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Abstract

Regulators often impose trade restrictions in environmental permit markets to redis-
tribute value to groups that do not directly benefit from permit trade, such as labor
in regulated firms, at the expense of lowering gains from trade. I evaluate the effi-
ciency and distributional impacts of two common trade restrictions in Iceland’s fish-
eries permit market: segmented trading by firm size and individual production re-
quirements. Using detailed harvest and permit trading data linked to administrative
records on worker employment and earnings, I conduct a difference-in-differences
analysis showing that permit trade increases the harvest share of productive boats
by 15 percentage points, shifts income from lower- to higher-income workers, and
reduces aggregate labor intensity by 12%. I further demonstrate that the trade restric-
tions, designed to counteract these labor impacts, are binding and lower productivity.
To quantify the distinct trade-offs from each restriction, I develop a model of fishery
production and permit trading to simulate profits, labor demand, and worker earn-
ings in equilibria without the restrictions. Per dollar of foregone profit, segmentation
increases labor demand 20 times more than the production requirement, while the
production requirement redistributes 14% more income to low-income workers than
segmentation. Implementing both restrictions outperforms the production require-
ment alone and is preferable to segmentation alone if regulators aim to balance job
creation with a compressed income distribution.
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1 Introduction

Environmental permit markets are widely used to manage commons like air, water, lands,
and fisheries Their appeal lies in achieving abatement or production targets at min-
imum cost by setting an aggregate cap, allocating permits, and allowing producers to
trade them (Crocker 1966; Dales 1968). However, policymakers often have goals beyond
cost-effectiveness, such as job protection or reducing income and environmental dispari-
ties. Unrestricted trading can undermine these objectives. While the sale of initial permit
allocations provides lump-sum transfers (Montgomery 1972), these benefits mainly ac-
crue to firm owners, limiting their potential to address redistributive concerns involving
workers or local communities. These concerns can even drive policymakers to avoid envi-
ronmental markets altogether (Grainger and Parker 2013; Newell, Pizer, and Raimi 2014;
Ryan and Sudarshan 2024).

When regulators do adopt market-based policies, they often restrict permit trading to
prevent production changes and to meet redistributive goals. Two common designs are
to segment permit markets by producer characteristics like size or to require producers to
use rather than sell a fraction of their allocated permits. Such limits are commonly pro-
posed and implemented in permit markets in fisheries (Kroetz, Sanchirico and Lew 2015;
Ho 2023), wetlands banking (Aronoff and Rafey 2024), water (Gillig et al. 2005; Hagerty
2023), and air pollutants (Fowlie and Perloff 2013; Burtraw and Roy 2023; Robertson et al
2024; Shapiro and Walker 2024). Trade restrictions in pollution markets may prevent un-
due pollution exposure in marginalized communities. In resource settings, trade restric-
tions can benefit labor by increasing the number of jobs (labor demand) or preventing the
concentration of earnings in higher-paying firms. These benefits are important if workers
cannot recover earnings elsewhere or shift to more productive firms, or if there is a desire

to preserve a “way of life” in the commons

What are the efficiency and distributional consequences of trading limits in permit mar-
kets? Answering this question requires understanding how segmentation and produc-

tion requirements affect equilibrium permit prices and corresponding production choices.

'Roughly a fifth of global greenhouse gas emissions are covered by emissions trading schemes (World
Bank, 2024). Emissions trading has been central in policies like the U.S. Clean Air Act Amendments
(Schmalensee and Stavins 2019; Shapiro and Walker 2023), and about a third of fisheries operate under
tradable catch share regimes (Costello et al. 2016). Payments-for-ecosystem-services programs account for
around $40 billion in annual transactions globally (Salzman et al. 2014).

2For example, Congress passed a six-year moratorium on permit trading in America’s fisheries due to
the “challenge...to maintain employment and a cherished way of life in fishing communities” (NAAS 1999).



First, I present a stylized theoretical framework to demonstrate the profit and production
effects of these regulations. Segmentation creates distinct permit prices across market
segments, while the production requirement rotates the supply curve, with each low-
ering the gains from trade. Answering the question also requires mapping production
choices to the redistributive outcomes of interest to the regulator, in my case labor de-
mand and worker earnings. I therefore must know how firm owners and labor split the
returns from harvesting different quantities. With equilibrium production changes, profit
functions, and linkages to worker outcomes, I can evaluate the cost of redistribution: the
foregone profits against increased labor demand and earnings to low-income workers, in

markets with trade restrictions versus ones without them.

These efficiency-distribution trade-offs are fundamental to environmental market design,
as policymakers frequently debate how to alleviate losses for adversely impacted groups.
I explore these trade-offs in the context of Iceland’s fisheries permit market, one of the
world’s oldest and largest in harvest terms. Permits to harvest fish are freely allocated,
but firms are restricted from selling more than half their allocation (the production require-
ment). In addition, the cap on total harvests is spit between small and big boats, with
no trading allowed between them (segmentation). The intended gains are more jobs and
shifts in earnings to groups that otherwise lose out from permit trade. The production re-
quirement supports crews on boats that might otherwise sell most of their permits, while
segmentation protects small-boat crews by preventing permit sales to larger boats. These
groups can be distinct depending on the permit allocations, average incomes of workers

across boats of different sizes, and how profitability relates to size.

The setting provides detailed data to assess the impacts of permit trading and the trade
restrictions. I combine data on daily harvests, boats, and prices; regulatory data on permit
trades and allocations; and administrative records of workers” employment and earnings
histories. Observing daily harvests and permit transactions reveals productivity hetero-
geneity while linking permit holdings to harvests and profits. Fixed crew sizes and ob-
served revenue-sharing schemes allow me to map production choices to labor demand
(person-days) and earnings.

I analyze the expansion of permit trading to small boats to assess its impact on produc-
tivity, labor demand, and income redistribution. Before 2001, small boats could not trade
permits; afterward, they could trade in a segmented market with some medium-sized

boats, while large boats were already in a permit market. A difference-in-differences anal-



ysis comparing small boats entering trading in 2001 to large boats already trading reveals
gains from trade: boats with above-median harvests per person-day gained 15 percentage
points in harvest share from less productive boats, relative to the initial permit allocation.
However, as higher-productivity boats are less labor-intensive, aggregate labor demand
fell by 12%. Among workers who remain in fishing, permit trading redistributed earn-
ings from low- to high-income workers, increasing income dispersion. Low-productivity
boats, which pay lower wages, lost harvests, widening the earnings gap between low-and
high-income fishery workers by 25%. These effects are amplified in this setting because
crew wages are tied to harvest revenue through bargaining agreements, and workers do

not offset lost earnings with income outside the fishery.

Next, I examine the efficiency impacts of the two trading limits. The production require-
ment binds, with 16% of firm-years bunching just above 50% of their permit allocation.
Bunching firms have 10% lower average daily harvests than nearby non-bunching firms,
indicating increased production on labor-intensive, low-earning boats. For permit market
segmentation, I find that permit prices are 30% lower on average in the small-boat mar-
ket, leading to higher aggregate harvests among small boats, which are labor-intensive

and have lower-income workers, than would prevail in a unified market.

The reduced-form analyses provide evidence of gains from trade, redistributive impacts,
and effects of trade restrictions. Quantifying efficiency costs and isolating the impact of
each restriction requires counterfactual market equilibria: how permit prices and corre-
sponding permit choices, earnings, and labor demand change without the production
requirement or market segmentation. To achieve this, I develop a joint model of permit
trading and production decisions that links permit choices to prices and profits, aggre-
gating them to construct permit supply and demand curves. Earnings are tied to permit
choices through revenue-sharing regimes, and labor demand is determined by the fixed
crew size and the days needed to harvest the permit amount.

In the model, boats vary in profitability based on observable traits. After trading permits,
they face daily cost shocks and select the highest-profit days to meet their permit quan-
tity. Each boat’s permit quantity, meanwhile, is where marginal profits equal the permit’s
shadow cost (permit price plus transaction costs). However, they must also harvest at
least half their permit allocation. Gains from trade arise from differences in marginal
profits and in permit allocations. A portion of harvest revenue goes to labor earnings and

the remainder to boat owners, who also take the gains or losses from permit trade.



There are two objectives in estimating the model. The first is to estimate the permit
choice function and its relationship to profits. This requires the parameters of the daily
cost shock distribution and the transaction cost function. Choices of days with varying
revenue identifies the variation in daily cost shocks, while the optimality condition on
permit choice identifies mean daily costs. I estimate transaction costs by relating permit
allocations to permit choices, conditional on boat characteristics. Due to the lack of an
analytical solution for the day choice likelihood, I use the method of simulated moments
(Pakes 1986) to estimate these parameters and construct the permit choice and profit func-
tions. The second objective is to link permit choices to labor demand and earnings. Fixed
crew sizes, labor earnings tied to harvest revenue, and worker-firm connections enable
estimation of labor demand (person-days) and earnings in relation to harvest revenue.
The revenue-earnings relationship and labor demand functions are then held fixed in al-

ternative market designs.

I can then isolate the effect of each trade restriction by simulating counterfactual market
equilibria with the estimated profit and permit choice functions. Without the production
requirement, boats make an unconstrained permit choice. Without segmented markets,
all boats face the same permit price. I search for the new equilibrium permit price (or
prices if the market is segmented) that clears the counterfactual market at the aggregate
permit supply found in the data. Differences in total profits between the market equilib-
rium and production at the given permit allocation gives the gains from trade. The gains
from the market with restrictions are still considerable, increasing aggregate profits by
12% above a benchmark where boats are forced to harvest their permit allocation.

Comparing markets with each restriction to a simulated market without the trade re-
strictions, I find that segmentation reduces gains from trade by only 5% across all years
despite 30% differences in permit price, as permit supply and demand are inelastic (the
marginal profit curves of small boats are very flat). In equilibrium, the production re-
quirement imposes a greater constraint on production, destroys more gainful trades, and
lowers gains from trade by 15%.

The policies have distinct benefits. Market segmentation increases labor demand. It shifts
production to smaller, more labor-intensive boats, increasing labor demand by about one
person-day for every thousand dollars of foregone profit, compared to a market without
trade restrictions. This effect is 20 times greater per dollar than that of the production



requirement. The difference in average labor intensity between small and large boats is
much larger than high net sellers whose harvests increase under the production require-
ment relative to the rest of the fishing boats, and segmentation has only half the efficiency
cost. Converting person-days to estimates of jobs, I find that segmentation costs about $76
thousand per job created, well within the range of other types of government investment
programs in wealthy countries and considerably lower than tariffs or “buy domestic” re-

quirements.

Meanwhile, the production requirement is more effective at redistributing income, rais-
ing incomes for bottom-quintile workers by 14% more per dollar of foregone profit when
compared to segmentation. The difference stems from segmentation benefiting small-
boat workers, who are higher in the income distribution than those on boats selling much
of their allocation. However, these restrictions are a costly form of redistribution: trans-
ferring a dollar from the top to the bottom half of the fishery income distribution via the
production requirement costs $6.19, nearly four times the cost of redistribution through
the US tax code (Hendren 2020) and also higher than other regulatory tools like elec-
tricity pricing (Borenstein 2011). The redistribution primarily benefits low-income fish-
ery workers, who earn relatively high wages when working on fishing boats but have
lower overall lifetime incomes. The rationale for these trade restrictions is less about ef-
ticient redistribution and more about ensuring that fisheries offer more high-earning job
opportunities—often among the best-paying jobs these workers can secure in their work-

ing lives—and about preserving a threatened “way of life.”

Combining the two trade restrictions outperforms the production requirement alone, in-
creasing labor demand more while achieving similar redistribution to low-income work-
ers per dollar of foregone profit. This approach also shifts costs, transferring losses from
low-profit small-boat owners to the highest-profit boat owners, who are net buyers in the
permit market and face reduced profits as permit prices rise. If job creation were prior-
itized over equity, segmentation alone might suffice. However, combining the policies
allows regulators to balance labor demand and income redistribution, supporting both

job creation and higher incomes for low-income fishery workers.

Related literature. This paper’s main contribution is to assess trade-offs in different
permit market designs when regulators have redistributive aims for groups that do not
benefit from permit trade. I focus on two common design choices: segmentation of per-
mit markets and individual trade restrictions.



I motivate my modeling approach with reduced-form evidence of reallocation from the
staggered introduction of permit trading, as assessed in air pollution (Greenstone et al.
2022; Colmer et al. 2024) and fisheries (Costello, Gaines, and Lynham 2008; Lee and
Thunberg 2013, 2019; Reimer et al. 2014; Isaksen and Richter 2018; Ardini and Lee 2018)E|
I build on research estimating costs through structural models of firm choices (Carlson
et al. 2000; Ellerman et al. 2000; Borenstein et al. 2002; Keohane 2006; Chan 2015) and
compliance costs inferred from permit prices under firm conduct assumptions (Fowlie,
Knittel, and Wolfram 2012; Deschenes, Greenstone, and Shapiro 2017; Shapiro and Walker
2021). Productivity gains from tradeable permit schemes have been studied in fisheries
(Ho 2022; Reimer et al. 2022), though most work evaluates overall impacts of permit trad-

ing rather than trade-offs inherent in market design choices.

The project also complements work investigating sources of inefficiency in environmen-
tal markets (Hahn 1984; Fowlie 2010; Hahn and Stavins 2011; Regnacq, Dinar, and Hanak
2016; Hagerty, 2023; Aronoff and Rafey 2024), the impact and value of design choices
like banking or permit allocation rules (Fowlie and Perloff 2014; Toyama 2024), and the
functioning of environmental markets using aggregate variables (Joskow, Schmalensee,
and Bailey 1998; Newell et al 2005; Arnason, 2005). A smaller set of research focuses on
the production and price impacts of the segmentation and production restrictions at the
center of my analysis (Kroetz, Sanchirico, and Lew 2015; Burtraw and Roy 2023).

In highlighting heterogeneous impacts across firms and workers, the project contributes
to a large literature on the distributional impacts of environmental damages and regu-
lation (e.g. Hsiang, Oliva, and Walker 2015; Grainger and Parker 2013; Grainger and
Costello 2015; Mansur and Sherriff 2021; Hernandez-Cortes and Meng 2023). Of particu-
lar relevance are papers on the impact to jobs and earnings from air pollution regulation
(Greenstone 2002; Walker 2013) and the energy transition (Colmer et al 2023). This work
highlights the kinds of distributional concerns that often motivate less efficient policies
(Ryan and Sudarshan 2023). In my case, the policies create alternative permit market
equilibria, akin to a recent literature assessing market designs based on outcomes rele-
vant to policymakers, not just notions of allocative efficiency (Agarwal, Hodgson, and
Somaini 2020; Aspelund and Russo 2023).

3For details on changes in fisheries production as the permit market was introduced, see Arnason (1996;
2005; 2012), Mathiasson and Agnarsson (2010), and Agnarsson, Matthiasson, and Giry (2016), and other
cites therein.



This project contributes to the literature on the production and efficiency impacts of reg-
ulatory design. Researchers have studied firm responses to regulations based on region,
age, size, or sector, estimating implicit taxes from these designs (Becker and Henderson
2000; Gao et al. 2009; Bushnell and Wolfram 2012; Fowlie, Knittel, and Wolfram 2012;
Garicano et al. 2016; Fowlie and Reguant 2022; Ito and Sallee 2018; Costello and Grainger
2022). My paper extends these analyses by quantifying and comparing trade-offs in regu-
latory design, evaluating efficiency costs and gains to targeted groups, similar to the liter-
ature on the marginal value of public funds (Hendren 2016; Hendren and Sprung-Keyser
2020) and redistribution costs in block electricity pricing (Feldstein 1972; Borenstein 2012)
or small business set-asides (Athey, Coey, and Levin 2012; Nakabayashi 2013).

2 Framework

I present a modeling framework to analyze how trading limits impact the gains from
permit trading and other production outcomes of interest to the regulator. I first consider
a simple, deterministic setting where firms choose permits directly given heterogeneous

profit functions to consider the efficiency impacts of the permit market design.

2.1 Set-up

There exist a set of firms indexed by ¢ with characteristics z;, who each choose a quantity
¢; to extract from a commons and receive profits I1(g;, z;). The profit function is increasing

I first show graphically the efficiency consequences of trading limits in a permit mar-
ket. A regulator has determined that aggregate production should not exceed Q. Let ¢; be
the allocation of permits to firm ¢, such that >, ¢, = Q. Permits can be traded in a market

with permit price r.

Assuming firms take prices as given and will harvest all post-trade permits, firms solve

the following maximization problem:

max I1(g;, z;) + (g — ¢;) (1)

qi



The solution to (1) defines firm ¢’s permit choice function:

0
dq;

W(gi,z:) =r = q(r,2) )

The permit choice is strictly decreasing in » due to decreasing differences in ¢; and r in
the firm’s objective function in (1) [ I will later allow for a dependence of permit choice

on allocation g; due to transaction frictions.

Next, define firm i’s net permit position x to be its individual permit choice relative to its
permit allocation:

x(r,2i, @) = G — q(r, 2i) 3)

where ¢(r, z;) is defined as in @) Itisincreasing in r. A firm is a permit seller if z(r, z;, ;) >
0 and a permit buyer if z(r,z;,g;) < 0.

Let aggregate permit supply be the total excess permits among sellers:
S(r) = Elx(r, zi, @) |x(r, 2i, @) > 0] - Pr(a(r, z;,¢;) > 0) (4)
which is increasing in 7.
Let aggregate permit demand be the over-production among buyers:
D(r) = —FElz(r,z;, @;)|x(r, 2z;,q;) < 0] - Pr(z(r,z;,q) <0) )

which is decreasing in r.

