax systems in fisheries where firms typically
exceed their quotas. Mason and Polasky (1994), for instance, examine strategic overexploitation
by incumbents operating in a CPR, seeking to deter entry of new competitors, showing that such
overexploitation is more likely to arise when the CPR’s stock is abundant. Chavez and Salgado
(2005) develop a static model where every fisherman independently chooses its appropriation, as
opposed to our setting, which helps identify intertemporal effects and collective decisions such as
quotas or fines; and Costello and Kaffine (2008) examine how uncertainty in property rights, or
the presence of minimum sustainability requirements, affect the CPR exploitation. In the case of
TURFSs, Villena and Chavez (2005) study a static game of norm compliance involving monitoring
and penalty strategies under a regime of CPR exploitation. They study whether fishing communities
with no tradition in cooperative management were able to achieve an appropriate level of compliance

using a simultaneous game without a regulator.?

2For details about other fish species, their growth rates and maturity, see Froese and Pauly (2021).
3For a comprehensive review on applications of game theory to fisheries, see Hannesson (2011).



Other related papers include Huang and Smith (2014), which empirically estimates the CPRs
inefficiencies comparing current and socially optimal exploitation paths; or Cash et al. (2006),
which argues that institutions with different hierarchies (such as the R and AO) may be beneficial

for fishermen at coordinating their decisions.*

We similarly demonstrate that, when the R only
observes the CPR’s aggregate exploitation, an efficient appropriation can be induced. However, we
also explore how regulation is affected when an AQ is also present, when agents cannot revise their
policies in different periods, and when they exhibit different objective functions. As a result, we
can identify in which contexts inefficiencies are minimized by having one regulatory agency alone,

or both, actively present in the resource.

Section 2 describes the model and the following solves for equilibrium appropriation in the
absence of regulation, as a benchmark. As a benchmark, section 3 presents equilibrium behavior
under no regulation. Section 4 (5) then introduces flexible (inflexible) regulation, and section
6 evaluates the appropriation inefficiencies that each agency (R, AO, or B) generates, and ranks
these inefficiencies. Section 7 extends our previous results allowing for R and AO to exhibit different

objective functions, and section 8 concludes.

2 Model

Consider a CPR exploited by two fishermen, 1 and 2, during two periods. The initial stock of the
CPR is exogenously given and denoted by 6 > 0. Each fisherman i extracts a first-period amount
ei € [0,1], where ¢ = {1,2}. The market price is given, and normalized to 1, and fisherman i’s
first-period extraction cost is

e ey, 0) = L) 1)

. . . . . 5 . . .
where j # 4, which is symmetric across fisherman.® Therefore, the marginal extraction cost is

2e;+e; . .. . . . .. .. . ..
75—, which is increasing in fisherman i’s own appropriation, e;, in its rival’s appropriation, e;

(cost externality), and decreasing in the abundance of the stock, 6.

First period. Fisherman i’s profits when facing the artisanal organization AO (regulator, R)

are,
740 — ¢ — Gi(ei;ej) —afi(e — &) @
and F
wg’R:ei—eZ(ez;e])_ﬁg(erFej_é) ®)

where « () denotes the probability that fisherman 7 is monitored by the AO (R, respectively),
and «, B € [0,1]. Fisherman i is found liable by the AO if and only if his extraction exceeds his

‘For an extensive review of the literature on group incentives in fisheries, see Holland (2018), and more generally
in natural resource management and environmental regulation, see Segerson (2022). For a review on polycentric
institutions (nested governance), see Ostrom (2010, 2012).

®We restrict our analysis to symmetric costs since it helps us focus on the dynamics between different regulatory
agencies



assigned quota, e; > €;, entailing a penalty f; > 0. Otherwise, he faces no penalty or subsidy.%
Similarly, he is found liable by the R if and only if aggregate extraction exceeds the quota,
e; +ej > ¢, each fisherman paying a penalty F//2.7 Since fishermen are cost symmetric, this setting
is equivalent to one where the R evenly shares this quota among them.
If fisherman 4 faces both the AO and R, his first-period profit is

1,B _ 1,40 ,F .

R L PR (4)
where superscript B denotes both regulatory agencies. This penalty setting characterizes the dif-
ference between an AQO, which maintains a close interaction with fishermen, and a R that usually
observes aggregate appropriations.

Second period. In the second period, fisherman i’s extraction cost becomes

zi(x; + )

*(wy,24,0,E) = 0
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(5)
where E/ = e;+e; denotes first-period aggregate appropriation, and x; is fisherman ’s second-period
extraction. Note that the available stock at the beginning of the second period is (1 + g) — E, and
g e [0, %] represents the growth rate of the initial stock. When g = 0, the initial stock 6 does not
regenerate, implying that fishermen face a stock § — E at the beginning of the second period. In
contrast, when g = %, the stock is fully recovered, so the initial stock 6 is the same at the beginning
of the second period. We consider that regeneration rate is not excessive, g < 4%35, where § € (0, 1]
is the discount factor which coincides across all players. Otherwise, the resource would regenerate
rapidly, making the role of regulation less necessary. Hence, second-period profits when facing the
AO (R) are

2,40 zi(x; + xj) _
A0 =gy — o otz — &
; x i+ - F at; (z; — &) (6)
and ( ) T
2R _ (% + x5 Y i .
T =y Mt -F 62(1‘24-90] é) (7)

which are analogous to first-period profits. However, we denote the penalties from the AO in this
period as t; and t; (as opposed to f; and f; in the first period) and the fine of the R as T' (as

opposed to F' in the first period).
The expression of 77?"40 (ﬂ'?’R) assumes that the AO (R) uses the same quota, €; (€, respectively),

set in the first period. This occurs when the policy is “inflexible.” Otherwise, quotas can be revised

®The above profit function allows for fisherman 4’s extraction to fall below his assigned quota, e; < &, thus
receiving a subsidy. However, we show that, in equilibrium, this does not occur and, instead, fishermen choose to fish
at the quota.

"For instance, Wanchana et al. (2016) discuss standard operating procedures for sharks and rays’ data collection
used by Southeast Asian governments, including sampling at landing sites (such as sampling size, sampling days, and
the selection of boats). Sampling at landing sites and sampling on board is also frequently used in other fisheries,
such as large pelagic, lingcod, dogfish, skate, sole, flounder, cod, and rockfish in the Pacific region; see Department
of Fishery and Oceans (2006a,b).



at the beginning of the second period (“flexible” policy) and are denoted as €; and Z; for the AO,

and é and T for the R. (Next sections analyze both flexible and inflexible policy regimes.) The
. . 2,B .

profit from facing both regulatory agencies, 7;"", is

2,B 2,40 T
‘ — ﬁ—

=7 2(xi+xj—é). (8)

7 7

To study the role of the AO and the R on fishermen’s appropriation, we examine four cases in
which fishermen interact: (i) not facing any form of regulation, (ii) only with the AO, (iii) only
with the R, and (iv) with both regulatory agencies (AO and R).

We finally present the objective function of each regulatory agency. When appropriation does
not entail biodiversity losses, R and AO have the same objective function, implying that every
regulatory setting k = {AO, R, B} maximizes the sum of discounted joint profits

(w}”“ + 57%’“) + (w]““ + &r?k) (9)
plus the sum of discounted fines from both firms. When biodiversity losses are present, the AO
still considers (8), but the R now maximizes the sum of discounted joint profits and the discounted

biodiversity loss
(W}’R 4 57@”*) + (W;,R + 57@”*) —d(E+0X) (10)

plus the sum of discounted fines, where d > 0 captures the (constant) marginal social damage
from appropriation, e.g., biodiversity loss. When d = 0, both regulatory agencies have the same
objective function; and when d > 0 the R prefers lower appropriation levels than the AO.

In summary, when d = 0, there is a single externality —namely, the cost externality between
fishermen— that regulatory agencies (R, AO, or both) seek to address. However, when d > 0, the
AO only considers a cost externality while the R seeks to curb two externalities (the cost externality

and that arising from biodiversity loss).

3 Equilibrium Analysis without Regulation

As a benchmark, we analyze a setting where fishermen operate without facing the AO or the R.

The time structure of the game is the following:

1. In the first stage, every fisherman 7 simultaneously and independently chooses his first-period

appropriation, e;.
2. In the second stage, every fisherman 4 observes first-period appropriation decisions, and re-
sponds independently selecting his second-period appropriation, z;.

Solving by backward induction, in the second period every fisherman ¢ solves

max A2NR g, L@t T) (11)



where the fisherman does not face any type of regulation (superscript N R). All proofs are relegated

to the appendix.

Lemma 1. Under no regulation, every fisherman i’s second-period equilibrium appropriation
18
[0(1+g) — E]

xNR(E) = 3

7

which is positive if and only if E < 6(1+ g).

As expected, second-period appropriation increases in the available stock at the beginning of
the second period, 6(1 + g) — E. In the first period, fisherman i anticipates zN(E) and x;VR(E)

from Lemma 1, and solves

max a2 NE (G NE (R VR (E)) (12)
€2

where 7er NI denotes first-period profits without regulation.

Proposition 1. Under no requlation, every fisherman i’s first- and second-period equilibrium

appropriation are

6(9 —96) 6(86 + 279 +9)
NR _ NR
&= and x; " = 21

which are both positive under all parameter values.

Both appropriations are increasing in the abundance of the stock, 6. In addition, first-period
(second-period) appropriation is decreasing (increasing) in the discount factor, 4, meaning that as

fishermen assign a larger weight to future payoffs, they shift exploitation toward the second period.®

4 Flexible policy

We first examine how our previous results are affected by “flexible” policies, meaning that the
regulatory agency (AO, R, or B) sets quotas and fines in the first period, before fishermen respond
with their first-period appropriation, and has the ability to revise them at the beginning of the
second period. This ability is, however, less prevalent in real-life policies, so the next section
considers an “inflexible” policy, set at the beginning of the first period and which stays in place in

the second period. Hence, the time structure of the game under a flexible policy regime is:
1. In the first period:

(a) If only the AO is present, it independently chooses a first-period extraction quota for

each fisherman, €; and €;, and first-period fines, f; and f;.

8The initial condition on g, g < %, holds in this setting if g < @. This cutoff lies above 1 for all admissible

values of §, which applies to a wide range of fish species, both those exhibiting relatively high and low regeneration
rates, such as the Orange Roughy, see Mace et al. (1990); the Atlantic cod, see Lilly et al. (2008); and the Atlantic
bluefin tuna, see Jeli¢ Mréeli¢ et al. (2023).



(b) If only the R is present, it independently chooses a first-period aggregate extraction

quota, €, and a first-period fine, F.

(c) If both AO and R are present, the R chooses a first-period aggregate extraction quota,
e, and a first-period fine, F', anticipating the AO’s behavior. Observing this quota and
fine, the AO responds selecting its first-period extraction quota for each fisherman, €;

and €;, and first-period fines, f; and fj.g

(d) Under a given regulatory setting k = {AO, R, B}, every fisherman i observes the first-
period quotas and fines, and responds simultaneously and independently choosing his

first-period appropriation, e;.
2. In the second period, every player observes first-period behavior, and responds as follows:

(a) If only the AO is present, it independently chooses a second-period extraction quota for

each fisherman, 7; and 7;, and second-period fines, ¢; and ;.

(b) If only the R is present, it independently chooses a second-period aggregate extraction

quota, Z, and a second-period fine, T

(c) If both AO and R are present, the R chooses a second-period aggregate extraction quota,
Z, and a second-period fine, T'. Observing this quota and fine, the AO responds selecting
its second-period extraction quota for each fisherman, =; and Z;, and second-period fines,
t; and t;.

(d) Under a given regulatory setting k = {AO, R, B}, every fisherman i observes the second-
period quotas and fines, and responds simultaneously and independently choosing his

second-period appropriation, x;.

Then, the time structure of the game technically has four stages when a single regulatory agency
k = {R, AO} is present: the first stage corresponds to points 1(a)-(b), where regulatory agency k
selects first-period quotas and fines; the second stage corresponds to point 1(d), where fishermen
respond with their first-period appropriation; the third stage corresponds to points 2(a)-(b), where
regulatory agency k chooses second-period quotas and fines; and the fourth stage corresponds to
point 2(d), where fishermen respond with their second-period appropriation levels. When both
agencies are present (B), one more stage occurs at the beginning of the first and second period,
where the R selects quota and fine and the AO responds setting its own in each period, see points
1(c) and 2(c), thus becoming a six-stage game.

Under a flexible policy, we next find the same first- and second-period equilibrium appropriation
levels for every regulatory agency k = {R, AO, B}. For simplicity, we focus on settings where

fishermen appropriate at their quotas.'® As shown in the proof of Proposition 2, this technically

9For completeness, we also considered the setting in which the AO is the first mover and the R is the second
mover, showing that our results are qualitatively unaffected, and can be provided by the authors upon request.

