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Abstract

Governments worldwide spend billions subsidizing the very practice that
depletes the ocean: overfishing. While fuel subsidies in fisheries are regarded as
a leading cause of overfishing, there is little empirical evidence to substantiate
this claim. Here, we analyze nine years of high-resolution data on fisher-level
fuel subsidy allocations, fishing activity, and fisheries production in Mexico’s
shrimp trawl fleet to empirically test whether fuel subsidies drive overfish-
ing. By leveraging year-to-year variations in the subsidy policy, we find that
when an economic unit receives a fuel subsidy, it increases its fishing effort by
40.6%, with similar responses observed for fished area and landings. Subsi-
dies also expand the spatial footprint of fishing, disproportionately exploiting
some grounds and revealing the spatial consequences of a non-spatial policy.
These findings provide causal evidence that fuel subsidies drive overfishing and

support urgent global calls to eliminate harmful fisheries subsidies.

Significance Calls for fishery subsidy reforms exist in Target 14.6 of the Sustain-
able Development Goals and Target 18 of the Kunming-Montreal Global Biodiversity
Framework. After nearly three decades of discussions at the World Trade Organiza-
tion, a global deal to curb harmful fisheries subsidies has finally been reached. And
yet, it has been difficult to predict how fishing effort will respond to these reforms.
Our study addresses this knowledge gap by estimating the ways and magnitudes in
which fuel subsidies drive overfishing. Our insights allows us to form expectations

about the potential benefits of a global subsidy reform.
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1 Introduction

Fuel subsidies to the world’s fishing fleets lower the cost of fishing and are thought to
be one of the leading causes of fisheries over-exploitation[I]. Scientists, practitioners,
and politicians worldwide have called for eliminating or reducing fuels subsidies as
part of a global concerted efforts to rebuild fish stocks[2] 3]. However, our ability to
predict the social and environmental outcomes of a reform hinge on the answer to
two crucial and as-of-now unanswered questions: “How much additional fishing effort
is caused by fuel subsidies?” and “How does this additional effort, if any, manifest in
the world?” If the amount of overfishing induced by fuel subsidies is relatively large,
then the reforms could have large upsides. However, if the amount is small relative
to other sources of overfishing (e.g. by-catch or illegal, unreported, and unregulated
fishing), then it may be better to focus management efforts on addressing those. Here,
we use high-resolution vessel tracking data from Mexican shrimp trawlers and long-
term administrative data on vessel-level subsidy allocations to provide the first causal
estimates of the effect of fuel subsidies on fishing behavior and fisheries production.

Subsidizing an input such as fuel generally leads to a socially inefficient over-use
of that input. When the input usage creates an externality (like carbon emissions
or overfishing [4, [1]), the subsidy leads to two sources of lost economic efficiency (or
deadweight losses). The first is the usual cost associated with a market distortion;
this arises because resources are being misallocated. The second is associated with
greater production of the externality itself. This is an under-studied topic, but
is of pivotal importance to the sustainability of agriculture, fisheries, mining, and

other natural resource use settings, and implicitly underpins recent policy efforts
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to curb subsidies in these sectors [2 3]. This paper focuses on this second type of
deadweight loss in the context of fuel subsidies in industrial fisheries. As we will
show, economic units receiving a fuel subsidy spend more time fishing and increase
the spatial footprint of their fishing activities. These individual behavioral responses
add up to large amounts of additional fishing that disproportionately affect some
fishing grounds more than others.

Fisheries subsidies are prevalent in most coastal nations and are believed to be one
of the main drivers of overfishing [I]. In 2018 alone, nations provided a total of USD
$35.4 billion in fisheries subsidies, USD $7.7 billion of which were granted as fuel
subsidies. These large numbers have prompted calls for global subsidy reforms[2]
3], and particular focus has been placed on cost-reducing and capacity-enhancing
subsidies such as fuel subsidies and vessel modernization programs. Although there
is broad consensus about the potential threats and damages posed by fuel subsidies in
fisheries, empirical evidence on their social and environmental costs remains limited
to just a few studies. For example, Sakai [5] showed that subsidies that reduce
costs may have negative effects when extraction of fish is not limited. Recent work
by Englander et al. [6] shows that fuel subsidies to China’s distant water fishing
fleet have a large impact on the fleet’s fishing effort, and that biological overfishing
could be greatly reduced in several regions if China were to half fuel subsidies to it’s
distant water fleet. And, finally, Revollo-Ferndndez et al. [7] studied Mexico’s subsidy
program and found a positive relationship between annual government expenditure
on fuel subsidies and annual fisheries production, but the coarse nature of their

data prevented them from identifying vessel-level changes in fishing behavior and



81

82

83

84

85

86

87

88

89

90

91

92

93

04

95

96

97

98

99

100

101

102

103

production. Our work makes a direct contribution to this literature by using long-
term and high-resolution data on vessel-level subsidy allocations and behavior to
identify changes in vessel- and fleet-level fishing behavior, and their environmental
consequences.