2.2 Graphical analysis of gains from permit trade and trading restric-

tions

I analyze the gains from trade graphically, aggregating firm decisions to characterize the

competitive equilibrium in the permit market. The permit price in competitive equilib-

4The objective function is f(q;,;2i, ;) = 1(qi,2:) + r(@ — g:), which is strictly decreasing in r. Then
there are decreasing differences in (¢;,7): f(q},7") — f(q:;,7") < f(¢,,r) — f(q,r) for ¢ > ¢; and v’ > r.
The marginal benefit of holding permits decreases as the permit price increases. The optimal permit choice
q*(r,2;) is therefore decreasing in r by Topkis” Theorem. It does not require that the profit function is
concave or differentiable.



rium is defined by market-clearing:
S q(rz:) = Q = S(r) = D(r) (6)

Figure Eka) graphs a permit market equilibrium. On the x-axis is permit quantity, which is
limited by the aggregate permits Q| The equilibrium permit price is r*, which equalizes
aggregate permit demand and aggregate permit supply: D(r*) = S(r*). The equilibrium
quantity Q* is the total number of permits traded in equilibrium. The remaining permits
Q) — @Q* are harvested from the firm’s allocations.

The gains from permit trade are the familiar area between the aggregate demand and
supply curves (area OAB). These two curves depend not only on heterogeneity in the
marginal value of production among firms—i.e. heterogeneity by characteristics z; in
firm’s production choices ¢(r, z;) at a given permit price—but also on heterogeneity in the
initial permit allocations ¢;. While the friction-less, competitive market equilibrium will
implement the profit-maximizing allocation independently of the initial allocation (Coase
1960; Montgomery 1972), the gains from trade in the permit market are the difference be-
tween the aggregate profits at the market equilibrium and if each firm harvested only
their initial allocation. Therefore the gains from trade depend on the heterogeneity in the
profitability of firms by characteristics z, and on how much the initial permit allocation

differs from the profit-maximizing oneﬁ

Goals beyond cost-effectiveness: redistribution and protecting jobs. Regulators have
other goals than maximizing aggregate profits in the commons, including concerns about
the distribution of value. While economists have often pointed to the possibility of free
permit allocations serving as lump-sum transfers that respond to redistributive concerns
(Montgomery 1972; Joskow and Schmalensee 1998), the returns from permit allocations
via trading run only to firm owners. In practice, other groups often face losses from the
permit market that trading cannot offset. For example, a common concern about the trad-
ing of pollution permits is that the market will violate notions of environmental justice
by increasing pollution exposure in marginalized or low-income communities. Another

group is labor, the core focus of this paper. Regulators might care about the distribution

> Aggregate supply S(r) and aggregate demand D(r) do not necessarily cross the x-axis at the origin and
Q, respectively, because firms can be allocated more permits than would maximize II(g, z;); it depends on
the permit allocation across firms .

®The extreme case is when the regulator replicates the profit-maximizing allocation in the initial alloca-

tion of permits. Then there are no gains from trade.



and number of jobs in the commons, particularly in settings where workers share in the
profits from production (i.e., rent-sharing) or cannot recover earnings made in natural
resource settings in other jobs (i.e., unemployment/search frictions). Debates around the
"quality of life" in communities reliant on natural resources like fisheries often revolve
around access to jobs and the earnings available from them. Such concerns underscore
the frictions in labor markets that link production outcomes ¢; to outcomes of interest for

the regulator:

1. The distribution of worker earnings w;(q;), where j indexes workers across firms i in
the commons. I can also consider the wage bill w;(g;) of each firm ¢, denoting the

total proceeds going to labor versus firm owners.

2. Labor demand ((q;,zt), measured here in person-days demanded by each firm i of
characteristics zi to harvest g; total permits. I map labor demand directly to produc-
tion quantity ¢; because the price of labor (worker earnings) is a function of ¢;.

The relationship between production, labor demand, and earnings is inherently empiri-
cal and varies across industries, wage-setting institutions, and production structures. It
is likely, though, that firms with high marginal profits will have lower marginal labor de-
mand and might employ higher-income workers to begin with. Therefore, permit trading
from low- to high-profitability firms can result in fewer jobs (lower labor demand) and
redistribute earnings to higher-income workers. Preventing profitable trades might there-
fore be useful for regulators seeking to protect jobs (increase labor demand) and prevent
redistribution away from low-income workers. This paper considers two interventions
to redistribute production—and thereby influence labor outcomes—by restricting permit

trade: production requirements and segmentation of permit markets.

Production requirements. A regulator might be concerned with the presence of pro-
ducers who create little in the way of production profits I1(¢, z;) and trade away most of
its freely allocated permits, precisely due to the low labor demand and lower earnings to
the workers affiliated with firms. Shifting permit allocations might not be politically fea-
sible and would only change returns from permit trading without affecting the allocation
of production. Instead, the regulator enforces a possibly firm-specific requirement: firm
@ must produce at least ¢, usually a fraction of its permit allocation. Production require-
ments are very common in resource markets in particular, including fishery and water

permit markets around the world. Such a rule imposes a ceiling on each firm’s net permit

10



position, i.e.
Z(r, zi, i) = min{x(r, 2, Gi), @ — Qi} 7

A production requirement constrains aggregate permit supplyﬂ Firms are forced to pro-
duce with some of the permits that they would otherwise sell. The restriction binds on
more firms as permit prices increase and the incentive to sell grows. As a result, the re-
striction rotates the aggregate supply function S(r) counter-clockwise. Figure ??(b) visu-
alizes this rotation, which prevents some gainful trades (the efficiency loss is area AC'D),
in effect reducing the opportunity cost of selling some permits to zero. In doing so, the

requirement reduces the share of harvests out of permit allocations (i.e. reducing ()*).

The size of the efficiency loss depends on how much aggregate permit supply is con-
strained by the policy: the difference in permit holdings among firms forced to harvest the
minimum requirement ¢, rather than their unconstrained permit choice at the prevailing
permit price. These depend on the profit functions of the firms as well as the distribution
of permit allocations. However, shifting profits onto permit sellers likely raises aggre-
gate labor demand and ensures higher earnings to low-income workers, compressing the
earnings distribution. The degree to which it does so depends on the differences in the
labor demand function ¢(g;,z;) and average earnings of workers at firms for which pro-
duction increases versus the other, non-targeted firms where production will decrease. In
particular, it should compare the aggregate labor demand and the earnings distribution

under each equilibrium permit price, with and without the production requirement.

Segmentation. A regulator might instead impact the permit price each firm faces and
seek to ensure that firms of some characteristic such as size or region produce some share
of the aggregate production @), explicitly in order to ensure “access to the resource” (i.e.
jobs) or to protecting small-scale workers. Therefore the aggregate cap is split into two
markets, such that Q; + Q2 = Q. Each firm is assigned to market 1 or 2 by their charac-
teristics z;, with no trade allowed between them. Segmenting permit trading by firm size
is very common fihseries permit markets, while regional markets are commoon in pollu-
tion and wetlands markets. International observers have also advocated for segmenting

carbon trading markets to allow for more emissions in low-income countries to protect

"The production requirement could affect aggregate permit demand if delineated in absolute quantities,
rather than relative to a permit allocation. In practice, these rules are usually relative to some fraction of the
allocation.
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their labor markets and allow for economic growth(IMF, 2019)E| Segmentation ensures a
specific type of production can exist, e.g. production by small firms or an even distribu-
tion across regions. While each firm’s optimization problem (1) and therefore the permit
choice function ¢(r, z;) has not changed, the permit markets now clear according to the
separate caps Q; and Q». The equilibrium permit prices r; and r, in the segmented mar-
kets will in general differ from the market-clearing price r* in the unified market/]

Figure 2 shows the aggregate demand and supply curves in each permit market and the
new equilibria in the two markets; it is isomorphic to a simple model of international
trade across two countries. In the figure, the equilibrium permit price in the unified mar-
ket is denoted r*, at which price the firms in market 1 would be net sellers of permits.
Instead, those permits are harvested among the firms in market 1, with permit transac-
tions clearing at a lower value (point C'). Ensuring higher harvests increases the harvest
profits in market 1 (the aim of the restriction) but does not leave the firms in market 1 bet-
ter off in aggregate; they have lost the gains from trading to the firms in market 2 whose
profits are higher on the margin. Those losses are area ABC in Figure 1(c). Likewise,
tirms in market 2 lose out on gainful harvest (area DEF'). Again, the size of these losses
depend on the differences in aggregate permit supply and demand in each market, which
depends not only on differences in harvest profit functions but also differences in indi-

vidual permit allocations.

Segmentation shifts production among a particular class of firms and benefits workers
in firms in the market for which aggregate production increases. The firm owners will
lose out when forced to harvest rather than make more lucrative trades at a higher per-
mit price. Just as with the production requirement, the degree to which it improves labor
market outcomes depends on how the labor demand function, the earnings-production
relationship, and the worker earnings distribution differ among firms for which produc-

tion rises (market 1) versus those from whom production is transferred (market 2).

8Segmentation need not lower efficiency. It might allow equilibrium permit prices to better match the
shadow marginal cost, as reflected in the permit price, to the social marginal damages, without consider-
ing differing welfare weights. Hot spots in local air pollution is a canonical example (Montgomery 1972;
Mendelsohn and Muller 2009; Fowlie, Walker, and Wooley 2020). Heterogeneous benefits of land, like in
wetlands, is another example (Aronoff and Rafey 2023).

%If the regulator sets caps at exactly the production shares between the two groups of firms reflected in
the profit-maximizing allocation, then the permit prices in the two markets will be equal to each other and
equal to the price in the unified market (the shadow marginal cost of production under the aggregate cap).

12



2.3 Empirical goal

The graphical analysis clarifies how to evaluate the costs of trade restrictions in a permit
market relative to the outcomes regulators aim to impact. It requires a model of permit
choice for heterogeneous firms and a framework to map individual permit choices to

profits, labor demand, and worker earnings.

Estimating efficiency losses. Estimating the cost (i.e., foregone profits) of permit trad-
ing restrictions requires understanding the aggregate permit supply and demand curves
under both restricted and unrestricted conditions. The determinants of these curves are
the permit choice functions ¢(r, zi) and the initial permit allocations ¢i for each firm i. In-
dividual firm choices and allocations must be aggregated to construct the excess supply
and demand curves at various permit prices and to find market equilibria under alterna-

tive designs.

Estimating outcomes of interest. The costs should be assessed relative to improvements
in the regulator’s outcomes of interest: labor demand and the distribution of earnings.
This involves linking permit choices to labor demand and worker earnings to create coun-
terfactual labor demand and earnings distributions under different production scenarios.
By comparing market equilibria with and without each trade restriction, it becomes pos-
sible to quantify changes in total labor demand and evaluate how the trade restrictions
redistribute income across the earnings distribution. With estimates of foregone profits
and changes in labor demand and earnings, the relative costs of redistributing income via
these policy designs can be quantified.

I will develop an empirical model that estimates production profits and constructs per-
mit choice functions—capturing how firms make permit decisions in response to varying
permit prices. I also map permit holdings to labor demand, a core production decision,
and to worker earnings, requiring an understanding of wage-setting institutions in this
setting. In describing the Icelandic fisheries context and data, I highlight these features
and their implications for the empirical model, showing how this setting allows for an as-

sessment of the distributional and efficiency consequences of permit trading restrictions.
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3 Data and Setting

I now describe the setting and data, which inform my assessment of the distributional

consequences of permit trading and how I will implement the framework empirically.

3.1 Fisheries

Fisheries production. My setting is Iceland’s groundfish fishery, the major fishery in
Iceland Many details of the fishing harvesting technology are observed directly, a key
advantage for researchers. Boats are the large piece of fixed capital, outfitted with differ-
ent mixes of fishing gear designed to catch different species. Usually boats are observed
with only one or two types of gear in a year. Throughout the year, boat captains make
decisions of when to go out fishing, searching for areas where large harvests are likely. On
all boats except trawlers, trips usually range only one day or maybe two. During this pe-
riod, almost all harvests for most boats occurred from Icelandic waters and were landed
in Icelandic ports. About 30% of boats are in fleets owned by single firms, a fraction that
does not change throughout the consolidation over the decades I consider. Almost all
processed fish is exported. I assume that boats are price-takers from a global market for

tish products.

Labor in fishing production. In fisheries, labor supply decisions are straightforward:
each boat has a few key roles, from the captain or first mate to deckhands. Crew num-
bers range from 2-3 on the smallest boats to a few dozen on the largest bottom trawlers.
In Iceland, all crews are paid out of shares of harvest revenue with a minimum monthly
salary that rarely binds. The shares are determined in negotiations between the unions
for crew-members of different ranks and the associations of boat-owners[”] The shares
vary depending on boat size and gear mix. During my period of analysis, only one major

collective bargaining agreement was struck, in 1998, which did not change until 2008.

These agreements create a tight link between harvest revenue and labor earnings, a link

YGroundfish or demersal fisheries are those that target bottom-dwellers like cod and haddock. The other
major fishery targets migrating schools neither near the shore nor the ocean floor like herring, capelin,
and mackerel (pelagic fisheries).The groundfish or demersal fishery is responsible for about 75% of total
revenue.

'Harvest revenue is first split between crews and boat owners, a share that depends partially on the
prevailing oil price, allowing some of the cost of fuel price increases to be borne by crews. The crew share
is then split into “pieces” where higher-ranked positions—captains, engineers, first mates—get multiple
parts.
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I can observe directly in data. Throughout the analysis of alternative permit market de-
signs, I take the wage bill-revenue relationship as givenH

3.2 Iceland’s permit market

The permit market in Iceland’s fisheries is one of the largest and oldest permit markets in

the fisheries, covering virtually all commercial species.

History. Key dates on the introduction and expansion of the permit market for ground-
tish, and the years on which I focus in this paper, are included in Figure In 1991, large
vessels were allowed to trade their permits, beginning Iceland’s now 30-year experience
with market-based fisheries management. Small boats faced non-tradeable cod permits
before being added into a permit market in 2001

Details of the permit market. Boat owners are allocated harvesting rights as shares of
aggregate harvest in each species (total allowable catch). These shares were initially deter-
mined by catch history. Each year around May, the government approves of the level of
these caps for the new regulatory year beginning in September, based on recommenda-
tions from the country’s Marine Resource Institute, converting shares into actual quanti-
ties in tons of fish Permits are freely allocated to boats, and permits can only be owned
by boat-owners. Both these permanent shares and the permits each year can be sold to
other boats, though in practice the permanent shares are mostly sold upon the exit of
a firm. The rental market for permits, however, is large: in any year, about 10-20% of
harvests are made using permits purchased from another boat. Permit trades are cleared
via brokers, often retired fishermen. The permit market allows for some permits to be
exchanged across species and some shifting across years. Arnason (2005) and Gretarsson

(2008) review the history of the Icelandic permit market.

12Given this remuneration structure, I assume that captains, who often are responsible for daily fishing
decisions, are aligned with the objective of boat-owners in maximizing harvest revenue for every day of
fishing.

13Regulation of pelagic fisheries—species like herring, capelin, and mackerel that move in schools in the
middle of the ocean—follows a different timeline and regulatory structure.

4Groundfish species other than cod were unregulated among small boats before 2001. Permits for these
species were assigned according to harvest history when small boats were placed in a permit market in
2001.

15Caps are usually set at the estimated “maximum sustainable yield” with carve-outs for unregulated
boats in years before small boats were in their own market.
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production requirement. The permit market includes a strict limit on trading: boats
are allowed to trade only half their annual permit allocation each year. The production
requirement responded to concerns from government ministers and labor union repre-
sentatives that boat owners might stay in the fishery but sell most or all of their freely
allocated permits,. [F| With little actual harvest, labor demand and earnings would fall
on those boats. Firms with fleets, however, are permitted to allocate permits freely across
their own boats[”]

The creation of a segmented market. Small vessels (below 6 GRT) were given non-
tradeable cod production permits but were otherwise allowed to harvest. In 2001, reg-
ulators placed the small boats in their own, segmented permit market Medium-sized
boats (up to 15 GRT) were moved from the large- to the small-boat market a year later.
The separate market was directly in response to organizing by small-boat owner associa-
tions and concerns that a culturally important and “accessible” form of fishing would be
wiped out by permit trading. The small- and large-boat permit market operated accord-
ing to the same rules about trading limits and allocations, with the aggregate cap split
between each market. The small-boat permit market receives about 10-15% of the total
allowable catch in the years I study. While in practice large boat permits can be traded
to small boats (not vice versa), inter-market trades are limited and mostly within the few
firms that have both small and large boats["]

3.3 Data

A major advantage of the Icelandic setting is the ability to link detailed production data
to information about the earnings and employments of workers in the commons. I have

collected detailed fisheries data from a variety of sources and combined it with tax and

1®The concern is not unfounded. US fisheries have documented empty boats owned by investors solely
to participate in permit trading, so-called “zombie boats” (NOAA Fisheries, 2018).

There are other regulatory limits to trading. For example, firms are required to seek approval for trades
across regions of the country from local labor unions. In practice, these trades are usually approved. There
are also limits to permit ownership; in particular, a firm can only own 15% of a given species. The largest
firms hold about 5-10% of permits in cod-equivalents. Giry et al (2015) describe evidence of common
ownership across large fishing firms beyond these ownership limits, but I do not observe those linkages.

Boat size is measured in gross tons (GT) or, later, gross register tons (GRT). Both are closely related and
standard measures of volume. When they conflict, regulators took the minimum of both measures before
focusing only on GRT after 2001 in accordance with international agreements.

19Small boats undertaking seasonal fishing in the summer continued to operate under day restrictions
throughout this period until most were placed in the permit market in 2004; they mostly discontinued
fishing until a coastal fishing program was introduced in 2008. They represent less than 2% of total annual
revenue at their peak and so I do not consider them here. I focus on commercial fishing boats that fish
year-round.