10Fishermen are penalized when appropriating above their quota, and they are not subsidized when appropriating
below their quota. Penalties are set endogenously, inducing fishermen to appropriate at exactly their quotas.



means that, solving the game by backward induction, we identify: (i) the appropriation level of
every fisherman ¢ under a given regulatory agency k; (ii) the appropriation level that agency k

seeks to induce; and (iii) anticipating the appropriation level in (i), we find the fines that induce

fishermen to choose appropriations in (ii).!!

Proposition 2. Under a flexible policy, first- and second-period equilibrium appropriation

levels are

g _bl-d-sa-a)

ke 0(1—d)[4+8g+ 6+ d(4—6(2—d))
L 16 i 32

under regulatory setting k = {R, B}, being unambiguously decreasing in d; and

eAO’F _ 9(4—(5) and xAO’F _ 9(4—1—89—1—5)
t 16 ’ 32

which satisfy e?’F > xf’F in every k. In addition, first- and second-period fines are:

AO _ 449 AO _ 1 .
a) fi'Y = ga and ;'Y = 4 under AO;

b) FE = 4+5+d[1§g5(675d” and TF = % under R; and

d((d—2)84+4)+4+3 d d2—(1—d)s d
c) fz'B: %ﬂf?: 14%, FB:%, and TB = 3 under B.

The monitoring probabilities, o and [3, decrease the severity of the equilibrium fines from AO
and R, respectively, inducing fishermen to appropriate at the quota level. In other words, quotas
and fines induce fishermen to choose an equilibrium appropriation in Proposition 2 that coincides
with the appropriation level that regulator k seeks to induce in each period. Hence, appropriation is
not affected by monitoring probabilities in equilibrium. For presentation purposes, we next evaluate

the above equilibrium results when only cost externalities are present, d = 0.

Corollary 1. When d = 0, first- and second-period equilibrium appropriation levels are

e]-ﬁ’F _ 9(4—5) and .%'k’F _ 0(4+89+5)

' 16 L 32
for every regulatory setting k = {R, AO, B}, and first- and second-period fines are:

a) fA0 =40 and t40 = L under AO;

b) FE =48 gnd TR = L under R; and

83 2
o) fP=42 =L FB =175 =0 under B.

"ntuitively, the appropriation level that agency k seeks to induce can be interpreted as the quota. Therefore,
firms are induced to stay at the quota in equilibrium, implying that the equilibrium appropriation levels reported
throughout the paper (for each regulatory agency and for each policy regime) coincide with the quota that regulatory
agency k seeks to induce.

10



In this context, appropriation levels with regulation are lower than under no policy in the first

period, ef’F < efv R but higher in the second period, xf’F > acfv R which holds for all admissible
k

., we obtain a complete ranking of exploitation levels with

parameter values. Along with ef >z
and without regulation,
NR

Z;

< :ch < ef’F < eNE (13)

as illustrated in Figure 1. These appropriation levels can be achieved regardless of the regulatory
setting that fishermen face (under AO, R, or B), entailing no inefficiencies. Intuitively, the inter-
nalization of the first-period externality allows fishermen to exploit the resource more intensively

in the second period.
Insert here Figure 1: First-and second-period appropriation under a flexible policy regime.

In addition, first-period appropriation is increasing in the initial stock, 8, but decreasing in the
fisherman’s discount factor, d, indicating that second-period appropriation (and profits) become
more important. Second-period appropriation is, in contrast, increasing in the discount factor, 4,
the initial stock, 6, and the regeneration rate, g. We also observe that fines under AO coincide
with those under B. Intuitively, when both regulatory agencies are active, the R sets zero fines in
both periods because he can anticipate that the AO’s fine will be enough to induce socially optimal

appropriation levels (i.e., the first-best level that the R seeks to achieve).!?

NR
€;

When biodiversity loss is more severe (d increases), and eiAO’F are unaffected but ef’F
decreases for all k = {R, B}, thus expanding the reduction in first-period appropriation when R is
present as he needs to address a larger third-party externality. This indicates that the AO alone,
while addressing the cost-externality, cannot induce the first-best outcomes that only arise under

R and B, yielding suboptimal results.

5 Inflexible policy

We next discuss how our results are affected when fishermen are subject to “inflexible” policies,
meaning that the regulatory agency (AO, R, or B) uses the same quota and fines in both periods.'?
Hence, the time structure of the game presented in Section 4 simplifies, since first-period regulation
stays in place during the second period and every fisherman ¢ responds choosing their appropriation

level, ;.

Lemma 2. When only the AO is present under an inflexible policy, first- and second-period

12 A similar result holds if R acts after the AO, where the AO would anticipate that the fines of the R can induce
socially optimal appropriation levels, leading to zero fines from the AO.

3For instance, the Red Snapper quota in the Gulf of Mexico is only revised every 5 years, as reported by Gulf of
Mexico Fishery Management Council (2013). In addition, the Chignik Salmon cooperative in Alaska did not revise
its quotas between 2002 and 2004, as reported by Deacon et al. (2013). For a review of management activities in 67
fishing cooperatives in both developed and developing countries, see Ovaldo et al. (2013).
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equilibrium appropriation levels are

Aoy _ 0(18 40— 34A) aoN _ 0(6+0—A)[06(1 +2g) — 18 + 34]
e; = 5 and x; = 552

where A = (36 + 52)1/2.

When the AO must set the same quota and fine across both periods, it chooses a linear combi-
nation of those under Proposition 2, yielding inefficiencies in each period (as we confirm in the next
section). In other words, the inflexible policy hinders the AO’s ability to internalize cost external-
ities across fishermen. In addition, second-period appropriation increases in the stock abundance,

0, and its growth rate, g, for all parameter values.

Lemma 3. When only the R is present under an inflexible policy, first- and second-period

equilibrium appropriation levels are

JRIN 0[(G—6)2+40(43 + G — d(37 + 2G)) — 6*(3d — 5)(11d — 9)] o
: N 7846
LN _ 01(3d—=5)0+ G — 6] [18 — 3G + 6(G — 50 — 989 — 61)]
: B 27446
1/2

where G = [§ (6(5 — 3d)? + 48d — 24) + 36]

Similar to Lemma 2, equilibrium appropriation in both periods increases in the abundance of
the stock, €, but now decreases in the biodiversity loss, d. (Equilibrium results in the special case

of d = 0 are reported in the proof of Lemma 3.)

Lemma 4. When both AO and R are present under an inflexible policy, first- and second-period

equilibrium appropriation levels are

BN _ 016(6—A)+6(2+d(4+6—A))] J

7 - 85 an

JBIN 0(6+0—A)[6(A—6)+d(2+4g+d(A—4—10))
L N 1662

B,IN , B,IN
(z;

where ¢; ) is unambiguously decreasing (increasing) in d.

When R and AO have identical objectives (d = 0), first-period equilibrium appropriation under

B coincides with that under AQO, eBIN — eAO’IN, and so does that in the second period, xf’IN =
AO,IN
Z;

A 7
. This result is analogous to that under flexible policy, since the R anticipates the AO’s
decisions, which induce socially optimal appropriation levels, making the role of the R unnecessary.

However, when the R considers environmental damages, d > 0, he seeks to induce a lower first-

. e B,IN AO,IN . B,IN . . .
period appropriation level than the AO, ;""" < e; O, , since e; """ is unambiguously decreasing
. . _ B,IN AOJIN . B,IN . .
in d; but a larger second-period appropriation, ;7" > x; o, , since z; 7" is unambiguously

increasing in d.
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To understand the above results, recall that when d = 0, the R seeks to induce the same
aggregate appropriation as the AQ, implying that, in a real-life setting, the R would assign the
same total allowable catch (TAC) than the sum of individual quotas that the AO would assign to
its members. This holds both under flexible and inflexible policy regimes since R and AO have
similar objectives.

When d > 0, however, the R seeks to induce a lower aggregate appropriation than the AQO.
In this case, the AO receives a lower TAC than the sum of individual quotas that it wanted to
induce, implying that the AO evenly divides the TAC among its members, since all fishermen are
cost symmetric.

Appendix 2 examines, for completeness, how our results are affected if the R remains inflexible
but the AO becomes flexible, referring to this setting as “partially inflexible” (PIN). The results
of Lemma 2 (Proposition 2) are unaffected when only R (AO) is present. The outcomes in Lemma

B,PIN B,IN
’ >e; " for

4, however, change when B is present, since first-period appropriation satisfies e,

B.PIN _  BIN

all parameters while second-period appropriation satisfies x; ; for sufficiently severe

damages.

6 Regulatory inefficiencies

In this section, we measure: (i) welfare levels in each regulatory regime (flexible and inflexible) and
with each agency (R, AO, or B); (ii) the welfare losses from operating under an inflexible policy
regime; and (iii) the appropriation inefficiencies, relative to the first best level, in each period.

In the absence of biodiversity losses, d = 0, welfare is given by equation (9) for every regulatory
agency k = {AO, R, B}, both under flexible and inflexible regimes. When biodiversity losses are
present, d > 0, welfare for AO and B still coincides with equation (9), but that of R is represented
by equation (10). Welfare expressions are intractable, not allowing for comparative statics, and the

next subsections rely on numerical simulations.
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6.1 Welfare comparisons

Table I shows that, under flexible policy, aggregate welfare across periods is the largest under R,
which coincides with B, followed by AO, and followed by N R (which is negative for all d > 0).'*

‘ Flexible regime ‘ Inflexible regime

WNR WHhEF ‘ WAO.F ‘ wBF || wRIN ‘ WAO,IN ‘ WBIN

d=0 g=0 0.2287 | 0.3907 | 0.3907 | 0.3907 || 0.3769 | 0.3895 0.3895
g=0 0.2615 | 0.4157 | 0.4157 | 0.4157 || 0.3997 | 0.4144 0.4144

g=0 0.3182 | 0.4657 | 0.4657 | 0.4657 || 0.4453 | 0.4641 0.4641

d=0.25| g=0 | —0.0244 | 0.2335 | 0.2187 | 0.2335 || 0.2213 | 0.2240 0.2330
g=20.11] —0.0082 | 0.2475 | 0.2312 | 0.2475 || 0.2343 | 0.2374 0.2464

g=20 0.0152 | 0.2756 | 0.2562 | 0.2756 || 0.2602 | 0.2641 0.2731

d=0.5 g=0 | —0.2775 | 0.1103 | 0.0469 | 0.1103 || 0.1023 | 0.0581 0.0611
g=20.1] —0.2780 | 0.1166 | 0.0469 | 0.1166 || 0.1082 | 0.0604 0.0633

g=20 —0.2880 | 0.1291 | 0.0469 | 0.1291 || 0.1199 | 0.0642 0.0668
d=075| g=0 | —0.5305 | 0.0294 | —0.1250 | 0.0294 || 0.0265 | —0.1070 | —0.1264
g=0.11]—0.5477 | 0.0310 | —0.1375 | 0.0310 || 0.0280 | —0.1176 | —0.1360

g= —0.5910 | 0.0341 | —0.1625 | 0.0341 || 0.0310 | —0.1357 | —0.1551

Table 1. Aggregate welfare from different regulatory agencies and regimes.

A similar finding arises under inflexible policy. However, in this context, AO and B generate the
highest aggregate welfare when d = 0, which goes in line with our results about output inefficiencies
in Corollary 3(i) and 4(i) below, where these regulatory agencies generate the same and lowest
inefficiencies. While all regulatory agencies exhibit the same objective function in this setting,
the AO has more available tools than the R does (i.e., quotas for each fishermen, as opposed to
aggregate quota). When d = 0.25, B yields the highest aggregate welfare; otherwise, R gives rise to
the highest aggregate welfare, which supports the results in Corollary 3(iv) and 4(iii) below. Hence,

R should be left alone in the commons when biodiversity loss is sufficiently severe, i.e., d > 0.5.1°

6.2 Welfare losses from inflexible regulation

Under regulatory setting k = {R, AO, B}, the first-period welfare loss from inflexible policy is
WLF = Wlk o Wlk AN Where Wlk o (Wlk ’IN) denotes the first-period equilibrium welfare when
firms face a flexible (inflexible) policy. A similar definition applies to the second-period welfare loss
from inflexible policy, WLé? = Wzk o W2k AN

MFor presentation purposes, Table I considers § = § = 1.

Y10 particular, WHIN > WASIN for all d > 0.2735 when g =0, for all d > 0.2740 when g = 0.1, and for all
d > 0.2750 when g = 0.3. Similarly, WY > WBIN for all d > 0.3312 when g = 0, for all d > 0.3250 when g = 0.1,
and for all d > 0.3164 when g = 0.3. Hence, R yields a higher welfare than both AO and B when d > 0.3312, which
holds for all values of g.
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Table II considers the same parameter values as in Table I. Positive entries on the table indicate
that moving from a flexible to inflexible policy regime entail a welfare loss in that period, while
negative entries represent a welfare gain. For instance, when the R is alone, inflexible policy induces
an increase in first-period appropriations relative to the flexible regime, producing a welfare gain
in that period, WLff < 0; but a decrease in second-period appropriations, yielding a welfare loss in
that period, WL > 0. When environmental damages become more severe (higher d), both welfare

gains and losses shrink in absolute value, making less relevant the policy regime.