16



pay-slip data on Icelandic workers. Appendix Section |Bjsummarizes the sources in more
detail.

Data on boat harvests. Icelandic regulatory agencies collect extensive data on fishing
boats and fishing behavior. I obtain data on every landing of fish, i.e. every instance that a
boat brings fish to shore, for all registered Icelandic vessels. For trawlers that take multi-
day trips, I use a log-book dataset that registers harvests for each day at sea (whether
landed or not). The log-book dataset also includes information on crew sizes. Lastly, I
obtain fish price data as averages of specie s-region-gear-month bins 7|

Data on boats and crews. I obtain data on detailed characteristics of boats like engine
power, measures of size, and the year of production. I also obtain the ownership history
of each vessel while in Iceland. Vessel IDs are assigned at first registration and remains
the same even if ownership changes. Lastly, I obtain the crew registry that logs every
individual who works on a fishing vessel by day, personal ID, and position, though only
covering a subset of boats.

Data on permit market trades and prices. I obtain data on all permit transfers between
tishing boats and permit allocations across all species. I also obtain information on per-
mit rental prices for all regulated species, available as monthly averages starting in 1992
and daily from mid-2000/"| Lastly, the production requirement binds at the level of “cod-
equivalent” units, where regulators create exchange rates between species to aggregate
permit allocations and to allow for species exchanges. I collect these yearly species ex-
change rates.

Linking to administrative data on workers. The most unique element of the Icelandic
setting is the ability to link the production data to information about workers, whether
in fisheries or not. Iceland has maintained detailed demographic, earnings, and employ-
ment information from pay-slips, tax returns, and census records. I have received the en-
tire employment and earnings history of all workers ever flagged as working on a fishing
boat from 1981 to 2021. Because earnings on fishing boats had their own tax deductions,
anyone who worked on a fishing boat can be flagged in the administrative datasets, al-

lowing me to fill in for years where the crew registry is not comprehensive. I also received

2The price data reports bins from competitivew fish auctions as well as those from direct purchases by
fish processors. In my time period I do not see a statistically meaningful difference in the prices within bins.

2] thank Asgeir Danielsson and Olgeir Kristinsson for sharing older permit price information, collected
from interviews with permit brokers by the Central Bank.
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a random cross-section each year of 10% of workers who were never flagged as working
in the fisheries. The tax and pay-slip data has IDs for all firms at which the worker filed
earnings in the year, which I matched to the boat ownership files in order to flag the kind
of boat the worker was likely to work on Much of this data was digitized by Sigurdsson
(2024). More details on how I linked the production and administrative data are available
in Appendix Section

3.4 Summary Statistics

Table presents summary statistics on Iceland’s fisheries and workers, across three years:the
tirst year of my analysis (1997), the first year small boats could trade permits with medium
boats (2002), and the last year I consider (2012)

Generally, the time period was characterized by substantial consolidation. The number
of firms and workers fell Y| The nature of fishing production is also changing: the share of
the fleet on small boats is falling, and their share of harvests is falling even more precip-
itously. Meanwhile, the harvest share of trawlers is about the same and falling slightly;
other medium- and large-sized boats are taking on more fishery harvests. Total revenue
is rising, with a large spike in 2012 due to a wave of mackerel and capelin that migrated
to Iceland in this time.

Workers on fishing boats, meanwhile, are overwhelmingly male and less educated and
younger than the average working Icelander. The share of foreign-born workers in Ice-
land and particularly on fishing boats is rising quickly in this period, from being almost
negligible in the 1990s. They are also much likelier to be outside Iceland’s capital region—
Reykjavik is the country’s only major urban center—though the region and nearby towns
are major fishing ports in their own right. Importantly, fishery workers are high-earning;
the average fishery worker makes almost twice the national average in a given year.
Small-boat workers, meanwhile, are at the mean income distribution among non-fishery

workers. There is a large pool of workers only loosely attached to the fisheries. A consid-

22For firms with fleets, I assign firms to be small- or large-boat according to the smallest boat in the fleet.
In practice, few firms have both large and small boats.

ZWhile my data extends to 2020, I end the analysis at 2012 as the size threshold for segmenting the two
markets shifted upward starting 2013.

24Firm exit was particularly prominent in the years immediately following the introduction of permit
trading; see Figure These firms received permit rights and then sold them upon exit; while it is an
important reallocation mechanism, my simulations hold fixed the fleet of boats. There was also a large
vessel buy-back program in place in the mid-1990s targeted at small boats though not only eligible to them
(Agnarsson 2001).

18



erable share of fishing workers have sources of income outside the fishery; in particular,
about 43% of small-boat workers have less than 90% of their earnings in fishing in each
year. In addition, many workers spend only a small share of their working life in the fish-
eries, though this is concentrated on young men who work on trawlers for a short time
before moving to other education or work.

4 Evidence on Permit Market’s Impact and Designs

In this section, I will give evidence of gains from trade from the introduction of permit
trading to small boats. I then will investigate the efficiency consequences of the two de-
signs: the segmented market and the harvest limitation.

4.1 Impact of introduction of permit trading

Production impacts: shift to more productive boats. The introduction of permit trade
among small boats provides an empirical opportunity to isolate the impact of permit
trade itself. For a few years before 2001, small-boat firms operated under non-tradable
cod quotas, the major species they caught. When in the permit market, these cod permit
allocations remained the same but could be traded, alongside the additional species that
became regulated.

I therefore begin by dividing the boats in the small-boat permit market at the median
catch per man-day each year, find the share of permits allocated to above- and below-
median boats in 2000 (the final year before trading), and calculate the difference between
the permit allocation share and the share of final harvest These trends are plotted in Fig-
ure[d{a). Before 2001, the differences are not exactly zero because non-cod species are not
regulated and medium-sized boats (6-15 GT) were in the large-boat permit market at this

time.

After 2001, however, the share grows substantially: the more productive boats have al-
most 20 percentage points more of the harvest than they did of the permits in 2000. pro-
duction exactly in the direction economic theory would expect: toward boats that harvest
more for every unit labor.

How much did permit trading affect the overall labor intensity of fisheries production
among these boats? Figure [{(b) plots the average man-days per ton of harvest (the in-
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verse of the productivity measure used in sub-figure a) across years in red. It then also
plots the implied average labor intensity if boats are re-weighted using their 2000 allo-
cation share. This isolates the change in aggregate labor intensity due to changes in the
harvest shares to boats of varying productivity, versus changes in productivity itself. The
difference between the two measures grows over time, in line with the growing change
in harvests relative to the pre-market allocation shares. Figure d{(c) shows the relative dif-
tference over time. By 2006, the shift in production due to permit trade caused average
labor intensity to fall by about 12%. Permit trading made fisheries less labor intensive
and reduced aggregate labor demand for every unit of harvest.

Labor impacts: winners and losers. Production became less labor intensive over time
after the introduction of permit trade. Labor demand therefore fell. However, regulators
are also concerned with the distribution of fishery income, and the changes in harvests
documented in Figure[would directly impact the earnings of fishery workers. I therefore
next compare outcomes of workers on small boats in 2001 to their large-boat counterparts,
and correlate subsequent outcomes to the labor intensity of their boat in 2000. Namely, if
y;t is earnings or employment of worker 7 in year ¢, I run the following regression:

Iny;; =a + ¢¢ + v - 1(in small boat in 2000)+
+ Z d; - 1(in small boat in 2000) + X/, 3 + €,

#2000

where the coefficient of interest is §;: how outcomes change differentially among less
labor-intensive boats within each permit market. Controls X;; are birth cohort fixed ef-
fects. I then run a “triple-differences” specification, comparing average outcomes for
boats beneath and above the median harvest per person-day in 2000 to average outcomes
overall among large boats.

Figure 5(a) plots ¢, for the preferred specification with birth-cohort fixed effects. No-
tably, among workers in fisheries in 2000, there is not a discernible effect on average on
total earnings. In fact, there is not a statistically meaningful difference in the earnings out-
comes among workers on less- and more-intensive boats in any given year. The average
earnings difference is falling in the period before permit trading, and average earnings
rise in the period after. This impact accounts for the large fraction of workers who exit
the fishery every year.

However, permit trading could still make incomes less equal among those who remain
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or enter the fishery after 2000. I therefore investigate the sample of fishery workers each
year. Figure[5(b) shows the difference in average earnings between workers on high- and
low-productivity boats each year, relative to earnings of large-boat workers that were al-
ways in permit trading. Here, one can see the divergence in earnings that follows due to
the shift in harvest revenue from low- to high-productivity boats. Earnings differences
grow about 30% between the two groups, with low-productivity workers falling relative
to 2000 while workers on high-productivity boats maintain similar earnings differences
to their large-boat counterparts. The exception is the first year after permit trading is
introduced; in this year, medium sized boats (who make up most of the above-median

productivity boats) had yet to be put into the large-boat permit market.

Panels A and B of Table 2| summarizes a series of additional outcomes around the per-
mit market expansion in 2001, among workers who were on small boats in 2000. Small
boat workers are likelier to exit the fishery, but they were also likelier to do so in the
1990s; likewise, a smaller share of earnings comes from fishing boats. On average across
years, there is a clear gradient in the earnings consequences by the labor intensity of small
boats. Those with higher harvests per person-day saw higher earnings and were likelier
to remain in the fisheries after 2000 than those on boats with lower catch per person-day.
Workers seem able to recuperate earnings in other jobs outside the fishery, though a full

accounting should compare cumulative non-fishery income to cumulative fishery income.

It is clear that those who do remain on small boats, however, along with those that later
join small vessels, do lose out relative to counterparts who were on small boats in the
1990s. Panels C and D of Table 2| focuses on the cross-section of fishery workers each
year. It shows that the average earnings difference widened considerably in the years af-
ter 2001, widening by 1.0 million ISK from 2.8 million ISK in 2000 (panel C). The change
was concentrated in boats with lower catch per man-day (panel D). In the 1990s, the av-
erage earnings difference was about 0.5 million ISK smaller than in 2000.

What do these changing earnings trends imply for the distribution of income from the
commons? Table [3|shows some statistics on income and demographic characteristics for
the three groups tracked in this reduced-form analysis. Before permit trading, workers
on the low-productivity boats are relatively low-income compared to their counterparts,
on average falling at the 37th percentile of fishery income. Therefore their falling earn-
ings relative to workers on high-productivity boats implies redistribution from low- to
higher-income workers due to permit trading. However, fishing is a high-earning job:
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even workers on low-productivity boats are on average in the upper half of the country’s
income distribution in 2000

Considerable churn in the fishery labor market, plus the notable changes in earnings dif-
ferences across different fishing boats, suggests that different types of workers are ending
up on low-productivity boats after permit trade. Table 3| shows that there are consid-
erable changes in the demographics of fishery workers in the 2000s. Workers on low-
productivity boats become older on average, while the average age of high-productivity
boat workers falls. The foreign share grows considerably across both productivity groups,
with growth of foreign workers in fisheries outpacing the overall growth in foreign-born
workers in the Icelandic labor market during this period. However, the foreign share was
already higher among low-productivity boats in 2000, and the relative increase is higher
among high-productivity boats. Low-productivity boats are also likelier to be in the capi-
tal city region, Iceland’s only urban area, so permit trading acts to shift fishery income out
to rural workers. There are not meaningful differences in the share of income that comes

from fishing across different groups.

4.2 Consequence of designs

Despite evidence of a shift to production on more productive boats, the permit market is
designed to limit gains from trade, by requiring half the permit allocation to be harvested
and segmenting the market between large and small boats. I next show evidence of the
efficiency impacts of these designs.

production requirement. Boats in the permit market were not permitted to trade more
than half their permit allocation. Figure[6(a) shows a histogram of permit holdings post-
trade relative to the permit allocations across all firm-years. There is clear evidence of
bunching right above the regulatory threshold of 50% | For this to have an efficiency
consequence, boats right above the threshold would need to take more days at sea to
reach the regulatory threshold, relative to other boats right around the thresholds. Sub-
figure (b) then narrows in around the 50% threshold and produces average catch per day
for boats at these thresholds, with the histogram from sub-figure (a) for reference. Boats at

the bunching mass have lower catch per day than those right above or those right below,

ZThis compares fishery workers each year to the country’s income distribution; it could be that fishery
workers have relatively low lifetime incomes, with much income earned in the years they are fishing.

26The 8% of firm-years below 50% almost all exit in the next year, indicating either the punishment is that
severe, or they planned to exit anyway.
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clear evidence that the production requirement binds to force some boats to harvest more
than they otherwise would. Because earnings are directly tied to harvest revenue, this
regulation has the effect of increasing earnings for the workers on the boats.

Segmented markets. The debates around the small boats centered around an interest
in protecting small-scale fishing. Figure [7[a) confirms that small boats catch less per day:
the average harvest per man-day in the small-boat market is about two-thirds that in the
large-boat market. This alone is not evidence of inefficiency, which is about differences in
the marginal shadow cost of each permit market. The prevailing marginal shadow cost
can be read from the permit rental prices in each market: if caps for species are overly
generous to the small-boat market, permits in that market will trade at a discount relative

to large-boat permits.

Therefore I compare permit prices from all transactions within the same species for the 10
years after the introduction of the permit market:

In(Permit price of transaction i in year ) = « + (3 - 1(small-boat market) (8)

+ Species-year fixed effect + ¢ )

where the coefficient of interest is 3: the average relative difference between the permit
price across all transactions, within each species-year permit market”’| Figure[7{b) shows
the results of the exercise each year. In most years, small-boat permits trade at a con-
siderable discount of 20% to 30% relative to the big-boat permits, though I cannot reject
that the permit prices are equivalent in 2006 and 2007. This indicates that in most years,
the regulator allocates more aggregate harvests to the small permit market than would
prevail in a unified market. Combined with the fact in Figure [(a), the design therefore

induces more labor use at the expense of some profits.

4.3 Discussion

This section has provided evidence of gains from trade in the permit market, conse-
quences to workers, and the efficiency consequences of designs to limit permit trading.
Permit trading induces harvests to shift to producers who can harvest more using fewer
inputs. It lowers overall labor demand in the commons while also shifting earnings from

the commons from lower- to higher-income workers. Regulators attempted to ameliorate

7] ignore the species exchange provisions, where boats can shift a fraction of (mostly cod) permits into
other species according to fixed exchange rates.
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these impacts by limiting permit trading for each boat and segmenting markets. There
is evidence that the limits bind on boats, forcing more harvests on more labor-intensive

boats.

To quantify the exact degree to which the limits shift production and increase earnings to
targeted workers requires simulating alternative market equilibria under designs where
the production requirement did not bind and the permit market was unified. As the
framework in Section 2 makes clear, the efficiency consequences—comparing gains from
trade in the current market to the less restricted one—require the actual and counterfac-
tual permit choice functions, with which I can construct the excesss permit supply and
demand curves. One must then be able to link the permit choices to the production out-
comes of interest to the regulator: the harvest profits on small boats and earnings on the

boats constrained by the production requirement.

I therefore extend the stylized framework in Section 1 to capture some of the salient fea-
tures of fisheries production and the Icelandic permit market.

5 Model

I develop a joint model of fisheries production and permit trading. The model elaborates
on the firm’s problem in Section [2|to capture additional transaction frictions beyond the
regulatory limits and capture important elements of production in the fisheries. Together,
they show how I evaluate efficiency and production consequences at the time of permit
allocation before harvests, costs, and trading friction shocks are realized.

5.1 A model of permit trade

The model focuses on each year separately, with an aggregate cap of permits @, split

between two markets where relevant.

Boats. Each fishing boat is indexed by i. They are differentiated in their profit function
I1(g;, z;), which maps permit quantity ¢; to profits according to observable characteristics
z; and in their permit allocations ¢;. Characteristics include the gear mix available on each
boat, boat size and region. While fisheries harvests consist of many species under separate
permits, I consider permit quantity along one dimension, in line with the units by which

the production requirement binds. In some years, boats receive non-tradeable permits; in
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that case, ¢; = ¢; and their profits are I1(g;, z;). Boats in permit markets make a choice of
how many permits to hold. I consider each boat i’s optimization problem separately, i.e.
I do not account for joint optimization of permit or fishing decisions in fleets. This is an

important simplification as fleet owners can trade permits costlessly across their boats.

Regulations and other trading frictions.  Before any production decisions are made,
boats in the permit market choose permits to hold for the year. As described in the frame-
work, I extend the simple maximization problem in (I in Section2|to account for the two

regulated limits to trading;:

1. The production requirement: boats are required to hold half their permit allocation.
That is, they must hold at least 4, =G /2.

2. Segmentation: the permit price for each boat is a function of its size z;, € z;. In
particular, there is a threshold z determining the relevant permit market.

1 if Zi <z

To leZ>2

I make two remaining adjustments in response to empirical facts about permit trade in my
setting, such that boats with similar characteristics z; might differ in permit choices. The
Icelandic permit market lacks a centralized exchange and clearly defined trading periods
within the year; boats use brokers to find willing sellers and buyers as the year progresses.
Figure 3 shows clear evidence of bunching around the permit allocation, which indicates
that the marginal cost of permits grows as boats choose permits farther from their alloca-

tion.

I therefore introduce transaction costs that allow permit choice to depend on permit al-
locations ¢g;: I denote the transaction cost function as TC(g; — ¢;), a smooth, convex, and
increasing in transaction volume |g; — ¢;|. The costs need not be symmetric around g¢;:

transaction costs can differ for buyers and sellers.

I assume that remaining variation in permit choice ¢; for boats of similar characteristics
z; and permit allocations ¢; comes from an idiosyncratic shock to the marginal cost of a
permit A;, drawn from a distribution Fa. This boat-level shock does not impact harvest
profits. It summarizes differences in permit choices that affect the value of permits be-
yond the profitability of boats. The A; shock can allow the effective marginal cost of a
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permit to fall below the equilibrium price |

Permit choices. With the addition of trading frictions, the interpretation of the equilib-
rium changes slightly relative to the deterministic set-up in Section 2 I want to consider
a regulator assessing the value of the commons at the time of permit allocation, which
I assume occurs before trading. I therefore want to think about the efficiency impacts
before the trading friction shock is realized. Each boat receives its permit allocation g;,
observes the market-clearing price r; and receives the permit cost shock A;. The boat the

maximizes total profits under the production restriction:
max II(q;, z;) + 7 - A; - (G — ;) — TC(q — i) subject to ¢; > g;/2 (11)
ai

First, consider the unconstrained solution via the first-order condition, which implicitly

defines the unconstrained permit choice function:

(‘%- 0 TC(G — i) =mi - As = q(ri,2i, G, D) (12)

I then consider the permit choice function averaged over the A; shock, meaning that per-
mit choice functions are the same for boats with the same observable characteristics and

permit allocation:
q(ris 2i, @) = Ealq(ri zi, @i, A;)] (13)

The production requirement leads to an additional constraint, which also depends on the
initial allocation. This characterizes the actual permit choice function, i.e. the solution to

(11):

. _ /2 if q(r5,2:, @) < 4;/2
q(ri, 24, G;) = o ~ B (14)
Q(riaZ%Qi) lf Q(Ti7ziaQi) > QZ/2

Let the net permit position under a production requirement be

T(ris ziy @) = @ — 4(ri, 24, @, D) (15)

ZBecause I assume boats are price-takers in the permit market, I do not allow for market power which

would introduce additional mark-ups. While permit holdings have consolidated over time in Iceland as

in other fishery permit markets (Giry et al 2015), the largest firms own less than 10% of the permits in any

year, and there are many market participants. I therefore do not consider permit market power a first-order
concern in the setting.
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Market equilibrium. The aggregate demand and supply curves are market-specific.
They are the excess permits among net sellers and excess production among net buyers,
among participants in each market. For the small-boat market,

Si(r) = E[Z(r, 2i, @) |T(r4, 24, @) > 0,2 < 2] - Pr(Z(r4, 24, G;) > 0,2 < 2) (16)
Dl(r) == _E[:Z'(TiyZi)@i)ki'(rhzivq» < 07 Zi S 2] : Pr(j(rivziaQi) < 07Zi S 2) (17)

and analogously for the large-boat market but conditioning on z; > Z.

For each boat ¢ in permit market n, the equilibrium condition then is the permit price
ry, that equates ex-ante supply with ex-ante demand:

> q(rizi,Gi) = Qu <= Sa(r}) = Dy(r}) (18)

1EN

The market equilibrium is then the set of permit decisions at the equilibrium price in the
market:

(7(7":17 Zj, Qi)a Vien (19)
The efficiency metric is the aggregate profits from the expected permit allocation:

D> _N(G(r}, 7, @), ) (20)

which is the profits for each boat under the expected permit allocation at the equilibrium
price. In years in which some boats are given non-tradeable permits, the profits are mea-

sured at the allocated permits.

Alternative designs and equilibria. The framework in Section [2| shows that one can
characterize the efficiency impacts of the permit trading rules by using the permit choice

tunctions of firms and constructing new supply and demand functions. In particular,

1. The production requirement: solve for each boat’s expected net permit position us-

ing the unconstrained permit choice function:
x(ris zi, ;) = @ — q(ri, 2i, @) (21)

and construct the ex-ante supply and demand curves in and but using
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x(r;, 2;,¢;). Find the new equilibrium in each market where ex-ante supply and ex-

ante demand meet.

2. Segmentation: find the sum of the supply and demand curves of each market n,
weighted by the population in the market, i.e.

S(r) =Y _Su(r)and D(r) =Y Dy(r) (22)

and the new equilibrium r* is characterized by the intersection of total excess supply
and demand: S(r*) = D(r*).

The two can be combined, where one constructs the total supply and demand curves

using the unconstrained permit choice function.

5.2 A model of fishery production

Inow turn to the construction of the profit function I1(g;, z;) which maps post-trade permit
holdings to value. Fisheries production is characterized by choices of days at sea over
uncertain harvest quantities. I outline a model of day choice where, after permit trading,
boats receive shocks to the daily cost of production throughout the year and choose a

harvest schedule that will allow them to harvest permits in expectation

Input choices: labor. Fisheries production is characterized by two important inputs:
days at sea and the crew. The evidence suggests that, within narrowly defined categories
of gear mixes throughout the year and boat size, production is Leontief in days and labor:
a given production quantity requires a set number of days at sea and a number of people
to serve the crew of the boat. Therefore, demand for labor (person-days) is determined in

a straightforward way in this setting.

Boats of characteristics z; have a defined crew size L(z;). Consider a day choice func-

tion D(g;, z;) that maps permit holdings to total days at sea. Labor demand is the number

PFisheries economists have pointed to many other details of fisheries production that can determine
value conditional on observable boat characteristics, including the access and use of information (Eng-
lander, 2024), congestion and the decision of where to search (Huang and Smith, 2014), and differential
targeting of valuable species (Smith, 2012). There is a long literature in fisheries economics on models of
location and species choice (e.g. Smith and Wilen 2003; Huang and Smith 2014; Birkenbach et al 2020).
These margins carry over to the Icelandic setting; however, permit market cover boats the vary greatly in
observable characteristics and behaviors and along these other margins. Because I aim to focus on the broad
goals regulators bring to the design of permit markets and the link to labor supply in the fisheries, I will
necessarily abstract from many particular production margins.
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of person-days of production, i.e. the chosen number of days at sea multiplied by the
crew size of the boat. Therefore for given permit holdings, labor demand is

0(qi, z:) = L(2:) - D(qi, Zs) (23)

Labor demand is therefore pinned down by the day choice D(g;, z;) to which I turn next.

Input choice: days at sea The days of the year are indexed by ¢ with 7" possible days.
Given permit holdings ¢;, boats make a choice of days: the vector of choices is d; where
d; = 1if day ¢ is chosen. The total number of days of production is D(¢;) = ), di. The
boat forms expectations over daily revenue and daily harvests with information set Z;.

Therefore expectations are formed for

1. The number of permits that would be harvested on a given day ¢;;. I define expected
quantity for boat i on day ¢ as E[q;|Z;].

2. The revenue from fishing on a given day R;;. I define expected revenue for boat ¢ on
day ¢ as E[R|Z;].

Daily revenue is not just price times permit quantity because there are unregulated species.
It is the aggregate across all possible species, multiplied by the market price for each
species at that time. These are the gains to fishing on day ¢.

The cost for i of fishing on day d is ¢; > 0, which are revealed after permit trading. I
assume that daily costs ¢;; are drawn independently from a distribution conditional on

characteristics z;. Call this distribution F,),, and the vector of cost draws c;.

With post-trade permit holdings ¢;, boats choose the days that maximize expected profits.
That is, they will choose the highest-profit days until they harvest their permit holdings
in expectation. Appendix Section A outlines the day selection process formally. I denote
S(¢i, c;) to be the set of days of highest profit until harvests equal permit holdings for a
given draw of costs c;.

Building the profit function. In the model, permit trade occurs before costs c;; are real-
ized to make day choices. The ex-post profit function is the profits from the chosen days,
after cost shocks are revealed:

ﬂ(Qi,Ii, ci) = Z E[Rit‘zi] — Cit (24)

tES(qi ,Cl‘)
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and the ex-ante profit function takes the average across daily cost draws:

M(gs, 2:) — / [(g, T, 1) - dFs (25)

where I supress dependence on the information set. This is the producer surplus at the

time of permit trade, before within-year shocks are realized.

5.3 Identification

I observe day choices d;, realized revenues R;; and quantities ¢;; on days boats did go out

to fish, permit choices ¢; allocations g;, boat characteristics z;, and day characteristics z;.

Revenue and quantity expectations. I specify each boat i’s information set Z; to be the
characteristics I observe z; and some seasonal indicators z,. If forecast errors are inde-
pendent of production costs, then I can identify expected revenues and quantities from

regressing realized revenues and quantities on z; and z,. Appendix A has more details.

Identifying costs with quantity constraints. The object of interest is the cost distribu-
tion F,,, from which I can generate the ex-ante profit function. Define F,,(u(z;), 0¢(2;))
as the location ;(z;) and scale parameters 0¢(z;) of the cost distribution for some boat. I

emphasize that these are functions of boat characteristics z;.

I assume that daily costs c;; are drawn independently from the cost distribution . If
boats were not constrained to match their permit holdings ¢;, F., would be identified
directly from the probability of fishing at different expected daily revenues; variation in

expected daily revenues traces out values of the CDF of daily costs for each boat each year.

If boats will always meet a fixed quantity ¢;, then optimality of day choices alone identi-
fies only the scale parameter 0¢(z;) of the cost distribution, not the location. The intuition
is the same as in the basic static discrete choice model (Train 2009). Boats will always
choose the most profitable days until they hit their quantity constraint, and only relative
returns matter for the choice of particular days. To see this, consider a boat observed to
choose day 1 with revenue R; but not day 2 with revenue R,, where either day alone can
meet the permit holdings. There is the mean daily cost ¢ and a cost shock ¢;. The choice

reveals that
Ry — p(z;) —€1 > Ry — p(z;) —€a <= e —€1 > Ry — Ry
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which gives information about 0¢(z;) but not 1°(z;).

Instead, the optimality of permit choices ¢; for boats in the permit market reveal informa-
tion about mean costs. To show this, first note that the same days will be chosen to meet
a quantity goal, regardless of the mean 1.°(z;). That is, the set of chosen days S(¢;, z;, c;) is
the same for any 1°(z;) and therefore can be rewritten as S(¢;, z;, ;). The ex-ante revenue
for a given quantity ¢, therefore depends only on the scale parameter 0¢(z;), as well as
a portion of the production costs that varies across days. Let the vector of cost shocks
€ir = it — pu(z;) (with the vector denoted as ¢;). Then I can rewrite the ex-post profits into
three functions:

1(gi, i, ;) = Z ERy|Zi] — ppe — €ir (26)
t€S(qi,zi,e1)
= Y ERJTI - D en—p(z) Dgzie) (27)
t€5(qs,24,64) t€S(qi,24,61)
= R(Qia Z;, Gi) - C(% Zi>€i) - ﬂc(Zi) : D(%Zi?&‘) (28)

Then, ex-ante profits integrates over the possible cost shocks:
(g;, ;) = R(¢i,2:) — (@i, 2:) — p°(z:) - D(@i,24) (29)

The three functions are invariant to changes in £1°(z;), using similar intuition to how con-
sumer surplus can be calculated up to a constant with logit demand functions (Train
2009).

Then, consider the unconstrained optimality condition (14), i.e. permit choice with no

production restriction:

0 0 _
a—qu(Qi, z;) = 3qiTC(% —qi)+ A1y (30)
= 0 R(qi,z;) — ic( i Zi) — 1(z) - 0 D(qi,z;) = 0 TC(q —q)+ A -r; (31)
aql q’L ) (A aql qZ bl (A ,LL (A aql ql ) 1 - 8q,[/ ql q’L (A (A

The transaction cost function 7'C(g; — ¢;) is common to all boats, and permit price r; is
observed. Therefore the mean cost is identified among boats of the same characteristics
z;. Note that one cannot identify mean costs from the boats outside the permit market,
who are given non-tradeable quotas. Instead, I will extrapolate from the permit market
boats.
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Identifying market parameters. The (marginal) transaction costs is a non-linear func-
tion of permit transaction volume, i.e. the magnitude between final permit holdings and
the permit allocation. The permit cost shock A; represents any other unobserved deter-
minants of permit choice, e.g. search frictions. It is therefore crucial to include detailed
heterogeneity in the profit functions I1(¢;, z;) in order to rule out permit choice differences
due to differences in harvest profitability.

I assume that A; is independent of the permit allocation ¢;. The assumption rules out
boat-specific heterogeneity in how permit allocations impact permit choice. For boats
not at the constraint of permit holdings, the transaction cost function is identified from
the variation between marginal profits and permit allocations, and any residual variation

conditional on ¢; identifies A;.

Boats at the production constraint, meanwhile, bunch at constrains permit decisions such
that a group of boats that bunch at 50% of their permit allocation. Because ¢; is decreasing
in A;, each boat has a threshold A, that places them at 50% of their allocation:

1o D
A= L (geta/2m) - 2TCE/2) )
such that A; > A, = ¢; = §;/2 (33)

The transaction cost function and mean cost are identified from unconstrained boats, and
therefore the threshold A; can be identified. The propensity to bunch at 50% of the allo-

cation reveals the cumulative distribution function at A;:
Pr(g; = Gi/2) = 1 — Fa(A;) (34)

Identifying the labor demand and labor earnings function. I lastly require two func-
tions of interest to regulators: the relationship between labor demand and harvests and
that between total labor earnings and harvest revenue. I observe crew sizes on each day
L;;. The main determinants of crew size are size and gear choice. The latter can vary
throughout the year for boats using a mix of gears (e.g. handline and gillnets). In ad-
dition, there is more heterogeneity in crew size on larger boats, conditional on flexible
functions of size and gear mix. Therefore I assume that any remaining variation in crew
size is independent of day choice. I can then estimate L(z;) via regression of crew sizes

on z; and construct labor demand (person-days).
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I can identify labor earnings under a similar assumption. I observe the joint distribution
of annual labor earnings y;; for each worker j in a firm and the firm’s harvest revenue.
Thus, the worker’s boat is not observed for firms with fleets, and it is not possible to re-
port worker’s days at sea or boat because not all workers appear in the crew registry["|
I know that earnings are paid out in shares of harvest revenue that depend on complex
formula of workers’ experience, the gear mix, the size of the boat, and the type of species.
I therefore assume that unobserved determinants of the wage bill are independent of har-

vest revenue and regress the firm’s wage bill on harvest revenue.

5.4 Remarks

Table [ summarizes the parameters of interest from the model. The model allows me to
estimate profitability under substantial heterogeneity of harvest technologies, different
regulatory regimes that restrict quantities at the boat level. In encompassing this hetero-
geneity and focusing on permit market designs, I abstract from many aspects of both the
production process and Iceland’s permit market. For example, I ignore any optimization
within fleet; about 30% of boats are in fleets where firms might shift permits costlessly
across them.

Importantly, I rule out boat-specific profitability differences: permit demand is based only
on ex-ante differences in profitability by observable characteristics z;. I then assume that
any boat-level differences in marginal profits, conditional on permit price and permit
allocation, are idiosyncratic in A; and do not affect profits. In reality, A; could reflect
boat-specific differences in profitability rather than idiosyncratic shocks to the marginal

value of permits.

Second, I assume a single period of trading before production shocks are revealed. In
reality, trading occurs throughout the year by a search process run by brokers, followed
by an opportunity to bank permits into the next year, pull them up, or exchange different
species up to a limitP!] I assume that these balancing schemes are only used to meet the
realized harvest shocks. In addition, there is some evidence of price dispersion through-

out the year, though 92% of the permit price variation across transactions is across years

301t is vanishingly rare for workers to work in multiple boats within the same firm, in years when all
boats register all crews in the crew registry after 2011. Workers do sometimes report earnings from multiple
fishing firms, but this is observable.

31Up to 15% of permits can be banked into the next year. Up to 5% of permits can be pulled from the
next year. Permits for cod can be exchanged for permits of other species, but not vice versa, up to a certain
fraction of initial allocation.
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rather than within them 2

I place permit trading first and only once in order to capture the consequence of the
production requirement in a straightforward static framework. Placing permit trading
throughout the year or at the end would requirement before production would require
taking account of a boat’s evolving expectations of its permit status and/or explicitly
modeling the banking decision in order to generate an equilibrium, end-of-year permit
price. I avoid the computational complexity of this dynamic decision in my static frame-
work but do not allow for gains from trade from stochastic production within the year.
That said, I capture a lion’s share of the heterogeneity in production: regressing annual
harvests on the characteristics z; I use to determine profits (year-gear mix-size) gives an
R? of 96%.

I also assume a static day choice decision and therefore do not consider price uncertainty
within the year or updates as harvest shocks are revealed. Day choices, too, might de-
pend on past harvests or species targeting; any decision that deviates from choosing the

highest expected revenue days would be rationalized by high cost draws.

Lastly, I do not consider exit decisions by firms or changes to boats in response to different
counterfactual designs. These are important production decisions during my study pe-
riod: there is a significant drop in firms throughout the period and particularly after their
boats are placed in the permit market. Boats sell their permanent rights to permits upon
exit. In addition, there is evidence of bunching beneath the size threshold defining small
boats (i.e. at 6 GT and then at 15 GT once all boats are in the permit market). I hold the
boat size distribution fixed everywhere, but changes to boat size could be an important

margin of efficiency gains in a unified permit market, for example.

5.5 Estimation

Estimation proceeds in steps following from the identification argument. I first estimate
expected daily revenue and quantities as an input into the estimation of a parametric
daily cost distribution. These allow me to form the ex-ante profit functions and estimate

the determinants of permit demand.

32See Appendix Section A.4 for a discussion of price dispersion
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First step: estimate expected daily revenue and quantities. I assume that the infor-
mation sets Z, with which boats form expectations include characteristics z; (size, age,
region) and monthly indicators m(d). I can then estimate daily expected quantities and

revenues by linear regression:

Ingy=a,+2z; 8,+ qﬁg(d) + &l (35)

InRig = ap + 2, - B + ¢ + &8 (36)

where z; includes the logarithm of boat size and the region of the boat’s home port, and
¢™@ represent month fixed effects. I then exponentiate predicted values from these re-

gressions to give estimated expected harvests and revenues.