‘ First-period welfare loss ‘ Second-period welfare loss

| W LR wiio | wiP | wig | wigo | wid

d=20 g=0 —0.0026 —0.0002 | —0.0002 || 0.0164 | 0.0013 | 0.0013
g=0.1 —0.0026 —0.0002 | —0.0002 || 0.0186 | 0.0015 | 0.0015

g=0.3 —0.0026 —0.0002 | —0.0002 || 0.0229 | 0.0018 | 0.0018

d=025] g=0 —0.0008 7.3 x 1077 | —0.0005 || 0.0129 | —0.0053 | 0.0053
g=0.1 —0.0008 7.3 x 1077 | —0.0005 || 0.0140 | —0.0061 | 0.0060

=0. —0.0008 7.3 x 1077 | —0.0005 || 0.0161 | —0.0079 | 0.0074

d=05 g=0 —0.0001 0.0002 —0.0009 || 0.0083 | —0.0118 | 0.0344
g=0.1 —0.0001 0.0002 —0.0009 || 0.0086 | —0.0137 | 0.0388

= 0. —0.0001 0.0002 —0.0009 || 0.0094 | —0.0175 | 0.0475

d=0.75| g=0 || =7.9x 107 0.0004 0.0022 || 0.0029 | —0.0184 | 0.0929
g=0.11 —7.9x1076 0.0004 0.0022 || 0.0030 | —0.0213 | 0.1041

g=031 —7.9x1076 0.0004 0.0022 || 0.0031 | —0.0272 | 0.1263

Table II. Welfare losses from inflexible regulation.

When the AO is alone, a similar pattern as with R emerges if environmental damages are low.
However, when d increases, the AO overexploits the resource in the first period, giving rise to
welfare losses relative to a flexible regime; but underexploits it in the second period, generating
a welfare gain in that period. Overall, the latter dominates the former effect when damages are
sufficiently high; as shown in Appendix 1 (Table A.3 reports aggregate welfare losses, WL¥ + W L5,
for every k). When both agencies are present, B, welfare losses arise in both periods under all
parameter conditions, but increase when environmental damages become more severe.

We also identify the first-period welfare loss from inflexible regulation relative to the first best,
VITLT = WlR - Wlk ’IN, since only the R internalizes both types of externalities; and similarly in
the second period. Table A.5 in the appendix presents these welfare losses, showing that, relative
to table II, the columns reporting W L and W LE are unaffected, and the rows where d = 0 are
also unchanged. However, when biodiversity loss is severe, the welfare loss of AO and B is larger

than in table II because this loss accounts for both sources of inefficiencies (due to inflexibility and

16 Appendix 1 evaluates our numerical results allowing for discounting, § = 1/2, showing that welfare losses under
B are emphasized, but attenuated under R or AO.
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ignoring biodiversity loss).

6.3 Appropriation differentials

To further examine the previous welfare comparisons, in this section we measure the difference in
the appropriation level under an inflexible policy regime relative to the first-best outcome, namely,
the appropriation level that the R chooses under a flexible regime (as the AO ignores environmental
damages), that is,

IN F F IN
FPDF = e?’ — ef’ and SPDF = xf’ — xf

where FPD¥ (SPD*) denotes first-period (second-period) appropriation differential. FPD* can,
alternatively, be expressed as follows

K3 3 (3

T
Diff. from inflexibility =~ Diff. from ignoring externality

and a similar expression applies to SPD*, that is,

SPDF = (a:f’F — :Cf’IN) + (mf’F — xf’F> .
Intuitively, FPD* embodies two inefficiencies: one arising when regulatory agency k cannot

change its quotas and fines across periods in an inflexible regime, as captured by the first term,
FIN _ KF
; i

i ; and another stemming from this agency not internalizing the environmental damage

in its policies, represented in the second term, ef’F — ef’F. A similar argument applies to SPDF.
The first inefficiency is present in contexts where the R and AO have the same objective function
(d = 0), but the second only emerges when these agencies exhibit different objectives (d > 0).

As expected, the second inefficiency is nil for R and B, since the R considers the externality,
but positive for AO, who ignores the externality. The following corollary confirms this result and
evaluates the appropriation differentials arising in each period. We consider no discounting to

facilitate our comparisons.

k

Corollary 2. First-period equilibrium appropriation satisfies ei’IN > ef’F under all parameter

values, and for every requlatory setting k = {R, AO, B}. Second-period equilibrium appropriation
satisfies xf’F > xf’IN for k = {R, AO} under all parameter values, but xf’IN > :UZB’F for all

d > /37 —6 =~ 0.08. In addition, the second inefficiency is nil for R and B in both the first
R,F B,F R.F B,F

and second period since e;”" = e; " and x;”" = x;" , whereas for the AO it is positive because
AO,F F AO,F B,F
€; OF 5 ef’ and x; OF ;.

Therefore, every agency k produces first-period appropriation inefficiencies when operating un-
der an inflexible regime, i.e., ef’IN > ef’F for all k, thus overexploiting the resource relative to its
first-best level (first source of inefficiency described above). This result holds even when d = 0,

but the differential is augmented when d > 0 under AQO. In the second period, however, the R and
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IN AO,F

i

AO underexploit the resource, entailing that xZR’F > xf’ and x > :cflo’IN, whereas the B
overexploits it relative to the first-best level. The following corollary ranks F'PDs across regulatory

settings.
Corollary 3. First-period appropriation differentials satisfy:

i FPDE > FPDA9 > FPD® >0 if d <0.17;
ii FPD? > FPDB > FPDA9 > 0 if 0.17 < d < 0.28;
iii FPDE > FPD® > FPDA0 > 0 if 0.28 < d < 0.68; and

iv FPDE > FPDAC >~ FPDE > 0 otherwise.

Figure 2 depicts FPD®, which is monotonically decreasing in d, as R internalizes the envi-
ronmental externality; FPDAC which is unaffected by d since this agency ignores environmental
damages; and FPD®, which is monotonically increasing in d. This increasing pattern occurs be-
cause the AQO, upon observing a more stringent aggregate quota from the R, responds relaxing
individual quotas to its members, giving rise to a larger appropriation differential.!”

The figure also illustrates that, when environmental damages are relatively low (d < 0.17), B
generates the lowest differentials, and should thus be promoted. When this damage is moderate

regulatory agency that more effectively helps to internalize the (severe) environmental externalities.
Insert Here Figure 2: First-period appropriation differentials.

First-period inefficiencies are unaffected by the rate of growth of the resource, g. Intuitively, a
higher ¢ increases second-period profits, but does not affect fishermen’s first-period incentives to
marginally increase their appropriation, e;. In other words, fishermen anticipate that increasing
their first-period exploitation gives rise to a future marginal cost, facing a more depleted resource,
but this marginal cost is constant in e;.'® Therefore, first-period appropriation is not a function of
growth rate g and, hence, first-period inefficiencies are also unaffected by g.

We next rank second-period differentials in the three regulatory settings. (Cutoff d is defined,

for compactness, in the proof of Corollary 4 in the appendix.)
Corollary 4. Second-period appropriation differentials satisfy:

i SPDE > SPDA9 > SPDB >0 if d <+/37—6~0.08,

ii SPDR > SPDAC > (0> SPDB if 0.08<d < d,

"For illustration purposes, the figure normalizes 6 to § = 1, but different values of # can be provided upon request.

18 Technically, this is due to linear separability in the second-period profit function, w

effect of increasing e; is unaffected by g.

, 1.e., the marginal
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iii SPDAC > SPDE > 0> SPD?B otherwise.

Corollary 4(i) embodies d = 0 as a special case, where SPDf > SPDA°Y = SPD®. When
d is relatively low, 0 < d < 0.08, a similar ranking emerges, but B yields smaller differentials
than AO because R (who is present in B) helps attenuate the environmental externality. When

environmental damages are moderate, 0.08 < d < c?, the same ranking still applies but SPD? < 0,
B,IN

as shown in Corollary 2, i.e., xf’F < x; , implying that B overexploits the commons relative
to its efficient level. Therefore, choosing the regulatory agency in this setting (R, AO, or B)
depends on whether society seeks to avoid an underexploitation of the resource (the smallest one
arising with AO) or its overexploitation with B. Finally, when environmental damages become
more severe, d > cz society must compare the (smallest) underexploitation, which happens with R,
or the overexploitation that occurs with B.

This result goes in line with that in Corollary 3, as the AO becomes more inefficient, relative
to the R and B, when biodiversity losses are more severe (higher d). In other words, the R
generates the largest differentials when d is relatively low, d < c?, and it should not manage the
resource. Otherwise the AQO is the agent giving rise to the largest differentials. In terms of policy
implications, the AO (B) should manage the CPR if society prefers inefficiencies originating from
the underexploitation (overexploitation) of the resource and damages are relatively low, d < c?, but
R (B) should manage the CPR if society values underexploitation (overexploitation) and damages
are relatively severe.

In addition, while cutoff d is highly nonlinear, one can numerically show that it increases in
the growth rate of the resource, g. When g = 0.1, for instance, this cutoff becomes d = 0.809;
and when ¢ increases to g = 0.3, this cutoff increases to d = 0.869. Therefore, the ranking of
appropriation differentials in Corollary 4(ii) expands when the resource regenerates faster (higher
g). Although the specific regulatory agency in case (ii) depends on the trade-off between under- and
overexploitation described above, the R is unambiguously welfare reducing and should be avoided,
opting for AO or B instead.

For illustration purposes, Table III evaluates first- and second-period differentials in each reg-
ulatory setting. First-period differentials exhibit the same patterns as in figure 2. In addition,
a faster regeneration rate, g, does not affect first-period differentials, but increases the absolute
value of second-period differentials. When environmental damages increase, SPD® becomes more

substantial, indicating a significant overexploitation with B.
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First-period differentials Second-period differentials
| FPDR | FPDA° | FPDP | SPDR | SPDAO | SPDP
d=20 g=20 0.55 0.04 0.04 4.84 1.31 1.31
g=0.1 0.55 0.04 0.04 5.58 1.52 1.52
g=20.3 0.55 0.04 0.04 7.07 1.93 1.93
d=025| g=0 0.28 0.04 0.17 4.78 1.31 —2.83
g=0.1 0.28 0.04 0.17 5.31 1.52 —-3.24
g=0.3 0.28 0.04 0.17 6.37 1.93 —4.08
d=10.5 g=20 0.11 0.04 1.08 4.16 1.31 —7.65
g=20.1 0.11 0.04 1.08 4.50 1.52 —8.69
g=20.3 0.11 0.04 1.08 5.17 1.93 —10.77
d=0.75| g=0 0.01 0.04 2.78 2.67 1.31 —13.45
g=0.1 0.01 0.04 2.78 2.83 1.52 —15.12
g=20.3 0.01 0.04 2.78 3.16 1.93 —18.45
d=1 g=20 0 0.04 5.25 0 1.31 —20.52
g=0.1 0 0.04 5.25 0 1.52 —22.81
g=20.3 0 0.04 5.25 0 1.93 —27.39

Table III. First- and second-period differentials.

7 Discussion

Inefficiencies under a flexible policy. Our paper shows that, when fishermen face a flexible regula-
tory setting, where quotas can be quickly adjusted across periods, socially optimal appropriation
levels arise under R or B (first best), but socially excessive appropriation emerges under AO;
as summarized in the top row of table IV. This inefficiency does not originate from the policy’s
flexibility, of course, but from the AO ignoring biodiversity losses (d > 0). When third-party ex-
ternalities are absent (left column of the table), all regulatory agencies yield first-best outcomes
under a flexible policy regime. Relative to no regulation, this policy induces fishermen to reduce
(increase) their first-period (second-period) appropriation. This is, for instance, the approach in
several Territorial Use Rights for Fishing (TURF) programs, such as the Chilean National Benthic

Resources program.

| [ d=0 d>0
Flexible policy No inefficiencies from any agency k Inefficiency only with AO

Inflexible policy || Same inefficiency from every agency k | Inefficiencies may be lower for R

Table IV. Summary of inefficiencies
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Inefficiencies under an inflexible policy. When regulatory settings are inflexible, meaning that
quotas and fines cannot be revised in subsequent periods, inefficiencies emerge in both periods,
suggesting that regulation only produces a second-best outcome; as summarized at the bottom row
of table IV. The AQ, for instance, sets quotas that are a linear combination of what this organization
would set under flexible regulation, not being able to fully internalize the cost externalities that
fishermen impose on each other in every period. A similar result applies under R or B.