Daily harvests ¢;4 are measured in cod-equivalent units, where I aggregate expected land-
ings each day according to the species exchange rates determined by regulation. The
values then reflect how many permits need to be harvested by ¢ in each day ¢. Daily rev-
enue measures are formed by aggregating revenues for all species, whether regulated or
not. In the model, permit holdings should match expected aggregate harvests, since boats
choose days to match their post-trade permit holdings. The model-derived expected har-
vests scales with observed permit holdings on average, but the model-derived values are
on average 9% higher. This reflects the fact that actual permit trading in the data occurs
dynamically throughout the year as harvests are realized and that boats are able to bank

permits. It might also

Second step: estimate daily cost distribution from day choices. With expected daily
revenues and quantities, I can turn to the day choices to estimate the daily cost distribu-
tion Fy,. In this step, I estimate both the mean and variance of the cost draws. Condi-
tioning on the permit choice ¢;, I allow boats only to pick among positive-profit days. The
condition that all chosen days have positive profits is an implication of the optimality of

permit choice ¢; and identifies mean costs.

I parameterize the daily cost distribution F7, as log-normal with location parameter (z;)

and scale parameter o(z;). In particular, they are gear-mix-specific functions of boat size.
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If g is the gear mix of the boat, then

w(zi;) = of + o - log(boat size) (37)

o(z;) = af + o - log(boat size) (38)
There are six gear mixes g, so each year has 24 parameters. The probability of choosing
a day at sea is the probability that the day is among the most profitable days up until
the boat reaches its permit holdings ¢; and that those days are all of positive profits. This
does not have an analytical solution, and simulating choice probabilities for each day is
computationally burdensome. I therefore estimate the cost parameters by the method of
simulated moments (Pakes 1986, McFadden 1989). I use the observed ranked order of
daily revenues and the aggregate number of days as moments. The steps are available in
Appendix Section

Third step: calculate the profit function. With estimates of the cost parameters, I can in-
tegrate over the estimated cost distribution FC‘Z, for any quantity goal ¢; and boat charac-
teristics z;. I also create the ex-ante day choice function D(g;, z;), i.e. the expected number
of days before cost shocks are realized, to estimate labor demand. I calculate the profit
function across a grid of possible permit holdings ¢; and boat sizes by simulating from
the estimated cost distributions for a boat of characteristics z;. The steps are available in
Appendix Section

Fourth step: estimate market parameters. With the profit function I1(g;, z;), I can esti-
mate the transaction cost function 7C(g; — ¢;) and the distribution of permit cost shocks
Fa. Following Toyama (2024), I assume the following functional form for the transaction

cost function:

TC(@ — ) exp(a+ 8- 1q < ¢)) e < @) - |a — al™ (39)

which is smooth at ¢ = g. I allow for level differences in the transaction costs for buyers

and sellers 3. The marginal transaction cost is therefore

0
0¢;

TC(G — @) =sgn(@ — ¢;) -expla+ B -1a < @) - |G — @|" (40)

where sgn(g; — ¢;) is the sign function for the net permit position, such that it is positive
for sellers and negative for buyers. The three parameters (o, §,7) define the transaction

cost function. I parameterize F» as a log-normal distribution with location parameter yia
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and o and estimate the parameters via maximum likelihood. Away from the bunching
threshold, A; is point-identified. The likelihood contribution of the firms bunching at 50%
of their permit allocation is the probability of being above the threshold A. Appendix
Section [Cloutlines the steps in detail.

Labor demand. Given the independence assumption on the unobserved determinants

of crew size, I regress crew sizes on gear mix g-specific functions of log size, for each year:
Liy = o+ ¢7 + 37 - In(Boat size) + €& (41)

The predicted values of this regression is L(z;). I then scale the day choice function to find

the ex-ante labor demand for each boat i:
0(qi;2zi) = L(z;) - D(¢i, 2i) (42)

I also estimate the ex-ante wage bill function via a regression of wage bill w; on single-boat

tirms, where I can condition flexibly on z;:
w; = a+ ¢? + 49 - In(Boat size;) + (7 + ¢? + 87 - In(Boat size;)) - R; + € (43)

which relies on variation in total harvest revenue R; conditional on boat size and gear

mix. The predicted values then give the ex-ante wage bill w(g;, z;).

5.6 Results

I estimate parameters for each year from 1999 to 2003.

Cost parameters. Panel A of Table 5/ shows estimates of average cost (total estimated
cost per kg output) aside the average revenue for different boat characteristics. Generally,
larger boats have higher costs, though the average cost per unit output is lower, reflecting
well-known scale economies in fisheries production (Ho 2023). It also shows that the
mean annual cost of boats across the 7 gear types for three years, compared to mean
annual revenue; costs are much lower, an indication of the low variable costs in fishing.
However, the average profit per kg (revenue minus costs) varies considerably by gear
mix. That is, shifting production can be valuable for lower daily costs to harvest but also
because the quality (ISK per kg) of the output might be higher. Generally, costs are much
higher for trawlers, though this might in part reflect a bias from taking multi-day trips.
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Market parameters. Panel B of Table |5 shows estimates for the market parameters for
three of the years. First the distribution of A is very wide and not centered at 1, indicating
wide dispersion in marginal profits unexplained by distance from the permit allocation or
permit rental price. Further refinements of the profit function estimation could ameliorate
some of this residual. Appendix Section has details on model fit. The model is able
to fit observed permit holdings very closely, despite vastly simplifying the actual permit
trading behavior that occurs throughout the year, except for boats with the lowest per-
mit holdings and allocations. I also systematically under-predict permit holdings among
small boats, indicating that it might be important to allow for variation in transaction

costs or the A; distribution by boat characteristic.

Labor. Table 5 shows the results of regressing the total wage bill on harvest revenue at
the firm level. The time period is from 1996 through 2007, covering my period of focus
and the period of the major collective bargaining agreement determining crew shares.
Year fixed effects control for fuel price changes, which do impact the share given to labor.
I include specifications with and without firm fixed effects; meaningful differences with
tirm fixed effects could indicate important unobserved variation in the revenue-sharing
function. Specification (2) with firm fixed effects relies on across-year variation in rev-
enues within the same firm. The predicted values from both regressions give estimates
of the labor share of revenue between 21% and 39% (the 10-90 range). A back-of-the-
envelope calculation from the shares in the collective bargaining agreements indicates
that about a third of harvest revenues go to crews, roughly in line with these values. Har-
vest revenues absorb considerable variation in the wage bill across firms, though about
10% remains unexplained. This might be due to provisions for higher shares for workers
with more experience on some types of boats, variation within the year in fuel prices caus-
ing changes in shares, payouts of minimum earnings if a certain harvest revenue is not
reached, or variation in the number of ranked positions (engineer, first mate) that receive

extra shares.

6 The Value of Permit Trading and Counterfactual Designs

With estimates of profit functions and the market parameters in hand, I can simulate
permit choice functions and estimate the gains from trade in the permit market. I can
also consider market equilibria under alternative designs that remove the trading limits.
This will generate new permit choices and therefore change the production outcomes of

interest to the regulator.
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6.1 Computing counterfactual permit prices and supply and demand

curves

The estimated parameters allow me to construct individual permit choice functions for all
boats ¢ in every permit market with and without the production requirement and under
any permit price. I assess the following counterfactuals:

1. No production requirement: Remove the bunching at 50%, in both big- and small-
boat markets.

2. Unified market: place all boats in one market starting in 2001.
3. Both a unified market and no production requirement

From these permit choices, I can construct the aggregate permit supply and demand
curves underpinning the welfare analysis in the framework I outline. Specifically, I cal-
culate permit choices for all boats in each market under a grid of permit prices. I then
take the difference with the permit allocation to find whether the boat has excess demand
(more permits demanded than allocated) or excess supply (fewer permits demanded than
allocated) at that permit price. I then sum the excess demand and excess supply among
all boats in the permit market.

I use a simple algorithm to search for the precise equilibrium permit price in the alter-
native markets. For each candidate price, I calculate each boat’s expected permit choice,
sum them to find the aggregate permit holdings, and shift to a new candidate in the di-
rection that will allow the market to clear, i.e. for the aggregate permit holdings (i.e. the
total allowable catch) to match the aggregate amount in the data each year. The steps are
described in Appendix Section D. The alternative permit choices can be directly mapped
to labor demand and the wage bill using the estimated relationships. Harvest profits, too,

can be calculated.

6.2 Designs’ impact on gains from trade

Figure 8 shows empirical analogues of the stylized graphical framework for a particular
year. Other years can be found in Appendix Section D. In 8(a), I show the equilibrium
under the actual permit market design: segmented markets under a production require-
ment. The small-boat permit market (in red) has a much smaller cap than the large-boat
permit market (in blue) and therefore is shifted much closer to the origin. The graphs con-

tirm the presence of gains from trade, the sum of the areas under each supply curve and
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above each demand curve. Comparing aggregate profits at the market equilibrium (34.6
billion ISK) to the profits if each boat harvested only their permit allocation (30.9 billion),
I find that permit trade increased total profits by 3.69 billion ISK in 2003 (see column 1 in
Table 6), or about 12%.

Figure 8(a) also shows the efficiency impacts of segmentation, namely the areas ABC
and DEF. These are the foregone profits that the boats would have gotten under the
equilibrium price in the simulated unified market. In 2003, I estimated those losses to be
about 270 million ISK, or 7% of the total gains from trade. The consequences of segmen-
tation vary by year. In 2002, segmentation lowered the gains from trade by only about 1%
despite a similar difference in permit price to other years (20.9 ISK). Both permit supply
and demand in that year were particularly inelastic in the small-boat market.

Figure 8(b) shows the simulated unified market in order to isolate the impact of the pro-
duction requirement. The change in permit supply is clear, with the area ABC in 8(b)
representing the foregone profits from requiring harvest. In 2003, the production require-
ment lowered the gains from permit trade by 760 million ISK or 16%. In 1999 and 2000,
the production requirement was binding on more firms and had an even greater impact,

lowering gains from trade by as much as 32%[]

Figure 9 then emphasizes the gains in each market separately as one removes each trading
limit to the market with the highest gains from trade: a unified market with no produc-
tion requirement. Removing the requirement in the segmented market increases the gains
from trade by 720 million ISK; then unifying the market adds another 310 million ISK in
gains. The trade limits together therefore destroyed about a quarter of the gains from
trade in 2003.

The first column of Table 6 shows gains from trade from pooling all years, for four market
designs: the efficient benchmark with no trade limits, including each limit individually,
and then the actual design implementing both. Segmentation destroys about 5% of the
gains from trade, while the production requirement is three times more costly, destroy-
ing about 15% of gains from trade. The fact that the efficiency loss from segmentation is

small, relative to the large difference in permit price, is due to the relative (in-)elasticities

3This could be because over time, firms adjust their permanent permit rights (and therefore their annual
permit allocation) in order to be sure they are not at risk of being near 50% of their permit allocation. In
practice, though, boats mostly sell those permanent rights at exit. Other permit right sales do happen,
though.
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of the permit demand and supply curves]

A simple decomposition shows how each limit affects the gains from trade. Note that
Gains from trade = Total transaction volume x Average gain

The value of a permit trade is the difference in harvest profits from shifting production
from the seller to the buyer. Market segmentation lowers the possible difference in pro-
duction profits by restricting who can sell to whom; it therefore impacts the average gain
from trade. In fact, trade volume slightly rises slightly (comparing the third and fourth
row of Table 6). The efficiency loss comes from a 5% drop in the average gain from trade.
Many valuable permit trades remain despite segmentation.

The production requirement, meanwhile, acts by restricting some valuable trades entirely.
A set of permits that can be sold in the limit-less market are restricted to be harvested. The
volume of trades that are removed depends on how many producers are constrained by
the requirement in the new equilibrium. The production requirement has a negligible
impact on the average value of trades (comparing the second and fourth row of Table 6),
such that buyers are able to find other sellers in most instances with similar profit dif-
terences. However, the average trade falls by 15%, constraining more production than

segmentation and reducing the value of the permit market more.

6.3 Cost of Redistribution via Trade Limits

The graphical analysis has emphasized how to assess the foregone profits from limiting
trading in the permit market. Table 7 highlights who benefits from the limits by trans-
lating the increased production on targeted boats to changes in worker earnings. It de-
composes earnings into the aggregate wage bill (a function of harvest revenue) and the
remaining harvest profits plus returns in the permit market, which run to boat owners. I
split this into two groups: the group of workers who gain from the limit and the group of
workers who lose, along with their respective boat owners. I will take each trade limit in

turn.

Segmentation was designed to increase harvests on the small and medium-sized boats

34In fact, one could also find the opposite result: larger relative differences in profits than in permit prices,
if permit demand and supply are very elastic. This would create wide but shallow triangles in the graphical
analysis.
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(<15 gross tons) that were placed in their own permit market. I find that segmenta-
tion increased the harvest share for these boats by about 2 percentage points. Small-boat
workers therefore saw an aggregate increase of $2.4 million, with losses to boat owners
in aggregate as many net sellers lose seller surplus from selling to large boats in the uni-
fied market. Beyond small-boat owners, the incidence of segmentation falls on large-boat
labor given the fall in harvests among small boats. There is in fact a slight increase in
earnings to large-boat owners, as equilibrium prices rise and shift surplus from big-boat
permit buyers to big-boat permit sellers.

The production requirement was designed to increase harvests on boats that would oth-
erwise harvest only a small fraction of their permits. This was in order to raise earnings
for their crews. Table 7 shows that earnings gains were about $12 million in aggregate
to those workers, with considerable losses to the boat owners who lose profits from sell-
ing permits. Just as before, workers on all other boats lose on average from the shift in
harvests. Owners of those other boats gain on average due to higher permit prices that
increase seller surplus at the expense of buyer surplus.

I can now compare the cost from foregone profits to the gains to workers under each
trading limit. One can think of the gains in two ways: protecting jobs (labor demand)
writ large and protecting low-income workers from permit trade. Table 8 shows that
market segmentation is a much more effective policy at increasing total labor demand;
small boats are much more labor intensive on average than the net sellers that increase
harvests under the production requirement. The cost of increasing labor demand via seg-
mentation is 20 times lower than via the production requirement. The boats constrained
by the production requirement—for which production increases—have a labor intensity
that does not differ substantially from the other boats for which the permit price rises and
production falls. How does segmentation compare to other job creation programs¥° On
average, boats spend 77.4 days at sea per year; if one takes this as an estimate of 1 job-year,
then the cost of adding one fishing job via market segmentation is about $77 thousand ev-
ery year. This estimate is well within the range of costs than the estimated job creation
from government spending after recessions and considerably lower than “buy domestic”

programs that act as quasi-tariffs |

%This differs from job training programs that seek to provide workers with skills for existing jobs.

3Estimates from macroeconomic models used to assess the 2009 American Recovery and Reinvestment
Act indicate that each job-year from government spending costs $136 thousand, in 2020 dollars (CEA 2009).
Estimates of specific US government programs range from $56 to $120 thousand per job created (Boushey
and Ettlinger 2021). The 2018 US steel and aluminum tariffs were estimated to cost $900 thousand per job

42



Meanwhile, the production requirement is the superior redistributive policy. Figure 10
shows changes in average earnings across ventiles of the fishery income distribution.
There are many small-boat workers who are relatively high in the fishery income distribu-
tion, and therefore shifting harvests (and therefore earnings) to them is not well targeted
toward low-income workers. The production requirement, meanwhile, increases earn-
ings at the bottom half of the income distribution by about 20%, compressing the income
distribution more. This targeting ability means that, despite the larger efficiency gains, it
is actually about 10% less costly per dollar of foregone profit to redistribute to the lower
half of the income distribution via the production requirement than via market segmen-
tation. This is a relatively costly way to redistribute income, however. Shifting a dollar
from the highest to the lowest income person in the tax code costs about $2 (Hendren
2020). However, one can make other comparisons: for example, redistribution via tiered
electricity pricing in the US increases earnings at the bottom of the income distribution
by only about 12%, with considerable deadweight loss (Borenstein 2011). On the other
hand, even low-fishery income workers are rather high in the Icelandic income distribu-

tion, with small-boat workers roughly falling around the 40th percentile.

The interaction of the two policies not only preserves but enhances the benefits of each
trade limit individually, as seen in the third column in Table 8. The actual design that
segments the market and imposes the production requirement increases labor demand
by a third relative to segmentation alone and increases redistribution to the low-income
tishery workers by about third relative to the production requirement alone (and at about
the same per-dollar cost). This is because both being a net seller and a small boat targets
labor-intensive production while also shifting harvests up even more among the lowest-

income, most labor-intensive boats: the net sellers in the small-boat market.

7 Conclusion

Economists have for decades expounded the promise of environmental markets, which
maximize the value of an environmental commons by shifting production to those that
value it most. In practice, however, the ability to increase aggregate value can conflict

with other goals in managing environmental commons. Restrictions on permit trade

created, and “Buy American” requirements generally are estimated to cost $262 thousand per job created
(Hufbauer and Jung 2020). Estimates from investment programs in developing countries like Tunisia range
from $15 to $45 thousand (Robalino 2018).
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can strike a balance between productive efficiency and distributional objectives and help

overcome the concerns that lead regulators to avoid market schemes entirely.

I study the efficiency and distributional consequences of trade restrictions in Iceland’s
fisheries permit market, one of the oldest and largest in the world. It features two com-
mon designs that limit trade in permit markets. Firms are required to harvest half their
permit allocations, and the permit market is segmented between large and small boats.
Both restrictions are designed to redistribute production to more labor-intensive produc-

tion and redistribute earnings to low-income fishery workers.

I assemble unique data that links administrative data on worker employment and earn-
ings histories to detailed information on permit trades and production. Combined with
extensive institutional knowledge of how firm revenue maps to earnings, this allows me
to consider jointly changes in fisheries production and downstream impacts on earnings.
I show that the introduction of permit trading causes labor demand to fall by about 12%
and shifts earnings from lower- to higher-income fishery workers. I also document evi-
dence of the efficiency consequences of the trading limits, with steep discounts for permits
in the small-boat market and considerable bunching at the production requirements.

I then develop and estimate a joint model of fishery production and permit trading to
assess the value of permit trading and consider the consequences of designs that protect
workers and firms. I find that each type of trading limit has distinctive efficiency and dis-
tributional consequences. Segmentation, which separates permit prices by firm attributes,
greatly increases labor demand, but with notably small efficiency consequences relative to
the large permit price differences across markets. The production requirement, which tar-
gets firms by trading behavior, is costlier but much more targeted at low-income fishery
workers, compressing the earnings distribution at a lower cost than segmentation. How-
ever, these trade restrictions are very costly relative to other, more general redistributive
policies like through the tax code. Implementing both together dominates the production
requirement, while a regulator that weighs labor demand increases more highly could

consider implementing segmentation only.

The paper presents an analytical framework to think through distributional goals in per-
mit market design more generally. I highlight the key analyses needed to assess trade-offs
in permit market design: first, a compelling model of firm production to understand al-

ternative production decisions, and second, how those production decisions link to the
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outcomes that the government cares about. Researchers can undertake such an exercise in
many settings. A prominent one might be permit market design that responds to environ-
mental justice concerns, i.e. the concentration of pollution in minority and/or low-income
communities. While there is evidence that pollution disparities fell after a permit market
is introduced (Hernandez-Cortes and Meng, 2023), California regulators are considering
trade restrictions—in particular emission minimums—to help meet environmental justice
goals (Burtraw and Roy 2023). Researchers might undertake a similar analysis as this one
to understand the cost of the trade restrictions against predicted pollution exposures.

This study emphasizes the value of evaluating market designs across multiple regulatory
goals, in a style akin to other policy instruments with efficiency and redistributive impli-
cations. By examining Iceland’s fisheries as a case study, I reveal how tailored restrictions
can balance cost-effectiveness with labor demand and income equity objectives, provid-
ing insights for other environmental settings. More broadly, the findings suggest that
incorporating trade-offs and tailored interventions may encourage regulators to adopt
market-based schemes, potentially expanding the tools available to combat environmen-

tal degradation while addressing other socially valuable goals.
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Tables and Figures

Figure 1. Graphical analysis of a permit market and a production requirement
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Note: The figure describes the lost gains from trade from two common types of trading limits in a permit
market: requirements to produce a minimum amount from permit allocations and segmenting a market. It
does so under a competitive market equilibrium in a permit market for a generic initial permit allocation.
It outlines aggregate permit demand and aggregate permit supply curves, which depend both on market
participants’ permit choices—which are themselves functions of production profits—and the initial alloca-
tions to each participant. Sub-figure (a) shows the basic equilibrium and the gains from trade. Sub-figure
(b) shows the supply shift that occurs when there is a production requirement that binds firms with low

production. 50



Figure 2. Graphical analysis of segmentation
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Note: The figure describes the lost gains from trade from segmenting a permit market. It does so under
a competitive market equilibrium in a permit market for a generic initial permit allocation. It outlines
aggregate permit demand and aggregate permit supply curves, which I define in the text as the relationship
between excess permits or excess production and permit prices. The foregone profits are the two triangles.
Segmentation is designed to increase production in the market with the more generous cap, i.e. the one
with a lower equilibrium permit price. This increases production profits but at the expense of returns in the

permit market.
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Figure 3. Timeline of fishery regulation in Iceland
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Note: The figure shows some key years in Icelandic fisheries management that are relevant to this paper.
There is an asterisk on the non-tradeable cod quotas because about 250 small boats were also under day
restrictions after 1995; many of these day boats operated mostly seasonally and represent less than 2% of
aggregate revenue, so they are not a focus of this paper. They were also placed into the permit market in

2004, though many later transitioned to a summer coastal fishing program in 2008.
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Figure 4. Impact of permit market trade on harvests and labor intensity
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Note: The figure shows key changes in production after permit trading is introduced for small boats. Sub-
figure (a) shows the differences in harvest share, relative to the allocation share, among small and medium
boats after permit trading is introduced, split at the median catch per man-day (a measure of productivity).
Sub-figure (b) shows how this impacted the average labor intensity of production. It compares the average
labor intensity (man-days per ton of harvest, i.e. the inverse of the productivity measure used in sub-figure
a) in red to the implied average when the boats are weighted by their 2000 allocation share. It shows how
how much of the change in labor intensity can be attributed to the shift in harvest due to permit trade.
Sub-figure (c) takes the ratio of the two measures in sub-figure b to show that the observed labor intensity
is about 88% lower than what would be observed if the same boats had kept their harvest shares at their

2000 allocation share. Permit trading has made fisheries production less labor-intensive.
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Figure 5. Impact of permit market trade on worker income
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Note: The figure shows key changes worker outcomes on the introduction of permit trading in Icelandic
fisheries. Sub-figure (a) shows the average earnings difference among workers in small boats in 2000 only,
split along median harvest per person-day, relative to large-boat workers in 2000. This traces their earnings
whether they are in the fishery or not. Sub-figure (b) shows the average earnings difference among workers
each year relative to large-boat workers, i.e. it conditions on being in the fishery every year. It shows that
across most years, average earnings fall on less-productive boats. These workers tend to be low-income

already. Permit trading transfers income from lower- to higher-income workers.
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Figure 6. production requirement’s impact
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Note: The figure shows that the production requirement binds: there is considerable bunching at 50% of
the permit allocations. About 8% of firm-years are below 50%, most of whom exit in the following year.
Sub-figure (b) zooms in to show that bunching firms have lower average daily harvests, going out on more

days to get to the 50% mark.
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Figure 7. Segmented market’s impact
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Note: The figure shows the impact of the small-boat market. First, sub-figure (a) highlights that small-
boat production is more labor-intensive, i.e. lower harvests per person-day, than large-boat production.
Sub-figure (b), meanwhile, highlights a sufficient statistic for efficiency differences due to segmentation:
differences in the permit price, the effective shadow marginal cost of production. Regressing permit prices
from all trades with species-year fixed effects, the coefficient reports the average percentage difference in
permit transaction price in the small and large boat market. In most years, it is considerably lower, reflecting

more generous caps to the small-boat market. 56



Figure 8. Timing of decisions, shocks in model
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Note: The figure the timing of shocks and decisions in the model. For boats in the non-tradeable cod
system, days are chosen based on permit allocation only; there is no permit choice. Boats are assumed to
trade permits once, before cost shocks are realized, and therefore based on the ex-ante profit function. All

quantities are in cod-equivalent units, the units at which the trade limit binds.
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Figure 9. Graphical analysis: permit demand and supply in 2003
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Note: These figures show the aggregate permit supply and demand curves for the actual permit market in
2003 in sub-figure (a) and a simulated unified market in sub-figure (b) with and without the production
requirement. The unified equilibrium permit price reported in (a) is the intersection of the solid lines in (b).

It then highlights the foregone profits in each.
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Figure 10. Profits from removing both trading limits
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Note: This figure shows the impact of removing the two trading limits from the permit market in 2003. It be-
gins with the supply and demand in the segmented markets and then removes the production requirement
to generate more permit supply. Then it highlights the remaining profit gains from unifying the market

without the production requirement.

59



Figure 11. Trade-off of Trade Limits: Foregone profits vs. outcomes for targeted group
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Note: The figure shows changes in earnings across the fishery worker income distribution. It plots changes
in average earnings by ventile of the fishery worker income distribution, pooling across all years, for three
market designs relative to the market with no trading limits: segmenting the market by boat size only
(blue), introducing the production requirement only (red), and the actual design that implemented both

(green).
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Table 1. Summary Statistics

1997 2002 2010

Panel A: Fishing Boats

No. boats 906 884 636

No. firms 958 947 648

Total harvests (thousand cod-equivalent tons) 293 304 278

Total revenue (all species, billion ISK) 245 379 708

Total trips (million) 460 409 288

Fraction trawlers 0.135 0.103 0.106
Fraction small (< 6 gross tons) 0432 0.376 0.356
Fraction medium (6 — 15 gross tons) 0.282 0.342 0.389
Fraction large (> 15 gross tons) 0.286 0.282 0.253
Harvest share to trawlers 0.576 0.589 0.553
Harvest share to small boats 0.087 0.060 0.018
Harvest share to medium boats 0.081 0.109 0.161
Panel B: Fisheries Labor

No. workers 8771 7505 6051
No. workers, small boats 1100 1270 722

In capital city region 0273 0249 0.243
Average earnings (million 20 ISK) 739 899 102
Fraction male 0962 0.960 0.950
Average age 351 373 395
Fraction Ul 0.100 0.117 0.162
Fraction foreign-born 0.017 0.031 0.065
Fraction university degree 0.024 0.025 0.051
Average fraction earnings in fishing 0.796 0.814 0.814

Fraction with > 90% fish earnings, small boats  0.568 0.580 0.570
Fraction with > 90% fish earnings, large boats  0.642 0.659 0.705

Fraction moving next year 0.221 0.108 0.080
Fraction in fishery next year 0766 0.791 0.822
Panel C: Comparison Sample of Non-Fisheries Workers (16-70)

In capital city region 0.645 0.661 0.672
Fraction male 0422 0427 0.418
Average age 392 410 46.6
Average earnings (million ISK) 353 469 5.00
Fraction foreign-born 0.036 0.027 0.026
Fraction university degree 0.187 0.232 0.357

Note: Harvests are measured in cod-equivalents; see Appendix Section A. All monetary values are inflated
using the consumer price index for Iceland in January 1, 2020. At that time, the market exchange rate was
122.4 ISK to 1 USD, i.e. 1 million ISK = 8,170 USD. Panel C is information from a random sample of 10% of
individuals who were never flagged as working in the fisheries through all the tax and pay-slip data. Boats
with day restrictions are not included. 61



Table 2. Event-Study Estimates from Permit Market Expansion

Overall  Fish Not In Frac. fishing
income income working fisheries income Moved
) @ ) (4) ©) (6)
Panel A: panel of workers in fisheries in 2000
Pre-2000 x1(Small boat in "00) -0.107  -0.139 0.093 -0.166 -0.084 0.061
(0.127)  (0.137)  (0.005) (0.006) (0.012) (0.006)
Post-2000 x1(Small boat in “00) 0.094 0.314 0.041 -0.057 -0.001 0.033
(0.127)  (0.138)  (0.004) (0.006) (0.012) (0.005)
Panel B: panel of workers in fisheries in 2000, split by 00 median daily catch
Post-2000 x1(Below "00 median)  0.030 0.243 0.0422 -0.077 -0.012 0.013
(0.174)  (0.184)  (0.006) (0.008) (0.016) (0.006)
Post-2000 x1(Above ‘00 median)  0.158 0.383 0.040 -0.037 0.010 0.052
(0.165)  (0.179)  (0.005) (0.007) (0.016) (0.006)
Birth decade FE X X X X X X
No. workers 7.532 7.532 7.532 7.532 7.532 7.532
No. small-boat workers 1,210 1,210 1,210 1,210 1,210 1,210
00 Mean: small boats 5.16 3.93 0.00 1.00 0.705 NA
‘00 Mean: large boats 7.96 6.85 0.00 1.00 0.772 NA
Panel C: cross-section of fishery workers each year
Pre-2000 x1(Small boat) 0.476 0.402 -0.016
(0.128)  (0.138) (0.012)
Post-2000 x 1(Small boat) -1.03 -0.991 -0.016
(0.127)  (0.136) (0.011)
Panel D: cross-section of fishery workers each year, split by "00 median daily catch
Post-2000 x 1(Below "00 median) -1.45 -1.43 -0.029
(0.172)  (0.182) (0.015)
Post-2000 x1(Above ‘00 median)  -0.534 -0.464 -0.001
(0.166)  (0.180) (0.015)
Birth decade FE X X X
No. worker-years 161,316 161,316 161,316
No. small-boat worker-years 18,135 18,135 18,135

Note: The table shows results from a simple differeince-in-differences of small- and large-boat workers
across years, pooling 1993-1999 and 2001-2012 for the pre- and post-years respectively. Panel A is a cross-
section of fishing workers each year, highlighting earnings differences within each year. Panel B follows the
panel of workers who were in fishing boats in 2000. All specifications include fixed effects for birth decade.
Income is measured in million ISK. All monetary values are inflated using the consumer price index for
Iceland in January 1, 2020. At that time, the market exchange rate was 122.4 ISK to 1 USD, i.e. 1 million ISK
~ 8,170 USD. “Moved” is an indicator for filing tax returns in a different postal code than in 2000.
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Table 3. Statistics by Productivity of Boats

Below-median Above-median Control
treated boat treated boat boat

Avg. fishery income, 2000 $31,900 $46,909 $55,775
Avg. fishery income percentile, 2000 37 47 53
Avg. income percentile, Iceland in 2000 59 71 75
Wage bill / revenue in 2000 0.31 0.30 0.21
Average share of income from fishing, 2000 0.71 0.76 0.79
Average share of income from fishing, 2007 0.75 0.72 0.79
Frac. in capital region, 2000 0.20 0.14 0.28
Frac. in capital region, 2007 0.22 0.07 0.25
Frac. foreign, 2000 0.08 0.01 0.02
Frac. foreign, 2007 0.21 0.18 0.07
Avg. age, 2000 36.9 37.9 36.2
Avg. age, 2007 39.0 37.2 37.7

Note: The table shows some key summary statistics by the three groups tracked in the reduced-form anal-
ysis. The first two columns show statistics for he treated boats in 2000 (small and medium boats that are
put into a permit market) split at the median catch per man-day, a measure of productivity. It tracks some
income measures and a measure of labor share (the share of harvest revenue running to the wage bill) in
2000, the year before small boats are placed in the permit market. It also tracks a series of demographic
characteristics in 2000 and 2007 (many years after permit trading) to show that the demographics of fishery

workers changed starkly, particularly on small boats.
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Table 4. Parameters of interest

Description Symbol
Production
Expected daily revenue R,;  regression of realized

daily revenue on observed characteristics

Daily cost Ca ciq ~ Log normal(y., o.), where each parameter is a
function of size and gear mix.
Mean daily cost Le from aggregate choice of days to meet quantity goal
Variation of daily costs o from likelihood of choosing particular day
given its revenue and the quantity goal
Permit market
Shock to marginal cost A, A; ~ Log normal(pa, oa), from variation in wedge II'/r
for similar boats and allocations
Transaction costs: base cost o allows for increased marginal cost as permit choice
grows from allocation q.
difference when selling B how relationship between wedge and allocation
differs under selling vs buying permits
curvature n sensitivity of relationship between wedge

and allocation to magnitude of trade.

Note: The table shows the key parameters of interest in the model. The production parameters determine

each boat’s harvest profit function. The market parameters allow for transaction costs that increase as

producers choose permits away from their allocation.
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Table 5. Structural estimates for three years

1999 2001 2003
Panel A: Average cost per unit and average unit revenue (ISK per kg) across boats
Cost Revenue Cost Revenue Cost Revenue

perkg perkg perkg perkg perkg per kg
Overall 13.7 109.7 20.2 136.1 16.3 133.6
Handline 11.4 108.5 22.0 131.1 12.4 133.2
Hand-longline 15.5 107.5 23.9 127.2 223 126.4
Net-hand-longline  12.9 115.0 7.08 147.7 30.0 143.5
Longline 221 107.3 21.5 129.3 14.1 129.2
Gillnet 3.57 121.0 223 161.7 26.0 154.0
Seiner 12.6 155.5 13.5 144.3 16.5 140.2
Trawler 18.0 97.3 17.3 118.6 9.4 120.9
Small boat 16.3 109.6 223 131.1 14.3 132.4
Medium boat 11.6 112.6 19.7 139.8 19.7 136.1
Large boat 12.5 106.9 17.9 138.3 15.6 132.7
Panel B: Market parameters
E[A] 0.995 1.17 1.82
Var(A) 0.048 0.050 0.104
) -0.280 -0.085 -2.47
B -62.3 -50.4 -47.5
Ul -1.80 -1.77 -0.91

Note: Panel A shows the average unit cost and average unit revenue for different boat types, i.e. average
total costs per kg quantity for each boat. Panel B shows estimates of the residual variation in the wedge
between marginal profits and permit price A as well as the parameters of the transaction cost function. See
Table [4] for details. All monetary values are inflated using the consumer price index for Iceland in January
1,2020. At that time, the market exchange rate was 122.4 ISK to 1 USD, i.e. 1 million ISK ~ 8,170 USD. The

full set of cost and marekt parameters can be found in Appendix Section C.
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Table 6. Regression of wage bill

(1) ()

Revenue 0.162  0.186
(0.053) (0.055)
Revenue x log(boat size)  0.017  0.007
(0.002) (0.002)
Revenue x indicator for...