In terms of policy recommendations, our findings suggest that policies should be revisited every
period, as expected, but especially when only the R is active, as this agent generates the largest
inefficiencies when biodiversity losses are minor. This is the case in several countries, such as
Vietnam, Indonesia, or Sri Lanka, where policies are rarely revised. Similarly, our findings entail
that R should manage the resource when it regenerates fast (such as anchovies and Yellowtail
flounder), but its regulatory inefficiencies are more substantial when the CPR regenerates slowly
(such as mollusks or American plaice).

Overlapping regulations. When R and AO exhibit the same objectives (d = 0), a cooperative can
efficiently organize the use of the CPR, suggesting that the R can, essentially, step back, allowing
the AO to become the only regulating agency in the resource, determining quotas and fines among
its members. Our results are, however, affected when the AO and R exhibit different objectives
(d > 0), since we find that all agencies generate inefficiencies. Specifically, when biodiversity losses
are relatively low, the R generates the most inefficiencies, both in the first and second periods, and
it should not manage the resource. In this case, the AO (B) should regulate the CPR if society
prefers that inefficiencies originate from the underexploitation (overexploitation) of the resource,
respectively. However, when biodiversity loss is severe, the AO gives rise to the most inefficiencies,
calling for the R to manage the CPR. This result is emphasized when the resource regenerates
faster, since the third-party externality becomes more severe, and the inefficiencies from AO are
larger, ultimately making the R socially preferable under more settings.

Further research. Our model can be extended along different dimensions. First, the resource
could be also exploited by individual fishermen who are not affiliated to an organization. The R
and AO would, however, anticipate this additional appropriation, affecting its own decisions, and
the R could set fines on this fishermen to reduce overexploitation. Second, one could allow for
incomplete information between the R and AQ, as the latter is often better informed about the
stock’s abundance than the former. In that setting, if the R plays before the AO, the R’s decision
would just be based on its expected stock, without qualitatively affecting our complete information
results. However, if the AO plays first, its quotas and fines decisions could be used as a signal by
the uninformed player (R) to infer the stock’s abundance. Third, the model could be extended to
allow for more periods, where the AO receives a license from the R, which can be renewed after
the second period, as it is often the case in TURFS, thus providing the R with an additional policy
tool (the renewal of the AO’s license) which he can use to discipline the AO’s extraction. Fourth,
an extension could consider cost-asymmetric fishermen. In the absence of regulation, the fisherman

benefiting from a cost advantage would appropriate more intensively than its rival. Regulation
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internalizes such cost advantage, potentially inducing more appropriation from the most efficient
fisherman. Fifth, if environmental damages are convex in aggregate appropriation, we should expect
more stringent regulations under R and B, yielding larger differences with respect to AO. However,
regulatory inefficiencies may be affected. Sixth, if market power enters into our welfare analysis, a
cartel could potentially affect our welfare rankings. Finally, one could allow for the possibility of

imperfect monitoring in flexible or inflexible regulation and examine how our results are affected.
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8 Appendix

8.1 Appendix 1 - Welfare levels

Table A.1 reports first- and second-period welfare levels without regulation, NR, with flexible
regulation when only R is present, when only AO is active, and when B operate, respectively,
considering the same parameter values as in Tables I-III in the main body of the paper and no
discounting.

Table A.1 shows that, when d = 0, flexible policy is welfare reducing (enhancing) in the first
(second) period, relative to N R, yielding nonetheless an overall increase in welfare. When d > 0,
however, flexible policy is welfare improving in both periods and for every regulatory agency (R,

AO, and B).

First-period welfare ‘ Second-period welfare

| W [ ] wior [wWEF | Wy Wi [ wgor | w

d=20 g=20 0.2414 | 0.2344 | 0.2344 | 0.2344 | —0.0127 | 0.1563 | 0.1563 | 0.1563

g=0.1] 0.2414 | 0.2344 | 0.2344 | 0.2344 || 0.0201 | 0.1813 | 0.1813 | 0.1813

g=03] 02414 | 0.2344 | 0.2344 | 0.2344 | 0.0768 | 0.2313 | 0.2313 | 0.2313

d=025| g=0 0.0933 | 0.1357 | 0.1406 | 0.1357 || —0.1177 | 0.0978 | 0.0781 | 0.0978

g=0.1| 0.0933 | 0.1357 | 0.1406 | 0.1357 || —0.1015 | 0.1118 | 0.0906 | 0.1118

g=0.3| 0.0933 | 0.1357 | 0.1406 | 0.1357 || —0.0781 | 0.1399 | 0.1156 | 0.1399

d=0.5 g=0 | —0.0549 | 0.0615 | 0.0469 | 0.0615 || —0.2226 | 0.0488 0 0.0488

g=0.1| —0.0549 | 0.0615 | 0.0469 | 0.0615 || —0.2231 | 0.0551 0 0.0551

g=0.3 | —0.0549 | 0.0615 | 0.0469 | 0.0615 | —0.2331 | 0.0676 0 0.0676

d=0.75| g=0 || —0.2030 | 0.0156 | —0.0469 | 0.0156 || —0.3275 | 0.0138 | —0.0781 | 0.0138

g=0.1| —0.2030 | 0.0156 | —0.0469 | 0.0156 || —0.3447 | 0.0154 | —0.0906 | 0.0154

g=0.3 | —0.2030 | 0.0156 | —0.0469 | 0.0156 || —0.3880 | 0.0185 | —0.1156 | 0.0185

Table A.1. Welfare levels in equilibrium under flexible policy, § = 1.

Table A.2 provides first- and second-period welfare levels, as in Table A.1, but considering an

inflexible policy regime.
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‘ First-period welfare ‘ Second-period welfare
‘ WNR ‘ WIR,IN ‘ WlAO,IN WIB,IN WNR ‘ W2R,IN ‘ W2AO,IN W2B,IN
d=20 g=0 0.2414 | 0.2370 | 0.2346 0.2346 || —0.0127 | 0.1399 | 0.1549 0.1549
=0.1] 0.2414 | 0.2370 | 0.2346 0.2346 0.0201 | 0.1627 | 0.1798 0.1798
=03 | 0.2414 | 0.2370 | 0.2346 0.2346 0.0768 | 0.2083 | 0.2295 0.2295
d=025| g=0 0.0933 | 0.1364 | 0.1406 0.1406 || —0.1177 | 0.0849 | 0.0834 0.0924
=0 0.0933 | 0.1364 | 0.1406 0.1406 || —0.1015 | 0.0979 | 0.0968 0.1058
=0. 0.0933 | 0.1364 | 0.1406 0.1406 || —0.0781 | 0.1238 | 0.1235 0.1325
d=0.5 g=0 | —0.0549 | 0.0617 | 0.0467 0.0467 || —0.2226 | 0.0406 | 0.0118 0.0144
g=0 —0.0549 | 0.0617 | 0.0467 0.0467 || —0.2231 | 0.0465 | 0.0137 0.0166
g=0. —0.0549 | 0.0617 | 0.0467 0.0467 || —0.2331 | 0.0582 | 0.0175 0.0201
d=07| g=0 | —0.2030 | 0.0156 | —0.0473 | —0.0473 || —0.3275 | 0.0109 | —0.0597 | —0.0791
g=0.1| —0.2030 | 0.0156 | —0.0473 | —0.0473 | —0.3447 | 0.0124 | —0.0693 | —0.0887
g= —0.2030 | 0.0156 | —0.0473 | —0.0473 | —0.3880 | 0.0154 | —0.0884 | —0.1078

Table A.2. Welfare levels in equilibrium under inflexible policy, § = 1.

Table A.3 reports the aggregate welfare loss from Table 1T, WLF = WL} + W L5 for every k.

‘ Aggregate welfare loss

| WLE | wiA° | wiLP

d=0 g=0 | 0.0138 | 0.0011 | 0.0011
g=20 0.0160 | 0.0013 | 0.0013

g=0. 0.203 | 0.0016 | 0.0016

d=025| g=0 | 0.0121 | —0.0053 | 0.0048
g=0.1| 0.0132 | —0.0061 | 0.0055

g=0.3 | 0.0153 | —0.0079 | 0.0069

d=0.5 g= 0.0082 | —0.0116 | 0.0335
g=20.1 0.0085 | —0.0135 | 0.0379

g=0.3 || 0.0093 | —0.0173 | 0.0466

d=0.75| g= 0.0029 | —0.0180 | 0.0951
g=20.1 0.0030 | —0.0209 | 0.1063

g=0.3 | 0.0031 | —0.0268 | 0.1285

Table A.3. Aggregate welfare losses.

Table A.4 evaluates welfare losses in the first and second period, being analogous to table I in
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the main body of the paper, but considering that § = 1/2.

‘ First-period welfare loss ‘ Second-period welfare loss

| WLE wri© | wiP | wik | wigo | wip

d=0 g=20 —0.0002 —0.00001 | —0.00001 || 0.0032 | 0.0003 | 0.0002
g=0.1 —0.0002 —0.00001 | —0.00001 || 0.0037 | 0.0003 | 0.0003

g=0.3 —0.0002 —0.00001 | —0.00001 || 0.0047 | 0.0004 | 0.0004

d=025| g=0 —0.0001 0.00001 | —0.0002 | 0.0057 | —0.0027 | 0.0075
g=0.1 —0.0001 0.00001 | —0.0002 | 0.0059 | —0.0031 | 0.0086

g=0.3 —0.0001 0.00001 | —0.0002 | 0.0063 | —0.0041 | 0.0108

d=10.5 g=0 | =9.7x107% | 0.00004 | —0.0002 | 0.0052 | —0.0056 | 0.0404
g=0.11 —9.7x107% | 0.00004 | —0.0002 | 0.0051 | —0.0066 | 0.0456
g=0.3| —9.7x 1076 | 0.00004 | —0.0002 | 0.0051 | —0.0086 | 0.0561
d=0.75| g=0 | —6.2x 107" | 0.00007 0.00074 || 0.0022 | —0.0085 | 0.1068
g=0.11 —6.2x 1077 | 0.00007 0.00074 || 0.0021 | —0.0101 | 0.1194
g=0.3| —6.2x 1077 | 0.00007 0.00074 || 0.0020 | —0.0131 | 0.1445

Table A.4. Welfare losses considering § = 1/2.

Table A.5 evaluates welfare losses from inflexible regulation relative to the first-best outcome.

First-period welfare loss Second-period welfare loss

wr, | wi” | wiy | Wi, [WLp | W

d=0 g=0 —0.0026 —0.0002 | —0.0002 || 0.0164 | 0.0013 | 0.0013
g=0.1 —0.0026 —0.0002 | —0.0002 || 0.0186 | 0.0015 | 0.0015

g=0.3 —0.0026 —0.0002 | —0.0002 || 0.0229 | 0.0018 | 0.0018

d=025] g=0 —0.0008 —0.0049 | —0.0049 || 0.0129 | 0.0144 | 0.0054
g=0.1 —0.0008 —0.0049 | —0.0049 || 0.0140 | 0.0150 | 0.0060

g=0.3 —0.0008 —0.0049 | —0.0049 || 0.0161 | 0.0164 | 0.0074

d=0.5 g=0 —0.0001 0.0148 0.0148 || 0.0083 | 0.0370 | 0.0344
g=20.1 —0.0001 0.0148 0.0148 || 0.0086 | 0.0414 | 0.0385

g=0.3 —0.0001 0.0148 0.0148 || 0.0094 | 0.0501 | 0.0475

d=0.71] g=0 | =7.9x107% | 0.0629 0.0629 || 0.0029 | 0.0735 | 0.0929
g=01| -79x107% | 0.0629 0.0629 || 0.0030 | 0.0847 | 0.1041

g=0.3] =7.9x107% | 0.0629 0.0629 || 0.0031 | 0.1069 | 0.1263

Table A.5. Welfare losses relative to the first best and § = 1.
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8.2 Appendix 2 - Partially inflexible policy

We next examine how our results are affected if the R remains inflexible but the AO becomes
flexible, referring to this setting as “partially inflexible” (PIN). When only R is present, his
behavior coincides with that in Lemma 2, given his inflexibility; when only AO is active, its behavior
coincides with that in Proposition 2 because of its flexibility. When both regulatory agencies are

present (B), however, our results are affected, as shown in Lemma A1l.