Hand-longliner -0.085 -0.022
(0.076) (0.077)
Handliner -0.157  0.224
(0.281) (0.403)
Longliner 0.036  0.049
(0.053) (0.054)
Other 0.066  0.091
(0.056) (0.056)
Seiner -0.118  0.060
(0.053) (0.054)
Trawler 0.121  0.094

(0.053) (0.054)

Year fixed effects X X
Firm fixed effects X
R? 0.8883 0.9083
N 14,893 14,293

Note: This table shows the results of a regression of fishery firm'’s total wage bill on the firm’s annual harvest
revenue. It interacts the coefficient on revenue with the (log) boat size and the gear mix. When a firm has
multiple boats, I pick the size and gear mix of the smallest boat. The first column reports results for a
specification with no firm fixed effects; the second column reports results with firm fixed effects, showing

how the wage bill changes as revenue changes across years.
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Table 7. Decomposing the Gains from Trade

Gains from  Total transaction Average
trade volume gain
(million USD) (million kg) (USD per kg)
Both 103.5 529.8 0.20
Requirement 109.4 515.3 0.21
Segment 121.7 608.5 0.20
No limits 127.8 606.5 0.21

Note: The table shows the gains from trade under four permit market designs, pooling years from 2001
onward. It compares the efficient benchmark (“no limits”) to including market segmentation, imposing
the production requirement, and the actual design that implements both trading limits. It then shows the
gains from trade: the difference in total profits under the permit market versus all boats harvesting their
permit allocation. This is decomposed into the total trade volume and the average gain per trade. It shows
that segmentation impacts the average gain from trade, while the requirement impacts the total transaction
volume. The requirement has a larger efficiency impact because it constrains more production relative to

the efficient benchmark.
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Table 8. Comparing the Two Trade Limits: Which Workers Gain?

Gain Lose
(million USD) (million USD)
Segmentation
Which workers? Small-boat Large-boat
Total transfer to workers 2.4 -4.7
Total transfer to their owners -3.6 2.7

production requirement

Which workers? High sellers  Everyone else
Total transfer to workers 12 -17
Total transfer to their owners -28 15

Note: The table summarizes which workers and boat owners gain from the implementation of trade limits in
Iceland’s fisheries permit market. It compares total earnings to different groups of workers and firms when
each trading limit is implemented, relative to a counterfactual market without trade limits. It emphasizes
how each limit targets different workers: small-boat labor in the case of segmentation and labor on high-
selling boats in the case of the production requirement. It also emphasizes that owners of non-targeted
boats gain on average through changes in the permit price, namely because permit prices increase and this

transfers surplus from buyers to sellers.
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Table 9. Comparing the Two Trade Limits: Redistribution and Increase in Labor Demand

Harvest

Segment requirement Both

Income change, workers < median income (million USD) 0.90 2.98 3.95
Profit change, owners < median profits (million USD) -1.90 4.85 3.62
Increase in labor demand (thousand person-days) 6.21 0.98 8.22
Cost (foregone gains from trade) (million USD) 6.17 18.5 243
Cost per $1 increase to low-income labor 6.82 6.19 6.15
Cost per 1,000 person-day increase in labor demand 0.99 18.9 29

Note: The table shows how each trade limit impacts both total labor demand and the distribution of income
in Iceland’s fisheries. It shows how four key economic outcomes change relative to a permit market with
no trade limits: total income to the lower half of the fishery worker income distribution, total profits to
the lower half of the boat owner profit distribution, the total labor demand in person-days, and the profits
(i.e. the change in gains from trade). It then divides the change in profits by the change in earnings to
low-income workers to get the cost of redistribution via each limit. It compares three market counterfac-
tuals: segmenting the market only, only implementing the production requirement, and the actual design
that implemented both limits. Segmentation mainly increases labor supply, while the production require-
ment is the better redistributive policy. Implementing both limits increases labor demand and promotes

redistribution, while also shifting the incidence of the trade limits onto the owner of higher-profit boats.
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Appendix

A Details on Framework

A.1 Implementing the profit-maximizing allocation

The profit-maximizing allocation assigns production to firms to maximize aggregate sur-

plus, as if one agent controls all firms’ production choices:
(g;, z;) subject to . < 0O 44
mqgmx; (g:, %) subj Z ¢ <Q (44)

Under the solution, all firms equalize marginal profits to the marginal shadow cost A:

where the marginal shadow cost ) is the Lagrange multiplier from the aggregate produc-

tion cap.

Implementing the profit-maximizing allocation with a permit market. The seminal
result underpinning environmental permit markets is that this profit-maximizing alloca-
tion is implementable by allocating permits to produce and allowing those permits to be
traded in a market in competitive equilibrium (Crocker 1966; Dale 1968; Montgomery
1972). Let ¢; be the allocation to firm i, such that >, ¢, = Q

Assumption 1. Firms take permit prices as given.

Assumption 2. There are no search or hassle costs in the permit market, such that the marginal

cost of a permit is summarized by the permit price.

Assumption 3. Firms harvest all permit holdings q;. They choose the permits to hold to maximize
total profits, given the production profit function and permit allocation ;[

The final component of the competitive equilibrium determines the equilibrium permit

price:

¥In this simple setting, choosing permits or choosing production is equivalent. When production is
uncertain or there are other provisions like banking, this is no longer the case.
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Assumption 4. The permit market clears such that aggregate permit choice is equal to the total

number of permits available:

ZQ(ﬁ z;) = ZCZ’ =Q (46)

)

Under the optimization problem in (I) and market-clearing in (46), the market equilib-
rium implements the profit-maximizing allocation, i.e. a traditional First Welfare Theo-
rem argument ¥ The permit price will be equal to the shadow marginal cost of production
characterized in (45).

A.2 Details of day selection process

The selection process is as follows:

1. Define daily profits of boat 7 on day ¢ as

T =F [Rit ’IJ — Cit (47)

2. Denote the ordered set of positive daily profits by {7;)}, where

3
Y
3
c

Y

R Ti(n) and Ti(k) > O,Vl{?
Here, k = 1,2,...,n indexes the ordered days, and ¢t is the original day corre-
sponding to the k-th highest profit, i.e., m) = i, -

3. Denote the corresponding expected harvests denoted by {¢;() }, where
4. Let S(¢;,Z;, ¢;) be the set of days of highest profit until harvests equal permit hold-
ings:
k
S(qi, Li i) = {tay, -, L | Z Elqim)|Ti] < ¢:} (48)
m=1

which depends on ¢; through the arrangement of days ;).

3 A set of theoretical work has confirmed how market power or transaction costs change the ability of
the permit market to implement the profit-maximizing allocation (Hahn 1984; Stavins 1995).
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5. Then the day choice vector d; indicates which days are in S(g;,Z;, ¢;):

d; = {dit}tzl,...,T7 where (49)

1 ifteS(q, T, c)
0 ift¢S(q T c)

6. The total number of days is

D(qi, Tiyci) = Y diy (51)
t

A.3 Identifying revenue and quantity expectations

First, I assume that I perfectly specify the boat’s information set at the time of day choice
when forming quantity and revenue expectations:

Assumption 5. Boats form expectations over daily revenue R;; and daily harvests q;; as a function
of boat characteristics z; and day characteristics z,. Therefore the set of chosen days depends on
these characteristics: S(q;, Z;, ¢;) = S(qi, 2i, 24, ¢;)

Any deviation between observed realized revenue and the expected revenue is the fore-

cast error of a boat{”
Definition. The forecast error of a boat i for day t is observed as

I =Ry — E[Ru|zi, 2 (52)
fiqt = it — E[Qit|zia Zt] (53)

such that I change the notation of the set of days of highest profits up until q; so that it depends on
these forecast errors: S(qi, zi, 71, i, EF, EF).

Forecast errors are considerable in fisheries, since there is great uncertainty in the loca-
tion and quantity of fisheries in different locations at particular times. Plugging into the
inequalities above shows that beliefs over both quantities and revenues play a role in day

¥This error term would also include measurement error in revenue. I observe fish prices as averages of
species-size-gear mix-region-month bins, in both fish auctions and from contracts for vertically integrated
boats, not the boat-specific prices directly. The major determinant of fish price is gear mix and month, since
these influence the size and wholeness of the fish when landed, both of which I can control for. I observed
quantities caught and registered by each fishing boat in Iceland, so I am not concerned about unobserved
quantities that contribute to revenue.
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choice:

dp =1 = Ry — f'lt% > cii,and t € S(Qi,Zz‘,ZmCiafﬁafg) (54)

(2

dit == O - Rit - fg < Cit, ort ¢ S(qiaziuzhché—ﬁ?g;}) (55)

The following independence assumption is therefore crucial to identify cost characteris-
tics separately from differences in expectations:

Assumption 6. Forecast errors &I and & are independent of daily production costs c;, condi-

tional on boat characteristics z;, day characteristics z,, and determinants of permit holdings g;.

Therefore boats do not systematically under- or over-predict with different quantity con-
straints or as days happen to be more or less costly. Moreover, I rule out dynamic de-
pendence: early forecast errors do not change expectations later in the year. Under As-
sumptions [5] and [} I can identify daily revenue and quantity expectations for all days
t—whether boats went fishing or not—by regressing realized revenues and quantities on

z; and z;.

A.4 Identifying the crew size function

Assumption 7. Let crew size be a flexible function of characteristics z;:
Liv = L(z:) + €3 (56)

where unobserved determinants of crew size €& are independent of q; and z;.

The assumption rules out that variation in crew size conditional on z; implies different
profitabilities. It is not as strong as it appears in the fisheries context, so long as there is
enough heterogeneity in z,. Crew sizes might vary because trainees are aboard, for exam-
ple. I do not model gear choices, assuming they are fixed for the production process of a
boat in a year, so the assumption implies that the total days at sea scale proportionally be-
tween the multiple gears they use. The assumption implies that average crew size across
production days does not change with quantities, controlling for z;, a fact that holds true
in the data. I can then estimate L(z;) via regression of crew sizes on z;.

For the wage bill, I consider only single-boat firms and, with sufficient heterogeneity in z;,

can relate harvest revenues to the wage bill by regression. This assumes taht unobserved
determinants of the wage bill are
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Assumption 8. Total labor earnings or wage bill w; depends on a share ¢ € (0, 1) of total realized

harvest revenue R; = >, Ry:
w; = o(z;) + ¢(2;) - Ry + € (57)

where unobserved determinants of the wage bill € are independent of revenue forecast errors

S, &R, conditional on z;.
I can then estimate the parameters of the revenue-sharing relationship a(z;) and ¢(z;) via

regression of wage bill on realized revenue, among single-boat firms.

I can then identify the ex-ante labor demand and ex-ante wage bill, i.e. how labor out-
comes before within-year shocks are realized, using the day and revenue functions that I

have identified. That is, expected labor demand for a quantity goal ¢; is
U(qi, z:) = L(z;) - D(¢i, z:) (58)

and the ex-ante wage bill is

w(QiaZi) = E[wi|Qi>Zi] = Oé(Zi) + ¢(Zz’) : ( qi, 2 ZE |%Zz ) (59)

=0

where the expected aggregate forecast shock Y, F[¢f|q;, 2] is zero by the independent

assumption on forecast errors.

B Data Construction

B.1 Summary of fishery data

The fishery harvest and permit trading data consist of a fewer major data sources.

1. Fisheries Authority: Received from agency every permit transaction with associated
vessel IDs, by species and date; landings in Iceland by day 1992- 2021 and monthly
before 1992, for all fishing boats . Scraped from the agency website the permit prices
for all species by day after 2001.

2. Transport Authority: vessel registry, with characteristics of vessel including owner
history (firm or individual personal identifier), year of production, gear mix, size,
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and “fate” (scraped, sold abroad, etc.); and crew registry, which registers crew mem-
bers (using their individual personal identifier) for every day they are on a boat, but
only for a subset of boats until 2011. Scraped from website. Vessels receive a unique
vessel registry number (skipaskrdrniimer) when first brought to Iceland that stays the

same even if ownership transfers.

3. Marine Research Institute: Received from agency catch data, which records every
instance of harvesting fish at sea for a subsets of boats, including geographic coor-
dinates, species, and gear use. Digitized by a research team at the agency from 1992

onward.

4. Pricing Authority for Catch Prices: Scraped from public website fish prices by region-
month-gear-species bin.

5. Central Bank of Iceland: Received from former researchers permit price data and
fish price data by month for every species, from 1992 onward.

6. National Archives of Iceland: Digitized some vessel and catch information from
1982 through 1992.

7. Statistics Iceland: access to labor data to match workers’ earnings and employment
history to fishing firms. See next section.

Firm exit. Figure shows the number of fishing firms, by boat size. Permit trading
spurred substantial firm exit; when each group of firms—first large- and medium-boat
firms in 1992, then small-boat firms in 2002—were placed in permit markets, the number
of firms fell by about 40%. There was also a wave of exits following a vessel buy-back
program in the early 1990s (years marked in gray). Laxer regulations for small boats,
according to a strict size threshold, creates an incentive to bunch at the regulatory thresh-
old for boat size. When small and medium boats are placed in a permit market together
in 2001, that incentive is removed, and so some firms substituted their small boat for a
larger one. The current simulations take the fleet as given and do not model exit or boat

switching.

B.2 Summary of administrative data

The labor market data consists of three major datasets. All are at the annual level:
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1. Old pay-slip data from 1981 through 1997. These were digitized by Sigurdsson
(2021) and give some basic demographic information (e.g. gender) as well as earn-
ings information for each firm at which an individual worked in a year.

2. New pay-slip data from 1993 through 2021. These are collected by Statistics Iceland
and give some basic demographic data as well as earnings information for each firm

at which an individual worked in a year.

3. Tax returns from 1989 through 2021. These give more detailed demographic infor-
mation (highest degree, marital status, number of children, postal code of residence,
born abroad/in Iceland) as well as total taxable earnings (labor income), tax burden,

and a series of government transfers like pensions and unemployment assistance.

I receive all information from these datasets for individuals who ever worked on fishing
boats (defined below). I also receive a random cross-section of 10% of the remaining
observations, i.e. a random set each year of individuals who never worked on fishing

boats. Thus it is not a panel of individuals.

B.3 Identifying the set of fishery workers

The fishery workers are identified in tax data using their national identification numbers

(kennitala) from the following sources:

1. The crew registry kept by the Icelandic Transport Authority (Samgongustofa), which
registers individuals by their personal identifiers on the days on which they are
at sea. This registry becomes more comprehensive over time. Ranked positions
(captain, first mate, engineers) on the largest boats (> 50 gross tonnes) are tracked
starting in 1981. All crew-members on large boats are added in 1986. The registry
requirement decreased its size threshold in 1992, such that all crews for large boats
(> 6 GT) were tracked in the 1990s. Ranked positions on small boats (< 6 GT) were
added in 2001. The crew registry covered every person on a fishing boat starting in
2011.

2. Annual pay-slips given by each firm on their workers, which I received from Statis-
tics Iceland from 1981 through 2021. Those pay-slips separately record earnings
from fishing boats.

3. Annual tax returns for all workers, which I received from Statistics Iceland from
1988 through 2021. From 1988 through 1994 and 1997 through 2014, there was a
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tax exemption for workers on fishing boats. In 1995, the tax returns flagged the
days at sea for fishing boat workers, which were used that year for tax exemption
calculations.

Any individual ever recorded in the crew registry, receiving fish earnings, or receiving the
tax exemption are flagged as ever working in the fishery. For these workers, I receive all
years they appear in the labor market datasets mentioned above, regardless of whether
they are working in the fisheries.

Individuals appearing in the crew registry can be linked directly to each fishing trip on
each boat. Those linked using the tax exemptions—including small-boat workers for my
period of study—are linked by firm identifiers in the tax and payslip data.

B.4 Constructing cod-equivalent harvests

The Icelandic fisheries management scheme consists of many species, each with their
own cap. To allow for the exchange of species permits, the government has instituted
species exchange rates (porskigildisstudlar) that convert a kg of each species permit to cod-
equivalent units (porskigildi). These exchange rates are set by the Fisheries Ministry for
each regulatory year t, which starts September 1. It is based on the average unit price of
each species relative to that of cod from May 1 of the previous calendar year to April 30 of
the current calendar year ¢. For example, if the average unit price of cod was 120 Icelandic
kronur per kg (i.e. total revenue divided by total harvests), and the average unit price of
haddock was 60 ISK per kg, then each kilogram of haddock in permits or harvests is 0.5

cod-equivalent kilograms.

Importantly for my analysis, the production requirement binds at the cod-equivalent
level: boats must harvest half their permit allocation in cod-equivalent units. Therefore
harvest and permit quantities throughout the analysis are in cod-equivalent kg or metric
tons (1,000 kg).

I collect species exchange rates from the website of the Iceland Fisheries Authority (Fiskistofa)
and, for earlier years, from regulatory announcements by the Fisheries Ministry in the Ice-
landic government register (Reglugerdarsafn). I then multiply the quantities of each species

by these exchange rates to create cod-equivalent harvests and permit amounts.

77



B.5 Constructing annual permit rental price

Permits are traded throughout the year in markets for different species. The structural
model, however, assumes one period of trading in the year, and I consider uni-dimensional
quantities in cod-equivalent units. Therefore, my measure of each year’s permit rental
price is the average permit price across all transactions in all species, weighted by the

transaction amount in cod-equivalent kilograms.

The model therefore does not account for price dispersion in the year, which, along with
the presence of brokers, is an indication of search frictions. The average permit market
at the species-year level has a coefficient of variation of 0.335, with an average of 0.111
in cod permit markets where most transactions take place. The coefficients of variation
are on average 37% higher in small-boat permit markets. These are similar in magnitude
to other markets where search frictions have been studied: 0.19 to 0.25 (retail wine), 0.20
to 0.24 (waste hauling), and 0.22 (prescription medication) (Sorensen 2000; Jaeger and
Storchmann 2011; Salz 2022). Comparing another environmental market, Shapiro and
Walker (2024) calculate a coefficient of variation of 1.04 in the average pollution offset

market they study, larger by an order of magnitude.
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Appendix Figure B1. Number of firms over time
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Note: This figure shows the number of firms over time, split by whether it is a large-, medium-, or small-boat
firm, with notable exit rates in the years after the expansion of the permit market. In gray is a prominent
vessel buy-back program targeted at small boats. Large and medium boat firms were placed in a permit
market in 1992, while small boat firms were placed in a permit market with medium boat in 2001, with a
few remaining grandfathered in the old system until 2004. There is a small uptick in medium boat firms
after 2001 due to small-boat firms replacing their boats with medium-sized boats.
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C Details on Estimation

C.1 Estimating day choice: method of simulated moments

Here is an outline of the method of simulated moments. Recall that the mean and variance
of the daily cost distribution are gear-mix-specific functions of boat size. If g is the gear

mix of the boat, then

w(z;) = af + of - log(boat size (60)
1 2

o (2;)

a3 + af - log(boat size) (61)

For any proposed cost parameters {d},

1. Calculate /i; = &' + &3’ - log(boat size;) and 6; = &5’ + &3’ - log(boat size;), given boat

s gear mix g; and its boat size.

2. Take S draws of the cost shock vector, where, for each simulation s € S, there is a
vector ¢;(s) of T draws from c¢;; ~*@ Log-normal(fi;, 5;). T is the total possible days

at sea. For each simulation s,

(a) Use the realized cost vector ¢;(s) to calculate the vector of daily profits m; =
{mi}E,, where m;; = Ri; — ci;, where Rj; is the result of the regression on daily

revenues.

(b) Form the ordered set of days {t()} by ranking all days with 7;; > 0 by their
daily profits 7;;. Denote the corresponding expected harvests as {¢;x)}. Denote
the corresponding expected revenues as { R;) }-

(c) Take the set of most profitable days until expected harvests are equal to permit
holdings: anzl ¢i(m) = @i, where g; is post-trading permit holdings for boats in
the permit market and is the total cod permits for boats under non-tradeable
cod permits (small boats before 2000). Call this set S;.

(d) Re-order the set of expected daily revenues { R; } from highest to lowest among
days in S¢. Call this the marginal revenue curve i = { Ri(n)}, i.e. the expected
daily revenues of the chosen days and (n) denotes the ranking from highest to

lowest revenue.

3. Collect the simulated moments g(&):

(a) The expected daily revenue of the 1st through 7"th highest revenue days: R;(,)(&)
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% > Rf(n) for all ranks (n). These represent 7' moments, which can be zero. The

empirical counterpart is Ri(n).

(b) The total number of days at sea: D;(&) = ¢ >, |S?|. The empirical counterpart
is ﬁl

4. The objective function is the squared distance between the simulated moments and

the empirical moments:
Q&) = [g(a) — g]W'[g(&) — g (62)
where W is a weighting matrix.

I then search for cost parameters a that minimize Q(«). I use the two-step optimal weight
matrix for .

C.2 Constructing the profit functions

For each gear mix (which impacts costs and revenue/quantity expectations) and region

(which impacts revenue/quantity expectations),

1. Set a grid of boat sizes and quantities, namely an even grid of values from the min-

imum to maximum for boats with that gear mix in that year.

2. Simulate cost draws using the estimates of the cost distribution Fc‘z. Save total prof-
its, i.e. II = >, m; for chosen days under the cost draw s. Also save the total days
at sea D} as before. Labor earnings rely on harvest revenues, so I sum these up
separately as well: z}.

3. Average across all simulations to find harvest profits I1(g;, z;), day choice D(g;, z;),

and revenues R(q;, z;) for this gear mix-size-quantity combination.
4. Interpolate across quantity-size grid points with cubic splines.

5. Calculate marginal profits as the numerical derivative 0I1(¢;, z;)/¢; using the inter-

polation.

C.3 Estimating market parameters: Fx and the transaction cost func-
tion

For a guess of parameters 6 = (pa, o0, @, 5,7),
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1. Calculate :2-T'C(g; — ¢;) for each boat i using the permit allocation and post-trade
q’L
permit holdings.

2. If i’s permit holdings ¢; are not in the bunching range (defined as 50%-60% of permit

allocation ¢;),

(a) Calculate

1/ 0 0 _
A= r_z <aqu(qia z;) — aqiTC(Qia qz)) (63)

where r; is the weighted average permit price for the year for i’s permit market,
where weights are the transacted volume of permits in cod-equivalent units.

(b) Standardize the value to A; = (exp(A;) — pa)/oa
(c) Then ¢’s individual likelihood is

pi = PY(Az‘W) = ¢(Ai) (64)

where ¢ is the probability density function of the standard normal.
3. If i’s permit holdings are in the bunching range,

(a) Calculate the threshold

_ 1 /0 _ 0 _
A= T’_z <aqu(qi/2azi) - quTC<qi/2)> (65)

(b) Standardize the threshold to A= (exp(A;) — pa) /o
(c) Then ¢’s individual likelihood is

p; = Pr(i bunches|f) = @(Kl) (66)

where @ is the cumulative distribution function of the standard normal.

4. Then calculate the log likelihood

L(O) = logp; (67)
I then find 6 that maximizes £(0).
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Bootstrapping standard errors. I construct standard errors for the coefficients by run-
ning the estimation procedure on 75 bootstrapped samples.

C.4 Parameter estimates

Tables C1 and C3 give the cost and market parameter estimates, respectively. Boot-
strapped standard errors are reported in parentheses.

C.5 Model fit

In this section, I summarize a series of model fit exercises. First I focus on two variables
in the production process: the days at sea and the daily revenue curve. Figure|CI(a) plots
the number of days at sea; the model-implied values match closely, though with a slight
underprediction at the top. A regression of the actual days on the model-implied days
gives an R? of 97%. Figures [CI[b) and (c) then compare the expected daily revenue of
each chosen day in the data and model, where (b) plots every day while (c) shows the
binned scatter-plot compared to the 45-degree line. The model fit is close on average,
though sub-figure (b) shows that the model predicts that boats choose higher-revenue
days than they actually do in the data. This could be because of unobserved cost differ-
ences across days (e.g. wintery conditions) that I do not currently control for.

I next turn to the fit of the permit market decisions. Table [C4|{shows the model-implied
non-trading rates (defined as post-trading permit holdings within 99.5%-100.5% of per-
mit allocations) and the bunching rate (defined as having post-trading permit holdings
within 50%-60% of permit allocations). This is among boats in the permit market and
therefore excludes small boats before 2001. In most years, the model under-predicts the
share of boats that do not trade, though the non-participation rates overall are small. It
also under-predicts the bunching rate in most years.

Figure [CI(d) plots the model-implied permit choice against the permit holdings in the
data. It shows the line of best fit for values about ¢ = exp9 to emphasize that the fit
is sensible except for boats with small permit holdings in the data. Among these boats,
the model vastly over-predicts the permit holdings. This is not an artifact of ignoring
boats under 50% of the permit allocations, since I only estimate the market parameters on
boats above the 50% cutoff (assuming that those below are exiting and are not affected by
the rule). A regression of the log of model-implied pemrit holdings on actual log permit
holdings has an R? of 74% overall and 81% at higher levels. Sub-figures (e) and (f) show
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the binned scatter plot of permit choice (both model-implied and actual) against permit
allocation. These emphasize two facts: first, that the model over-predicts permit choices
for boats of low allocations by an entire log point. This indicates that the small estimated
transaction costs do not fit the data at the bottom of the distribution. Second, the model
under-predicts permit choices for small boats across the entire distribution. This could
be because the determinants of permit choice are not market-specific and do not relate
to size; that is, the A; and transaction cost function 7C(g; — ¢;) have no relation to boat

characteristics.

In line with the over-prediction of permit demand among small boats, the model implies
aggregate permit demand (at the observed permit prices) within 5% of actual aggregate
permit demand in the big-boat market (1.79 vs. 1.70 million tons across all years). In the
small-boat market, however, I over-predict aggregate permit demand by 57% (246 vs. 156
thousand tons).
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D Details on Construction of Counterfactuals

D.1 Finding counterfactual equilibrium permit prices

Here I outline the algorithm by which I calculate new equilibrium permit prices. Let

Q° = Z q(rn, 24, Gi)

€N

be the aggregate number of permits chosen in the model at the observed permit price
r, for market n (small- vs large-boat vs unified permit market). For the unified mar-
ket counterfactual, use the aggregate number of permits across boat markets. For the
no production requirement counterfactual, use the unconstrained permit choice function

q(rn, z;, ;). Starting at the observed price r,,

1. Consider a new candidate price r’. Aggregate each boat’s permit choice to find

aggregate permit choice Q(r”).

2. I Q(r') > Q° (excess demand), find a new candidate price " = ' + 5. If Q(r') <
Q(r")° (excess supply), find a new candidate price r” = r’'—s. Find the new aggregate
choice Q(r"). Then,

(@) If |Q(r") — Q)| < tol - Q°, stop. I set tol to 0.001, i.e. 0.1% of the actual

aggregate number of permits.

(b) Otherwise, if Q(r") — Q(r’) is the same sign as Q(r") — Q°, let the new step size
be the same: s’ = s. If it is of opposite sign, halve the step size: s’ = s/2. Repeat

process with new candidate price " = 1" 4 ¢'.

D.2 Calculating aggregate permit supply and demand

To calculate the excess permit supply and demand functions that determine the permit
price in competitive equilibrium, I take a grid of permit prices and use the permit choice

functions and permit allocations. For any r,

1. Calculate permit choice ¢(r, z;, ;) for all 7 in the market, under the actual or coun-

terfactual design.

2. Find the excess demand or excess supply of each participant i in the market:
¢ (r) = max{0, q(r, 2;, @;) — Gi}
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Qf(r> = maX{07 CY’L - Q(T, Z;, le)}

3. Aggregate permit demand and supply are therefore

D) = >4

S(r) = 3!

The graphs then trace the two curves for each market.
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Appendix Table C1. Cost parameters grouped by gear type

Gear types 1 through 4 Gear types 5 through 7
Gear mix Year af aj af af Gear mix Year af aj aj

1 1999 -0.020 0.149 0.865  0.057 5 1999 -0410 0.077  1.647
(0.001) (0.002) (0.001) (0.001) (0.002) (0.001) (0.003)

2000 -0.021  0.127  0.715  0.049 2000 0.699  0.157  10.140

(0.001) (0.001) (0.002) (0.001) (0.001) (0.002) (0.014)

2001 0311  0.169  0.745  0.065 2001 0303 0109 @ 1.582
(0.004) (0.003) (0.004) (0.001) (0.002) (0.002) (0.012)

2002 -0.076  0.107  0.510  0.030 2002 -1.543 0.596  0.460
(0.001) (0.002) (0.003) (0.001) (0.042) (0.002) (0.004)

2003 -0.346 0.034 0219  0.093 2003 -1.501 0.569  0.361
(0.002) (0.001) (0.003) (0.001) (0.070) (0.005) (0.002)

2004 -0.662 0.077  0.682  0.041 2004 -0985 0463  0.071
(0.009) (0.001) (0.004) (0.001) (0.007) (0.001) (0.001)

2 1999 0318  0.134  0.810  0.046 6 1999 0287  0.076  0.546
(0.003) (0.001) (0.005) (0.001) (0.003) (0.001) (0.004)

2000 0.041  0.072 0539  0.077 2000 0.622  0.124  1.135
(0.001) (0.001) (0.008) (0.001) (0.002) (0.003) (0.069)

2001 0563  0.113  0.547  0.078 2001 0713  0.073  0.553
(0.004) (0.002) (0.003) (0.001) (0.004) (0.001) (0.008)

2002 -0.092 0.079  0.265  0.073 2002 -0.541 0482  4.629
(0.001) (0.001) (0.003) (0.001) (0.004) (0.002) (0.044)

2003 -0.163 0.075 0541  0.073 2003 -3.037 0979  3.061
(0.002) (0.001) (0.005) (0.001) (0.092) (0.002) (0.088)

2004 0.095 0.076  0.333  0.080 2004 -3.031 1.019 4481

(0.001) (0.001) (0.004) (0.001) (0.045) (0.024) (0.076)

3 1999 -0.624 0.107 0942  0.061 7 1999 -4.064 1437  3.155
(0.003) (0.002) (0.004) (0.001) (0.032) (0.021) (0.042)

2000 -0.781  0.088  0.847  0.079 2000 4381 0514  1.560
(0.004) (0.001) (0.005) (0.001) (0.040) (0.002) (0.025)

2001 -0.384  0.099  0.742  0.059 2001 1194 0.146  7.744
(0.004) (0.001) (0.006) (0.001) (0.033) (0.002) (0.045)

2002 -1.784 0.024 1258  0.090 2002 -3513 1346  5.013
(0.062) (0.001) (0.040) (0.003) (0.071) (0.021) (0.049)

2003 -0.941 0.052 0309  0.074 2003 -0.370 0.244  6.092
(0.007) (0.001) (0.006) (0.001) 0.004) (0.003) (0.065)

2004 -1.189  0.069 -0.095  0.057 2004 4356 0299  7.790
(0.033) (0.001) (0.002) (0.002) (0.027) (0.007) (0.055)

Note: The table reports estimates for parameters determining the mean and variance of the distribution of

daily production cost shocks, for each year and gear mix. Bootstrapped standard errors are in parentheses.

Appendix Section C details the estimation procedure.
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Appendix Table C2. Market parameters

Year A N « n 15}
1999 -0.60 0.52 -0.93 -2.83 -11.16
(0.003) (0.004) (0.005) (0.072) (0.120)
2000 -0.52 0.53 0.11 -14.35  -16.64
(0.004) (0.005) (0.002) (0.223) (0.334)
2001  -0.31 0.29 0.71 -3.96 -15.70
(0.004) (0.002) (0.004) (0.048) (0.402)
2002 -0.17 047 -0.96 -2.04 -17.02
(0.005) (0.008) (0.011) (0.068) (0.508)
2003 0.12 0.69 -3.17 -1.47 -18.86
(0.003) (0.009) (0.088) (0.072) (0.772)
2004 1.03 -0.65 1.13 -1.30 4.35
(0.042) (0.007) (0.092) (0.072) (0.122)

Note: The table reports estimates for parameters of the residual wedge A; between the permit price and
marginal profits, as well as the parameters of the transaction cost function. Bootstrapped standard errors
are in parentheses. Appendix Section C details
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Appendix Table C3. Influence of Designs

Year Design Actual Segmented, Unified, Unified,
no limit with limit no limit
©) 2) €) 4
1999  Gains from trade (billion ISK) 2.84 3.93 - -
Person-days, targeted boats (thousand) 35.36 29.73 - -
Wage bill on targeted boats (billion ISK) 1.51 1.24 - -
Harvest share of small/medium boats - - - -
Harvest profits of small/medium boats - - - -
Permit price 77.0 45.1 - -
2000 Gains from trade (billion ISK) 3.91 5.70 - -
Person-days, targeted boats (thousand) 20.77 17.69 - -
Wage bill, targeted boats (billion ISK) 1.11 0.96 - -
Harvest share of small/medium boats - - - -
Harvest profits of small/medium boats - - - -
Permit price 100.9 62.5 - -
2001 Gains from trade (billion ISK) 5.16 5.42 5.59 5.92
Person-days, targeted boats (thousand) 26.49 20.33 26.50 19.93
Wage bill, targeted boats (billion ISK) 1.07 0.90 1.07 0.90
Harvest share of small/medium boats 0.11 0.11 0.10 0.09
Harvest profits of small/medium boats 3.24 3.25 2.99 291
Permit price 111.1,84.7 104.8,77.7 106.6 100.0
2002 Gains from trade (billion ISK) 4.09 5.38 4.13 5.35
Person-days, targeted boats (thousand) 38.35 32.49 38.38 32.44
Wage bill, targeted boats (billion ISK) 2.50 2.30 2.50 2.30
Harvest share of small/medium boats 0.17 0.17 0.15 0.16
Harvest profits of small/medium boats 4.75 4.83 4.46 4.81
Permit price 89.9, 69.0 61.2,60.3 84.7 61.2
2003 Gains from trade (billion ISK) 3.69 441 3.96 4.72
Person-days, targeted boats (thousand) 39.49 29.99 39.50 29.94
Wage bill, targeted boats (billion ISK) 1.20 0.99 1.20 1.00
Harvest share of small/medium boats 0.17 0.16 0.15 0.14
Harvest profits of small/medium boats 4.72 4.80 4.31 4.38
Permit price 74.0,49.0 61.5,41.8 68.4 57.2
Total Gains from trade (billion ISK) 19.69 24.84 13.68 16.00
Person-days, targeted boats (thousand) 160.46 130.23 104.38 82.31
Wage bill, targeted boats (billion ISK) 7.39 6.39 4.77 4.20
Harvest share of small/medium boats 0.15 0.15 0.13 0.13
Harvest profits of small/medium boats 12.71 12.88 11.76 12.10

Note: The table shows the gains from trade and four key outcomes for the permit market as designed and
from simulated markets without the two trading limits I study: the production requirement and segmen-
tation. For the production requirement, the relevant outcomes are the labor demand and earnings on the
targeted boats, i.e. the boats that bunch at 50% of their permit allocation in the actual market. For segmen-
tation, the outcomes are the harvest share and profits of boats in the small-boat market, which includes
boats under 6 gross tons that were exempt from permit trading until 2001 and medium-sized boats who

were placed in their permit market in 2002. It then sums the values in the final rows.
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Appendix Figure C1. Model fit: production
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Appendix Table C4. Comparison of Participation and Bunching Rates

Model’s fraction ~ Actual fraction Model’s Actual
Year withno trading with no trading bunching rate bunching rate
1999 0.021 0.037 0.098 0.076
2000 0.020 0.025 0.101 0.048
2001 0.014 0.065 0.044 0.117
2002 0.017 0.055 0.055 0.118
2003 0.008 0.049 0.060 0.155
2004 0.019 0.032 0.070 0.178

Appendix Figure D1. Impact of trading limits: 1999 and 2000
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Appendix Figure D2. Impact of trading limits: 2001 and 2002
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Appendix Figure D3. Impact of trading limits: 2003 and 2004
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