Lemma A1l. When both AO and R are present under a partially inflexible policy, first- and

second-period equilibrium appropriation levels are

B,PIN 0[4—(5—2d(2—6)] B,PIN 9[4+89—|—5+2d(2—5)]
e; = 6 and x; = o

B,PIN , B,PIN ) . . . . . . . . .
S (x; ) is unambiguously decreasing (increasing) in d. Relative to inflexible policy
B.PIN _ BIN

% 7

where e

for all admissible parameters and
B,PIN _ xiB,IN for

i

(Lemma 4), first-period appropriation satisfies e
¢BPIN _ B,IN
(2

5 is increasing in d; and second-period appropriation satisfies x

_ _ 30_ 2
all d > dpry, where dppy = 20=9A %ﬁifgg;&rﬁ;ﬁfﬁrﬁ% (1+29)

In the inflexible regime of Lemma 4, the R anticipates that the AO cannot revise second-period
fines to correct for a socially excessive first-period appropriation. Under the partially inflexible
regime of Lemma A1, however, the AO can use second-period fines to correct for first-period ineffi-
ciencies, implying that the R can induce more generous first-period appropriation levels when the
AOQ is flexible than otherwise, e?’P[N > eZB’IN

ities are absent (d = 0), since it originates from the R benefiting from the AO’s ability to revise its

. This ranking holds even when third-party external-

second-period policy; and the ranking is emphasized when biodiversity losses become more severe,

d > 0. In addition, appropriation is socially excessive since eZB’PIN > elR’F, where ef’F denotes the
exploitation that the R induces under a flexible policy regime, as identified in Proposition 2. Since
the R considers both cost-related and third-party externalities, this exploitation level is socially

optimal.

8.3 Proof of Lemma 1

In the second period, under no regulation, every fisherman ¢ solves

max 72NE _ o zi(x; + xj)
220 " " O(l+g) - FE
Differentiating with respect to x;, yields
1 2z + -
0(1+g)—E

Solving for x;, we find fisherman ¢’s a best response function
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0(14+g9)—E  z; . ] _
w(e) =4 2 ifz; <6(14+g)—FE
0 otherwise.

Fisherman j has a symmetric best response function. Simultaneously solving for z; and z;, we

obtain second-period equilibrium appropriations

0(l+g)—FE

xNR(E) = 3

7

which are positive if E < 0(1+ g).

8.4 Proof of Proposition 1

In the first period, without regulation, every fisherman i solves

1NR 2,NR; NR NR
ey T + 6w ay (E), @ (E))

where second-period profits, evaluated at V¥ (E) = acjv RE) = W, are
6(1+g) — E

VR N (B), o NR(E)) =

Therefore, every fisherman ¢ solves

max e — ei(ei + ej) Iy 0(1 —1—9) — (67; + ej)
;>0 0 9

since F = e; + ¢;. Differentiating with respect to e;, yields

l_é_Qei—i-ej

9 g Y

The first order conditions are symmetric across fishermen. Invoking symmetry, we obtain

i _009-0)

! 27
which is positive since § < 1 by assumption. Therefore, second-period equilibrium appropriation is
NR | _NR
[9(1+g) — (@ e )| 986+ 279 +9)

xN = = 5

! 3 81

which is positive for all parameter values.
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8.5 Proof of Proposition 2
8.5.1 Only AO is present

Fourth stage. In the fourth stage, every fisherman ¢ solves

2,A0 v (v + x5) -
I;ilg}g ; =z; — m — at; (x; — ;)

Differentiating with respect to x;, yields

2zi +xj—ati[0(1+g)— E]+ E—(1+9)0
(14+g9)— FE

=0

Solving for x;, we obtain fisherman 7’s best response function

311 —ati) (001 +g) = B)] — a5 if o; < (1 - at;) (0(1 + g) - E)

zi(xj) = .
0 otherwise.

Fisherman j has a symmetric best response function. Simultaneously solving for z; and z; in

the above best response functions, we obtain second-period equilibrium appropriation

[1—a(2t; — )] [0(1 + g) — E]
3

:cAO(E) =

(2

which exceeds that in Lemma 1, zNF(E), if and only if ¢; < % In the special case that both
fishermen receive the same penalty, ¢; = t;, second-period equilibrium appropriation coincides, i.e.,
zNE(E) = 29 (E), since fines do not provide fisherman i with a cost advantage, if ¢; < %, or a

cost disadvantage, if t; > %

Third stage. The AO chooses quotas and fines that maximize joint profits for the second

period.

max = g Tt )
Tj,Tj,ti,t;>0 © ! [6(1 + 9) - E]

x; (i + x4) B
ey g o)
+at; (-Tz — :fl) + at; (:L’j — J_}j) ,

— oty (a — x)]

which simplifies to

z;,75>0
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Differentiating with respect to z;, yields

0(14+9) — FE —z; —x;

=0
0(1+g) — E

The first order conditions are symmetric across fishermen. Invoking symmetry, we obtain

a0 _00+9)—F

Setting it equal to the equilibrium first-period appropriation, 27© = z(F) and 279 = z%(E) ,

i =

J J
we obtain
01+9)—F _ [—-a2i—t)][0(1+g) - E]
4 3
H(I—i-g)—E B [1—0&(2tj—tl' ][9(1+g)—E]
4 B 3
which, solving for ¢; and ¢;, yields the fine that induces fishermen 7 and j to appropriate exactly
xfo and xfo, that is, tf‘o = tjAO = i, which is positive for all o values.

Second stage. In the second stage, every fisherman ¢ anticipates equilibrium second-period
appropriations, A9 (F) and x;-“o (E), and solves

7

1,AO 2,40 [ _AO A0
max M + om0 (279(B), 279 (E))

Differentiating with respect to e;, yields

0 (8 -0 — Saf,) — 8(26i + 6]‘)

Y =0

Solving for e;, we obtain a best response function

exe) = L0(8— 6 —8afi) — 1ej, if e; <10(8 — § — darfi),
0 otherwise.

Fisherman j has a symmetric best response function. Simultaneously solving for e; and e; in

the above best response functions, we obtain first-period equilibrium appropriation.
a0 _ 1
€; = ﬂ9[8—5—8a(2fl _fj)]

AO

which is positive if and only if f; < %7 Therefore, e;"“ increases in the abundance of the stock, 0,

and in fisherman j’s penalty, but decreases in fisherman i’s penalty.
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First stage. The AO chooses quotas and fines that maximize joint profits, as follows.

e; (e; + €5) _ 2,40 ([ _AO AO
[ G e ) 052 520,209

e = LD afy (¢ - ) + 0524 (w9(), 20 (E)
+afi(e; —é;) + af;j (ej — éj) .
SO

Alternatively, this organization first finds the first-period socially optimal appropriation, e;
and efo, sets them as quotas, and then identifies the fines f; and f; that induce fishermen to
appropriate at the socially optimal levels eiSO and e}qO, that is, e‘iAO = eiSO for every fisherman i.

In particular, socially optimal appropriation solves

_ ei(ei +¢5) 2,40 (. AO A0
eﬁ?go To = [6’1’ - T +(57TZ- (xz (E),mj (E))
+ |:€. _ m + 57.[-27140 (SCAO(E) SCAO(E)):|
/ 20 J : »

Differentiating with respect to e;, yields

9(4 —9) —8(e; + 6j)

40 =0

The first order conditions are symmetric across fishermen. Invoking symmetry, we obtain

a0 _ 0(4—9)

! 16

Setting it equal to the equilibrium first-period appropriation, e;(f;, f;), that is,

0(4 —9) 1
which, solving for f;, yields
A9 = 449
! 16
which is positive for all parameter values. Inserting these results into a:ZAO(E), yields a second-
AO

period equilibrium appropriation x 59(6 +8g+4). As expected, first-period socially optimal

S

i

i =

appropriation, 79, is lower than in the benchmark case without regulation, egv R for all parameters

values.

8.5.2 Only R is present

Fourth stage. In the fourth stage, every fisherman 7 solves

ma m S m gy g g @t &)
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Differentiating with respect to z;, yields
2x; + 1 Bj —0
0149 —E 2

Solving for x;, we obtain fisherman ¢’s best response function

12-TP) 001 +9) - E] - 32; if 2 <5(2-BT)[0(1 +g) - E]

zi(x;) =

i(@j) { 0 otherwise.
Fisherman j has a symmetric best response function. Simultaneously solving for z; and z;, we

obtain second-period equilibrium appropriation

o) — 2=AT) O +g)
! 6

1

which exceeds second-period appropriation without regulation, zNf(E), if and only if T < 3
Therefore, z7(E) increases in the available stock at the begin of the second period, (1 + g) — E

but decreases in the expected fine, 87

Third stage. The R chooses quotas and fines that maximize joint profits for the second

period, as follows.

oy z; (x; + xj) o zj (i +x5) ] I
max T, = |T; [9(1+g)—E]]+[] —[9(1+g)—E} d(z; + ;)

i,z >0
Differentiating with respect to x;, yields

(1—d)[(1+g)0 — E] - 2(x; + z;) —0
0(1+g)— E N

The first order conditions are symmetric across fishermen. Invoking symmetry, we obtain

o) — (L= )00 +g) ~ F]
(A 4 *

Setting it equal to the equilibrium second-period appropriation found above, z;*(E), we find

pr_ 143
=55

which is positive for all 3 and d values.
Second stage. In the second stage, every fisherman ¢ anticipates equilibrium second-period

appropriations, zf{(E) and mf(E), and solves

17R 2,R R R
max ;" o+ 0 (27" (E), 2} (E))
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Differentiating with respect to e;, yields

0[8—0(1—d?) —4BF] —8(2¢; +¢))

80 =0

Then, solving for e;, we obtain a best response function

0[8—5(1—d?)—4B8F .
e~(e->={ ST ey, if e <§[8 01— ) 43,
AN

0 otherwise.

Simultaneously solving for e; and e; in the above best response functions, we obtain first-period
equilibrium appropriation
918 — 6(1 — d?) — 4BF
24

First stage. The R chooses quotas and fine that maximize joint profits, as follows.

€; =

- ei(eite) 2R (R R
x| — SO (a0 () ()

+ [ej _ ej(ei;_ej) 4 Sa2E (mﬁ(E%xf(E))] —d(e; + ej)

where E/ = ¢; + ej. Then, differentiating with respect to e;, yields

(67; —+ ej) [(9(1 — d)(4 — 5(1 - d)) —4de; — 46]'] 06 B
0 +Z(1—d)2(1+g)—0

The first order conditions are symmetric across fishermen. Invoking symmetry, we obtain

o _ 01— d)(d—3(1 - d))

¢ 16

R,F
which satisfies 865 = —8[2 + 6(d — 1)], which is negative for all admissible parameters.

Setting it equal to the equilibrium first-period appropriation, e, we obtain

k_ A+8+d[12—5(6—5d)]

F
8p
which is increasing in d if d > 3(5552), but 3(6552) < 0 for all values of §, entailing that condition

d > 3(6552) always holds. Therefore, fee Ff is unambiguously increasing in d.

Inserting this result into a:ZR’F(E), we find that second-period equilibrium appropriation is

rp_ 01— d)[4+89+5+d(4 52~ d))

! 32

8$?’F

which satisfies “— = —2[8(d + g) + 35(d — 1)?], which is negative for all admissible parameters.
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8.5.3 Both R and AO are present

Sixth stage. Fisherman ¢’s maximization problem is

max 728 =y — zi(zi + x5)

_ T .
;>0 W —ati(zi — ;) — 55(1‘1 +a;— 1)

The first term represents fisherman 7’s total revenue, the second term is its total extraction
cost, the third term denotes the sanction, and the last term is the penalty if aggregate extractions
exceed the quota. Differentiating with respect to x;, we obtain

57T 2x; +

1- 2 ot — =
o YT 91tg9) -F

Solving for x;, we obtain fisherman ¢’s best response function.

iy | EIRIREI 5 ity < 01+ g) — B] 21 - i) - BT]
/ 0 otherwise.

Simultaneously solving for z; and z;, we obtain the equilibrium extraction,

[0(1+g) — E][2a(tj — 2t;) + 2 — BT

.’L'i(ti,tj,T) = 6

which increases in the available stock, 6(1 4+ g) — E, and in his rival’s penalty, t;. However, it

decreases in fisherman 7’s penalty, ¢; and the expected fine from the regulator, 57

Fifth stage. The AO chooses quotas and fines that maximize joint profits for the second
period, as follows.

o xi(xi+a:j) B Z . . o xj(:ci—i—xj) _ Z . A
max |-G pg g P @t | gy g A te—d)
Differentiating with respect to x;, yields

0(1+g9) — E](1 - pT) — 2x; — 2z,
0(1+g) — E

=0

The first order conditions are symmetric across fishermen. Invoking symmetry, we obtain

5 _ [6(1+9)—~ B (1 6T)

) 4 *

Setting it equal to the equilibrium second-period appropriation found above, z;(f;, f;, F'), we
obtain

5 1+6T
T 4a

which is positive for all a values.
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Fourth stage. The R chooses quotas and fines that maximize joint profits for the second

period, as follows.

max T;

_ milwitay) | % (@itay)
@i, 20 [0(1+g) —EJ " { |

Differentiating with respect to z;, yields

(1—-d)[0(1+g) — E] — 2x; — 2z
6(1+g)— E

=0

The first order conditions are symmetric across fishermen. Invoking symmetry, we obtain

BF_ (1=d) [0 +g) — E]
2 4 :

Setting it equal to the equilibrium second-period appropriation found above, :czB’F, we obtain

1+8T
4o

T8 = %, which implies that the fine induces compliance. Hence, fine tlB = evaluated at

T8 = % becomes tf = 14il.
{07

Third stage. Fisherman ¢ anticipates equilibrium second-period profits, W? (xf, x}"), and solves

the following problem

max 7B = [e; - eiei +¢j)

F
1 5 —afilei—e) = B (eite;— @) + om0 P (%)

1)
where the terms in brackets denote first-period profits and the second-period profits are evaluated
at first-period appropriation, F = e; + e;.

Differentiating with respect to e;, yields

0[8—06(1—d?) —8afi —4BF| —8(2¢; + ¢;)

Y =0

Then, solving for e;, we obtain a best response function

eile;) = %6 [8 —0(1 — d?) — 8arf; — 4BF] — e;, ife; <%9 [8 —6(1—d?) — 8af; — 4BF] ,
0 otherwise.

Fisherman j has a symmetric best response function. Simultaneously solving for e; and e; in

the above best response functions, we obtain first-period equilibrium appropriation.

08— 8(1 — d2) — 45F — 8a(f; + 2f;)]
24

€, =

Second stage. The AO chooses quotas and fines that maximize joint profits for both period,

as follows.
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[ei _ceileiteg) 55 (ei+ej—e) + 577?’]3 (a;?(E),:J:B(E))}

eﬂ?g() 0 2 J
+ [ej — e](e;—ej) — 65 (ei+e;—€)+ 67r§’B (Q:F(E),a:f(E))}

Differentiating with respect to e;, yields

04+ (d* —1)6 — 4BF] — 8(e; + ;)

40 =0

The first order conditions are symmetric across fishermen. Invoking symmetry, we obtain

eB(F) = %9 4 6(1— d*) — 45F].

Setting it equal to the equilibrium first-period appropriation, e}, we obtain

B A+A4ABF +6(1—d?)
PP = o .

which is positive for all parameter values.

First period. The R chooses an aggregate quota and fine that maximize joint profits for both

periods, as follows.

max mo = {ei - ei(ei;ej) + 57r?’R (z(E), xf(E))] —d(e; + dx;)
82‘76]'_

+ |:€j — W + 5#?’5" (:nf%(E),azf(E))} — d(e; + 0z;)

Differentiating with respect to e;, yields

(1 — d)[(d — 1)5 + 4] — 8(e; + ¢)
40

=0

The first order conditions are symmetric across fishermen. Invoking symmetry, we obtain

b 0(L—d)[4—5(1 - d)]

¢ 16

which coincides with that when only R is present. Setting it equal to the equilibrium first-period
B

appropriation found above, e;”, we obtain

d)2 - (1 - d)o]

FB —
253
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. . d((d—2)0+4)+4+6 . . . . . . .. .
which entails fiB = %. Fine F? is unambiguously increasing in d, and fz-B is increasing

in d if and only if d > 53—2, where % < 0 for all admissible values of 4. Therefore, the fine is
unambiguously increasing in d.
Inserting these results into second-period appropriation, 2 (E), we find that
pr 0(1—d)[4+8g+d+d(4—0(2—d))]

xT- =

! 32

which coincides with that when only R is present.

Comparison. It is easy to show that, when only AO operates, ef‘o > xiAO if and only if

6(4—3) _ 6(5+8g+4)
16 32

which simplifies to g < %, which holds by definition. Similarly, e¥ > z¥ holds for k = {R, B} if

and only if
Y 0(1—d)[4—46(1—d)] - 0(1—d)[44+8g+d+d(4—45(2—4d))]
16 32

which simplifies to g < w = g(d), where cutoff g(d) unambiguously decreases in both
d and 0. Therefore, g(1) < g(0), implying that if condition g < % = g(0) holds, condition
g < g(d) also holds for all admissible values of d. Hence, first-period equilibrium appropriation

exceeds second-period appropriation for every regulatory setting k, ef > xf .

8.6 Proof of Corollary 1

RF _ 0(4—9)

i 6
,and FF = %. Similarly, evaluating the results under B at d = 0, we find that

FEvaluating the results in Proposition 2 when only the R is present at d = 0, we obtain e
LF 0448910
i = 32

B,F 9(4—5) B,F 9(4+8g+5)
ei :T, :Bi :3—2, FB:TB:()’ fZB:

449

1
B
T6a and t7 = —.

4oy

Finally, equilibrium results under AO are unaffected by d, thus coinciding with those in Propo-

sition 2.

8.7 Proof of Lemma 2

Third stage. In the third stage, every fisherman 4 solves

max 7240 g TEET) e

g 01 +4g)— F] ~&)

Differentiating with respect to x;, yields

0(1+g) — E|(1 —afi) — (2z; + z;)

=0
(14+g9)— FE
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Solving for x;, we obtain a best response function
niwy — | 3100 +0) = Bl(afi = 1) = o if 2 <[0(1+9) ~ Bl (afi = 1)
! 0 otherwise.

Fisherman j has a symmetric best response function. Simultaneously solving for z; and z;, we

obtain second-period equilibrium appropriation

0(1+9) — EI[1 — a2fi — fj)]
3

z{9(E) = |

(2
which is positive if a < ﬁ
i—Jj

Second stage. In the second stage, every fisherman ¢ anticipates equilibrium second-period
appropriations, ac‘iAO(E) and xfO(E), and solves

1,40 2,40 (. AO AO
max T + om0 (2 9(E), 27 (E))

Differentiating with respect to e;, yields

=g =g —afi-golltaldfi=5f)(a(fi+f;) -1)]=0
Solving for e;, we obtain fisherman ¢’s best response function

0[9—6-+a( fi(46+0b f;—9)—4ad f2+55f;(ouf;—1))] 1,
18 — 2%
ei(ej) = if e <0[9—5+a(fi(46+a6fj—9;—4a§fi2+5§fj(afj—1))]7

0 otherwise.

Fisherman j has a symmetric best response function. Simultaneously solving for e; and e; in

the above best response functions, we obtain first-period equilibrium appropriation.

*

o 0 |a[fi (136 + adf; — 18) — 136 f2 + fj (9 — 140 + 14ad f;)] + 9 — 6]
T 27

which is positive for all admissible values of « and 4.

First stage. The AO chooses quotas and fines that maximize joint profits, as follows.

ei(e + €5) _ 2,A0 [, AO AO
B 7o = (= S o 465 (005 106

#es = S a0 - ) 4 024 (0(8).070(E)|
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which simplifies to

ei(ei + 6]) 2,A0 AO AO
= — 2 £ E A0 @
Enéﬁlfi}ﬁjzo To |:6l 0 + T (mz ( )7$] ( ))
ei(e; + e
+ |:€] — ](19]) + 57.[?7140 (ZC?O(E),.r?O(E))}

Similar than before, we first find socially optimal appropriation levels, and then the correspond-

ing fines. Differentiating with respect to e;, yields

019 — 25+ ad (fi + f;) (a(fi + f;) — 1)] — 18(e; + ¢5)

90 =0

The first order conditions are symmetric across fishermen. Invoking symmetry, we find

! 36

5o _ 00 =20+ 0a(fit f;)(a(fit+ f;) —1)]

Setting it equal to the equilibrium second-period appropriation, e;(f;, f;), we obtain
10  (6—18)+3A
v 4ad

where A = (36 + 52)1/2

Evaluating second-period equilibrium appropriation at fines

and flAO is positive for all admissible values of « and §.
A9 and fJAO, yields

JAO _ 0(18+5—3A)‘

! 40

Similarly, evaluating first-period equilibrium appropriation at fines fZ-AO and fJAO, yields

10 _ 9(6+3— A)[5(1+2g) — 18 + 34]

’ 842

8.8 Proof of Lemma 3

Third stage. In the third stage, fisherman ¢’s maximization problem is

2R xi(x; + xj) F R
may T :mi*W*ﬁg(%erj*e)

Differentiating with respect to x;, yields

2x; +x; _5520

1 - - J
+0(1+g)fE 2
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Solving for x;, we obtain fisherman ¢’s best response function

7i(w;) = { §Q2-BF) (L +9) ~ E] — ju; if a; <} (2 BF) [0(1 +9) ~ E
0 otherwise.

Fisherman j has a symmetric best response function. Simultaneously solving for z; and z;, we

obtain second-period equilibrium appropriation

(2-BE)0(1+g) - E]

xR(E) = .

)

which is positive if F' < %
Second stage. Fisherman i anticipates equilibrium second-profits appropriations, :cﬁ(E) and
xf(E), and solves the following problem

1,R 2R
max " 4 0m (@] (B), 2 (B))

Differentiating with respect to e; and solving for e;, we obtain a best response function

i 0(2—BF)(5(2B8F—1)+9
eile;) = (62— BF)(6(26F — 1) +9)] — Lej, if ¢ <"2-BNOEI1)
0 otherwise.

Fisherman j has a symmetric best response function. Simultaneously solving for e; and e; in

the above best response functions, we obtain first-period equilibrium appropriation

02— BF)[5(2BF — 1) +9]
“= 54

which is positive if 8 < %
First stage. The regulator finds the first-period socially optimal aggregate appropriation,

E = e; + ¢j, sets it as quota. Then, the regulator identifies the fine I that induces both fishermen

ESO

to appropriate at the socially optimal levels = efo + efO. In particular, the regulator solves,

_ e —ateite) sororim wren] - e + oo
eﬁ?go To = [ez 20 + om;" (2 (E),z; (E))| — d(e; + dx;)
e;jle; +e;
* [ea‘ - j(%ﬂ + om " (x?(E),:c?(E))] — d(e; + 0x;)

Differentiating the regulator’s problem with respect to e;, and solving for e; yields

. P62 BF)(3d —1§F ~1)-9d+9) =0
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The first order conditions are symmetric across fishermen. Invoking symmetry, we obtain

JRIN _ 0(6(2 — BF)(3d — BF — 1) — 9d + 9)
‘ - 36 '

Setting it equal to the equilibrium first-period appropriation, e;(f;, f;), we find

FRIN _ 5(9d + 13) — 18 + 3G
N 1436

where G = [(5 ((5(5 — 3d)? + 48d — 24) + 36] 12 Evaluating first-period appropriation at fine F/V,

we obtain

rin _ O[(G—6)?+46(43+ G — d(37 +2G)) — 6*(3d — 5)(11d — 9)]
v 7845

e

FRIN

Fine is positive for all 8 values, increasing in d, and the second-period appropriation in

equilibrium is
LRIN _ 0((3d —5)0+G —6)(18 — 3G + 6(G — 50 — 98g — 61))
. 274442 '

Differentiating elR’IN with respect to d, we obtain

Bel N 9144 4+ 25G — 136(9 — 56 + G) + 3d6 (57 + 35(4d — 11) + 4G)]

od 196G

which is negative for all admissible values of 0, d, and §.

When d = 0, the above results become

FRIN _ (136 — 18) + 3C
N 1463

where C' = [36 + §(259 — 24)]1/2, which is positive for all 5 and § values greater than zero.
SO

Inserting this result into e;”(E), we find that first-period equilibrium appropriation is

JRIN _ 913(6 —C) + 3 (37— 50 + O]
C 1966 ’

Then, evaluating second-period equilibrium appropriation, le’IN, at penalty FBIN | yields

JRIN _ 0(C' =56 — 6)[6(C — 55 — 98g — 61) — 3(C' — 6)]
. 274442 '

which is positive for all admissible values, since C's lower bound is 6 when ¢ is zero and its

upper bound is around 6.08 when 4 is one.
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8.9 Proof of Lemma 4

Fourth stage, fisherman 4’s maximization problem for the second period is

ond _ . _Gilwitay) e oy g
max ;" = &g 901 +9) - F| afi(z; — &) 52(:132%—3:] é)
Differentiating with respect to x;, we obtain
00 +9) = E|2= BF) = 22w +w))

2[0(1+g) — E|

Then, solving for x;, we obtain the following best response function.

4 2

(1 —FE|(2—2af;—BF T . 0(1 —FE|(2—2af;—BF
wle) = [0(1+9)—E]( f /5)_?] 1ij<[(+g) ( fi—BF)
! 0 otherwise.

Simultaneously solving for z; and z;, we obtain the equilibrium extraction,

il gy ) = B0 0) = BL2 = 2002 = £;) = BF)

which is positive if a < 2(3]77650)
i Jj

2nd(

* *
Sz, xt), and

Third stage. Fisherman ¢ anticipates equilibrium second-period profits, m T

solves the following problem for the first period

max |e; — 7%(% +¢5)

F
_ 7 —afi(z, — &) —ﬂ§(€i+€j —é) +(57r?”d(3c;‘,mj)

where the terms in brackets denote first-period profits and the second-period profits are evaluated

at first-period appropriation, F = e; + e;.

Differentiating with respect to e;, and solving for e;, we obtain the following best response

function
0((2—BF)(9—6(1—28F))—a( fi(18—85—5(2a f;+BF))+6 f;(BF—10a f;+10)+85a f2)) e
36 2
ei(ej) _ if e <0((27,8F)(976(172,6’F))fa(fi(1878672(1ngj+56F)+5f]-(ﬁFfl[)afj+10)+86afi2))

0 otherwise.

Fisherman j has a symmetric best response function. Simultaneously solving for e; and e; in

the above for best response functions, we obtain first-period equilibrium appropriation

0[(2 — BF)(9 — (1 — 28F)) — a ( fi (36 + 8(BF — 26)) + 26da.f;)— )

fi (18 = 6(BF + 28) + 20 fi) + 2867
54

€; =
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Second Stage. The artisanal organization chooses quotas and fines that maximize joint profits.

Differentiating the artisanal’s organization problem with respect to e;, and solving by e;, yields

o — 09+ 0(BF = 2)(BF + 1) + da (fi + f5) [ (fi + fj) +28F —1])
e 18

—EjZO

The first order conditions are symmetric across fishermen. Invoking symmetry, we obtain

. — 019+ 0(BF —2)(BF + 1)+ da(fi + f;) (a(fi + f3) + 28BF — 1)
L 36 ‘

Setting it equal to the equilibrium first-period appropriation, e;(f;, f;), we find

§ — 18 — 808F) + 3/36 + 245 BF + (§ + 25 BF )2
46 '

fir) =
which is positive for all a > 0 values.

First Stage. The regulator chooses an aggregate quota and fine that maximize joint profits

for both periods, including the environmental damage d, as follows

max 7, = {ei _ e(ee—i—e]) + 6n2F (2R (E), xf(E))] ~ d(e; + 61;)
€i,ej>

+ [ej - e](ee—i—e]) + o " (w?(E),wf(E»} — d(e; + 6x5)

Then, differentiating with respect to e; and e; and solving, we obtain the following result.

0(26 + d5(4 + 5(1 + 28F) — ®) + 268F (12 + 5(1 + 28F) — @) — 24(® — 6))

€; = 15 —ej

where ® = /36 + 2463F + (§ + 263F)2. The first order conditions are symmetric across fish-

ermen. Invoking symmetry, we obtain

sy 036 —6® +3(2+ d(4+ 6(1 + 28F) — ®) + 28F(12 + 6(1 + 28F) — ®)))

)

84
Setting it equal to the equilibrium first-period appropriation, ef’IN, we find that FBIN = 22‘;%55.
However, since 22‘5‘%65 < 0 for all admissible parameters, FBIN = 0, implying that

N _ 01606 - A)+5(2+d(4+0 - A4))]
B 80

where A = (36+52)1/2, and satisfies aeg;lm = 0(4+5_A), which is negative for all values of §,

8
B,IN

entailing that e is unambiguously decreasing in d.

Therefore, the organization’s fine evaluated in equilibrium is fiB’IN = %. Finally, evalu-
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ating our results on z;(fi, f;, F') we obtain

pan 06406 — A)[6(A—6)+0(2+4g+d(A—4—3))
i = 1662

I

) . dzBIN  _ 9(6+5—A)(A-4-0)
which satisfies “; 166

is unambiguously increasing in d. Evaluating e®/Y and %Y at d = 0, we find that

which is positive for all values of §, implying that 251V

8.10 Proof of Lemma A1

Fifth stage. In this stage, every fisherman i takes the second-period fines from the AO as given,
t; and t;, and the fine from the R as given, F' (which he sets in the first period and cannot revise).

Therefore, every fisherman 4 faces the same second-period maximization problem as in the fourth
[0(1+9)—E](2—2a(2fi—f;)—BF)
6 9

stage of Lemma 4, yielding an equilibrium extraction z;(f;, f;, F') =
where E = ¢e; + ;.

Fourth stage. The AO seeks to induce the second-period appropriation levels, x; and x;, that
maximize its objective function. Its maximization problem coincides with that in Proposition 2,
particularly under B (fifth stage in that context), and evaluated at a fine from the R of T = F
since in our current setting the R only chooses its policy at the beginning of the game. Specifically,
the AO seeks to induce z} = [Q(HQ)_EM_’BT).

Third stage. Every fisherman ¢ anticipates second-period profits of 7
A G ) _ [0(+9)-E)1-p*F?)
9(1+g) JE’ ml,x]) - 9
period appropriation, e;, that solves

a:z,x]) =z} —

. Therefore, fisherman i chooses the first-

2nd(

which yields 7274(

1st 2nd
Ierzlg%( T (67;76])4—571' " (:szx_])

where 7} (e;, e;) = e; — W —afi(ei—&) — 57F(ei + e; — €) denotes first-period profits, and
2”‘1(17 xj) was found above. Differentiating with respect to e; and solving for e;, yields the best

response function

_ 6[8(1— fia) 6~ FA(4—FB)] 1
ei(ej) = 16 - 5 J

and a symmetric best response function arises for fisherman j # 4. Simultaneously solving for e;

and ej, we obtain
__ 0I8+8alf; —2f) — 5 - FB(A— FB0)]
L 24

Second stage. In this stage, the AO seeks to induce the first-period appropriation levels, e;

and ej, that maximize its objective function. That is,

max [ Lst (ez,e]) +57r2”d(a:2,xj)} + [ }St(el,e]) + 57r2”d(xl,:c])]
e;,e;j >0
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where the AO anticipates the second-period profits that each fisherman will earn in the second

period, as shown above. Differentiating with respect to e; and e;, and simultaneously solving for e;
0[4—5(1+FB)|(1—Fp)
16

and e;j, yields e} = . To induce this appropriation level, the AO sets a first-period

fine pair (f;, f;) such that 0[8+8a(fj_Zfi)Qj_FBM_FBé)] = 9[475(1+€65)](17F5) for both ¢ and j, which

. 446+ FB(4—6F
yields f; = f; = Ao+ FPE—0lp) 166(& B,

First stage. In this stage, the R seeks to induce the first-period appropriation levels, e; and

ej, that maximize total welfare, that is,

1 2nd 1 2nd
Jﬁ?ﬁo 7" (ei, €5) + O™ (xf,x;)} + [ﬂjSt(ei, ej) +om;" (ac;‘,xj)} —d(ei+ej+06 (z] +13))
which is evaluated at the equilibrium second-period appropriation levels, =7 and z}, found in the

fourth stage. Differentiating with respect to e; and e;, and simultaneously solving for e; and ej,
0[4(1—d—FB)—6(1—2d+FB)(1—FB)]

yields e;* = 16 . To induce this appropriation level, the R sets a first-
period fine F' such that 6[4(1_'1_1%)_6(16_2d+FB)(1_F6)} = 9[4—6(1+11T§’)](1—F6)7 which yields F' = ‘i;—ﬂ?,

which is negative since 6 € [0,1], entailing that FZP'N = 0 in this context. As a consequence,

the first-period equilibrium appropriation becomes 611‘3 WPIN %{M
equilibrium appropriation of xf PIN _ 0[4+ 89*%22‘1(2*5)]‘

and a second-period

against eV from Lemma 4, we obtain that the difference

7942 _
elB’PIN BN O[124-72-0 +2d5(4 6)], , where A = (36 + 52)1/2 as defined in Lemma 2. This

) - 160
. . . 2_ 2_ . . .
difference is positive for all d > %. However, cutoff % is negative because its

B.PIN
i >

B,PIN BJIN _,.
; —e; satisfies

Comparisons. Comparing eIV

numerator (denominator) is unambiguously negative (positive). Therefore, condition e
ezB’IN holds for all admissible values of d > 0. In addition, the the difference e

9(eBPIN _ B.IN _ o . .
(e e« ) = 9(A8 6) < 0 for all admissible parameters. Comparing now :L‘f’PIN against :L‘f’IN
—6)(A—6)+536— 2
from Lemma 4, we obtain that a;ZB’PIN < xiB’IN for all d > 2060 %Tjiffggﬁgfi#% (+29) —

dpIN-

8.11 Proof of Corollary 2

First-period appropriation. When only the R is present, we obtain

FPDR = PN —efF
0[(G—6)2+46(43 + G —d(37 +2G)) — 6*(3d — 5)(11d — 9)] (1 — d)(4 — 6 (1 — d))

7846 16

which, in the case that § = 1, simplifies to

9[:w+9az+@—4u+dﬂ2
784

FPDE =

IN F
iR7 > eZR7
0(v37-4)

784

the numerator is positive for all admissible parameter values. Therefore, e , entailing

that FPD® > 0. When d = 0, this inefficiency simplifies to FPD® =
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When only AO is present, first-period appropriation levels in the inflexible and flexible regimes,
?O’IN and efo’F, coincide with those found in Section 5, that is, e;-AO’IN = e?O’IN and e;-AO’F =
AOIN  AO.F

% i ’

e

e?O’F. As shown in Corollary 1, e

AOIN _ aop _ 0(18+06— 3v36+6%)  0(4-19)

‘ : 46 16
(724 6°—1261/36 + 62)0
B 16
_(73-12V/37)8
B 16

which is positive for all # > 0 and § = 1, since e?O’IN — e?O’F = 0.6260. Therefore, ef‘o’[N > e?O’F,
which implies that FPDAC > 0 in this regulatory setting too. This inefficiency is unaffected by d.
When both AO and R are present, the difference between first-period appropriation levels

(evaluated at § = 1) is

FPDE = PN _PF
_0[38—-6V37T—d(V37T-5)] 6(1-d)(3+d)
B 8 16
013 —-12V374d (12 - 2v/37 +d)]
B 16
Lo " . B,IN BF . .
which is positive for all admissible values of § and d. Therefore, e; > e, ", implying that

FPD? > 0. When d = 0, this inefficiency simplifies to FPD? = w_

Second-period appropriation. When only the R is present, we find that (note that G
evaluated at § = 1 simplifies to G = [37 + 18d + 9d?] 1/2)

SPDR = it _ pRIN
01 —d)(5+8g+d(2+d)) ~ 0(11 = 3d — G)(2G + 989 + 48)
B 32 2744
_0[1372(1 — d)(5+ d(2 + d) + 8g) + 32(G + 3d — 11)(24 + V3T +49g)]
B 43904
which is positive for all admissible values of ¢ and d, therefore, SPD® > 0 and xf’F > :z:f’IN.

[1372(5+89)+32(v/37—11)(244+/37+49g)]

When d = 0, this inefficiency simplifies to SPD® = 0

43904 .
When AO is present, we obtain that
SPDA0 — :c-AO’F — :E-AO’]N
_ 05+8g)  (7T—V37)(29 - 17+3V37)0
N 32 8
01925 —152V/37 + 89(v/37 — 6)]
N 32
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which is positive for all admissible parameter values. Therefore SPDAC > 0, which implies that
AOF _  AOIN

When both AO and R are present, we obtain that

X

SPDB = a:ZB’F—a:f’]N
01 —d)[5+89+d(2+d)] 0(7T—A)[6A—36+(2+4g+d(A—5))]
B 32 16
~0]925 —152v/37 + 89 (V37 — 6) +d (141 — 24V/37 — d(1 + d) — 8g)]|

32

which is negative for all d = v/37 — 6 ~ 0.08, but positive otherwise. When d = 0, this inefficiency

simplifies to SPDP = 9[925_152\/f;89(\/§_6)].

Under flexible policies, for first-period appropriation we obtain that

Aor _ rr _ 30 0(1—-d)3+d)
! ! 16 16
2+ 4d-3)0
B 16

R,F

which is positive for all d > % In contrast, e;”" = ef’F for all parameter values. Similarly, for

second-period appropriation, we find that

v ' 32 32
_ 0d(B+d+d*+8g)
B 32

AO

which is positive for all admissible values of d and g. Hence, x; s CL‘Z»B’F and 270" = xZB’F holds

i

under all parameter values.

8.12 Proof of Corollary 3

Comparing FPD® and FPDA9, we obtain that

2
. o OVETENRFD - 40+ d)| (73120370
FPDR - FPDA0 = i ———

0 H 371 9d(2 +d) — 4(1+ d)] Y 49(73-12V/37)
784

Hence, FPD® — FPDAC is positive if and only if d < 0.68 and, thus, FPD® > FPDA0,
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Comparing FPD® now against FPD?, we find that

2
0 37+9d(2+d)—4(1+d) —19 19 -9
FPDR_ PPDB [ } C0[73-12V37+d( V37 +d)]

784 16
o [[\/37+ 0d(2 + d) — 4(1 + d)}2 — 49 [73 = 12V/37 — d (12 — 2V/37 + d)]
B 784

which is positive if and only if d < 0.28. Comparing now FPD? and FPDA?, we obtain that

rpp? _ pppio _ 0113 - 12\/§+c116(12—2\/ﬁ+d)] - (731126\/37)9
0d (12 — 2/37 + d)

16

which is weakly positive if and only if d > 2(v/37 — 6) ~ 0.17, implying that FPD? > FPDAC;
and becomes zero when d = 0, implying that FPD? = FPDA0,
Finally, comparing F'PD?(d) and FPD%(0), we obtain

2
0[\/37+ 942 +d) — 4(1 +d e
FPDR(d) — FPDR(0) — V37 402+ d) — 41+ ) 0(V3T-4)

781 784
0 H 374042+ d) AL+ )] (\/ﬁ—zﬂ
B 784

which is negative for all admissible values of d, implying that FPDf(0) > FPD*(d). In contrast,
FPDB(d) > FPDB(0) = FPDA9, since

FPDB(d) — FPDB(0) = 0[73 - 12v37 + ‘116(12 —2V37+d)]  6(73 —1:32\/@
0d (12 — 2v/37 + d)

16

which is weakly positive if and only if d > 2(v/37 — 6) =~ 0.17, implying that FPDB(d) >
FPDB(0) = FPDA9; and becomes zero when d = 0, implying that FPD?(d) = FPD?(0) =
FPDAC,
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8.13 Proof of Corollary 4

Comparing SPDf and SPD®, we obtain that

SPDR_ SPDP — [9(1372(1 —d)(54d(2+d) +8g) + 32(G + 3d — 11)(24 + ¢37+4gg))]
43904

- [9 [925 — 152/37 + 8¢ (v/37 — 6) + d (141 — 24/37 — d(1 + d) —89)]]
32

which is positive for all admissible parameter values, entailing that SPD® > SPD®. Comparing
now SPD®E and SPDA9, we find that

SPDE — sppA°

[9 (925 — 152V/37 + 8¢ (v/37 — 6) + d (141 — 24/37 — d(1 + d) — 89)]]

32
| 6(925 — 152v/37 + 89(V/37 — 6))
32
_ 0d[141 — 24V/37 — d(1 + d) — 8]
B 32

which is weakly negative for all admissible parameter values and, thus, SPD4° > SPD?"; and is
zero if d = 0 implying that SPDAC = SPDB. Comparing now SPDF and SPDA?, we find that

SppR_ gppA0 0(1372(1 — d)(5 + d(2 + d) + 8g) + 32(G + 3d — 11)(24 + /37 + 499))
43904
- [9(925 — 152V/37 + 8¢(v/37 — 6))
32

0(1372(1 — d)(5 + d(2 + d) + 8g) + 32(G + 3d — 11)(24 + /37 + 49¢)
—1372(925 — 152v/37 4 8¢(V/37 — 6)))
43904

which is positive if and only if d < C/i\, where cutoff d solves

d[24+/37 — 453 — 343d(1 + d) + 8 (65061/37 — 39709 + G (24 + V/37)) |
7= 392 (7v/37 — 38 + 4d — G)
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Comparing SPDF(d) and SPD®(0), we obtain

SPDR(d) — SPDR(0) — [e(1372<1 —d)(5+d(2+d)+ 89)4;9233(6' +3d—11)(24 + V37 + 499))]

0(2744(8g + 5) — 32(1/37 — 11)(18 — 2v/37 — (66 + 989)))
a 87808

0(343(1 — d)(5+ d(2 + d) + 8g) — 343(5 + 8g) — 8(V/37 — 11)(24 + /37 + 499)
+8(3d 4+ G — 11)(24 + /37 4 499))

10976

which is negative for all admissible parameter values and, thus, SPD®(d) > SPD*(0). In addition,
SPDB(d) < SPDB(0), since

SPDP(d) — SPDP(0) = [9 (925 — 152V/37 + 8¢ (/37 — 6) -53-20[ (141 — 244/37 — d(1 + d) — 8g)]
- [9(925 — 152¢/37 + 8¢(V/37 — 6))
32

which is negative if and only if d > J, where cutoff d solves

~3044/37 — 1850 + d (24v/37 — 141 + d(1 + d))
9= 8 (2v/37 — 12 — d) '

When d = 0, this condition holds, entailing that SPD?(d) = SPD?(0).

References

[1] Arnason, R. (2009) “Fisheries management and operations research,” European Journal of
Operational Research, 193(3), pp. 741-751.

[2] Atapattu, A. (1993) “Territorial use rights in fisheries (TURFSs) in Sri Lanka,” in FAO/Japan
expert consultation on the development of community-based coastal fishery management sys-
tems for Asia and the Pacific. FAO Fish. Report 474 (Vol. 2, pp. 568-583). Rome: Food and

Agriculture Organization.

[3] Boyce, J. R. (2000) “Comment: Efficiency of ITQs in the presence of production externalities,”
Marine Resource Economics, 15(3), pp. 233-243.

[4] Cash, D.W., Adger, W.N., Berkes, F., Garden, P., Lebel, L., Olsson, P., and Young, O. (2006)
“Scale and cross-scale dynamics: governance and information in a multilevel world,” Ecology
and Society, 11(2).

48



[5]

[11]

[12]

Cancino, J.P., Uchida, H., and Wilen, J.E. (2007) “TURFs and ITQs: collective vs. individual
decision making,” Marine Resource Economics, 22(4), pp. 391-406.

Chavez, C., and Salgado, H. (2005) “Individual transferable quota markets under illegal fish-
ing,” Environmental and Resource Economics, 31(3), pp. 303-324.

Costello, C.J., and Kaffine, D. (2008) “Natural resource use with limited-tenure property

rights,” Journal of Environmental Economics and Management, 55(1), pp. 20-36.

Danielsson, A. (2000) “Efficiency of ITQs in the presence of production externalities,” Marine

Resource Economics, 15(1), pp. 37-43.

Department of Fishery and Oceans (2006a) “Pacific Region integrated fisheries management
plan, rockfish hook and line, inside, April 1/2005 to March 31/2006,” Fisheries and Oceans
Canada, https://science-catalogue.canada.ca/record=41035607S6.

Department of Fishery and Oceans (2006b) “Pacific Region integrated fisheries management
plan, Schedule II- other species (lingcod, dogfish, skate, sole, flounder and Pacific cod by hook
and line), April 1/2005 to March 31/2006,” Fisheries and Oceans Canada, https://science-
catalogue.canada.ca/record=41024527S6.

Edwards, Eric C. and Todd Guilfoos (2021) “The Economics of Groundwater Governance
Institutions across the Globe,” Applied Economic Perspectives and Policy, 43(4), pp. 1571-94.

Faysse, N. (2005) “Coping with the tragedy of the commons: Game structure and design of

rules,” Journal of economic surveys, 19(2), pp. 239-261.

Froese, R., and Pauly, D. eds. (2021) FishBase. Available at www.fishbase.org (version
08/2021).

Gulf of Mexico Fishery Management Council (2013) “Red Snapper Individ-
ual Fishing Quota Program 5-year Review,” April, https://gulfcouncil.org/wp-
content /uploads/c. Background Red-Snapper-5-year-Review-FINAL.pdf.

Hannesson, R. (2011) “Game theory and fisheries,” Annual Review of Resource Economics,
3(1), pp. 181-202.

Hardin, G. (1968) “The tragedy of the commons,” Science, 162, pp. 1243-1248.

Harkes, I. and Novaczek, I. (2002) “Presence, performance, and institutional resilience of
sasi, a traditional management institution in Central Maluku, Indonesia,” Ocean and Coastal
Management, 45(4-5), pp. 237-260.

Holland, D. (2018) “Collective Rights-based Fishery Management: A Path to Ecosystem-based
Fishery Management,” Annual Review of Resource Economics, 10(1), pp. 469-85.

49



[19]

[20]

[21]

[22]

[24]

[25]

Huang, L., and Smith, M. D. (2014) “The dynamic efficiency costs of common-pool resource

exploitation,” American Economic Review, 104(12), pp. 4071-4103.

Isaksen, E.T. and Richter, A. (2019) “Tragedy, property rights, and the commons: Investigat-
ing the causal relationship from institutions to ecosystem collapse,” Journal of the Association

of Environmental and Resource Economists, 6(4), pp. 741-781.

Jeli¢ Mrcelié, G., Nerlovi¢, V., Sliskovi¢, M., and Zubak Cizmek, I. (2023) “An Overview of
Atlantic Bluefin Tuna Farming Sustainability in the Mediterranean with Special Regards to
the Republic of Croatia,” Sustainability, 15, 2976.

Kotchen, M.J. and Segerson, K. (2019) “On the use of group performance and rights for
environmental protection and resource management,” Proceedings of the National Academy
of Sciences, 116(12), pp. 5285-5292.

Lai, T.P. (2008) “Fisheries Co-management in Vietnam: Issues and Approach,” in: Proceed-
ings of the International Institute of Fisheries Economics and Trade Conference (IIFET),

Vietnam Policy Day, Nha Trang, Vietnam.

Lilly, G. R., Wieland, K., Rothschild, B. J., Sundby, S., Drinkwater, K., Brander, K., Ottersen,
G., Carscadden, J. E., Stenson, G. B., and Chouinard, G. A. (2008) “Decline and recovery
of Atlantic cod (Gadus morhua) stocks throughout the North Atlantic,” in Kruse, G. H.,
Drinkwater, K. F., Tanelli, J. N., Link, J. S.; Stram, D. L., Wespestad, V., and Woodby, D.
(eds.) Resiliency of gadic stocks to fishing and climate change, Alaska Sea Grant, University
of Alaska Fairbanks, Fairbanks, Alaska, USA. https://doi.org/10.4027 /rgsfcc.2008.

Mace, P. M., Fenaughty, J. M., Coburn, R. P., and Doonan, I. J. (1990) “Growth and produc-
tivity of orange roughy (Hoplostethus atlanticus) on the north Chatham Rise,” New Zealand
Journal of Marine and Freshwater Research, 24(1), pp. 105-19.

Marine Stewardship Council (2021) “Shifting stocks and international catch quotas,” by
Erin Priddle, MSC Regional Director, Available at https://www.msc.org/what-we-are-

doing/oceans-at-risk/shifting-stocks-and-international-catch-quotas.

Mason, C.F. and Polasky, S. (1994) “Entry deterrence in the commons,” International Eco-
nomic Review, pp. 507-525.

Negri, D. H. (1989) “The common property aquifer as a differential game,” Water Resources
Research, 25(1), pp. 9-15.

Ostrom, E. (1990) Governing the Commons: The Evolution of Institutions for Collective Ac-

tion, Cambridge University Press.

Ostrom, E. (2010) “Beyond Markets and States: Polycentric Governance of Complex Economic
Systems,” American Economic Review, 100 (3), pp. 641-72.

50



31]

Ostrom, E. (2012) “Nested externalities and polycentric institutions: must we wait for global
solutions to climate change before taking actions at other scales?” Economic Theory, 49,
pp.353-369.

Ovando, D.A., Deacon, R.T., Lester, S.E., Costello, C., Van Leuvan, T., Mcllwain, K., Strauss,
C.K., Arbuckle, M., Fujita, R., Gelcich, S., and Uchida, H. (2013) “Conservation incentives

and collective choices in cooperative fisheries,” Marine Policy, 37, pp. 132-40.

Quynh, C.N.T., Schilizzi, S., Hailu, A., and Iftekhar, S. (2017) “Territorial Use Rights for
Fisheries (TURFs): State of the art and the road ahead,” Marine Policy, 75, pp. 41-52.

Segerson, K. (2022) “Group Incentives for Environmental Protection and Natural Resource

Management,” Annual Review of Resource Economics, 14(1), pp. 597-619.

Uchida, H. and Makino, M. (2008) “Japanese coastal fishery co-management: an overview,”
In: Townsend R., Shotton R. and H. Uchida (eds). Case studies in fisheries self-governance.
(FAO Fisheries Technical Paper. No. 504). Food and Agriculture Organization of the United
Nations, Rome, pp. 221-229.

Villena, M. and Chdvez, C. (2005) “On the enforcement of territorial use rights regulations: a

game theoretic approach,” Revista Economia, 6, pp. 1-44.

Wanchana, W., bin Ali, A., and Arnupapboon, S. (2016) “Application of Standard Operating
Procedures for Collecting Data on Sharks and Rays in Southeast Asian Countries,” Fish for
the People (Southeast Asian Fisheries Development Center), 14 (3), pp. 51-55.

Zhou, R. and Segerson, K. (2016) “Individual vs. collective approaches to fisheries manage-

ment,” Marine Resource Economics, 31(2), pp. 165-192.

51