Subsidizing fuel may be particularly damaging to the environment because it re-
duces the cost of fishing, which can incentivize fishers to fish more than they would
without a subsidy[I]. However, two crucial aspects remain unknown: 1) the channel
through which a fisher’s behavioral response to a subsidy deteriorate the environ-
ment, and 2) the magnitude of these changes to fishing behavior. When subsidized,
a captain may consider the following options: spend more time fishing in their fish-
ing grounds, search for —and exploit— other fishing grounds, or some combination
of both. Furthermore, these changes likely result in higher harvesting rates. As an
example to motivate our analysis, shows how fishing activity by one eco-
nomic unit changes when they receive a fuel subsidy of MXN $231,543 (about USD
$12,388). The patterns suggest that the fuel subsidy increases both fishing hours
(from 513 hrs/yr to 2,880 hrs/yr) and the extent of fishing grounds (from 8,395 Km?
to 12,572 Km?). Of course, this is just an example from a single economic unit in
our data, and it does not account for other time-varying factors that could drive the
change in time and extent of fishing (e.g. changes in the price of fuel or environmen-
tal conditions). However, it highlights how the level of environmental degradation
will depend on the channel, as well as on the magnitude of the increases in each (i.e.
how much more fishing and how much more area fished). These unknowns (the chan-

nels and their magnitudes) limit our ability to accurately predict the sustainability
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105 these responses and the environmental implications of fuel subsidies is paramount to

s fostering sustainable fisheries.
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Figure 1: Example of changes fishing behavior in relation to subsidy sta-
tus. Maps show fishing activity by the same economic unit in a year without a
subsidy (left) and a year with a subsidy (right). This fisher spent nearly three
times more time fishing when subsidized than when not, and the extent of its fish-
ing grounds is around 50% larger when subsidized than when not. The footprint of
fishing effort is shown along a 0.1° grid.

Studying the effect of subsidy policies in fisheries is difficult because subsidies are
often opaque and allocated to small-scale actors who are notoriously heterogeneous
and hard to monitor. Mexico offers a rare natural experiment to causally test whether
fuel subsidies drive overfishing. Mexico is the world’s 11** largest fishing nation,
and produces around 1.5M tonnes of seafood from capture fisheries[§]. Importantly,
Mexico’s well-developed fishing industry has a long-history of being subsidized by

federal programs [9, [10, [7] that have evolved through time.
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The fuel subsidy program relevant to our period of analysis (2011 - 2019') is ad-
ministered as follows: Mexico’s fishery management agency (CONAPESCA) main-
tains a limited-entry roster of economic units (fishers or fishing companies) eligible to
receive a fuel subsidy in any given year. An economic unit can only “enter” the roster
if another unit “exits” the roster, either voluntarily or as a penalty (i.e., failure to
carry a working vessel monitoring system). Subsidized economic units receive money
via a government-issued debit card, which can be used at fueling depots. In princi-
ple, the subsidy amount is a function of a vessel’s engine power, although fisheries
managers have the ability to adjust the final allocation based on annual national
allocations to the program (For more details, see Supplementary Materials). Any
unspent money at the end of the year is reclaimed by CONAPESCA. The program
design provides two sources of variation that we will exploit to identify the causal
effect of fuel subsidies on fishing behavior: (1) entry and exit from the roster changes
a fisher’s treatment status (i.e., subsidized or not), and (2) the annual variation in
the subsidy formula that responds to program budget introduces unit-level varia-

tion in the amount of subsidy allocated to each unit, even for those that are always

subsidized (Figure S2)).

!Note that the fuel subsidy program was discontinued after its 2019 iteration, and was replaced
by a program that provides direct cash transfers to all fishers. See |[El Sudcaliforniano: Pega a
pescadores la falta de apoyos for a news report and |a letter by Senator Cecilia Sdnchez Garcia
denouncing the removal of fisheries subsidies in 2023.



https://www.elsudcaliforniano.com.mx/local/pega-a-pescadores-la-falta-de-apoyos-5362174.html
https://www.elsudcaliforniano.com.mx/local/pega-a-pescadores-la-falta-de-apoyos-5362174.html
https://infosen.senado.gob.mx/sgsp/gaceta/65/2/2023-06-13-1/assets/documentos/PA_Morena_Sen_Sanchez_Subsidios_Gasolina_a_Pescadores.pdf
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2 Results

How do fishers respond to fuel subsidies? We used vessel tracking data[ll] and a
database of landings[I1] to calculate annual time fished (hours), annual area fished
(km?), and annual landed catch (kg) by each economic unit. We first perform a simple
comparison of means of these measures across subsidized status for all economic units
in our data and find three general patterns. First, subsidized vessels spend
more time fishing, fish a greater area, and land more shrimp than vessels that are
not subsidized. Second, vessels that are always subsidized consistently fish more
than those that are only sometimes subsidized, and wvice versa. And third, that
this pattern persists even for the subset of vessels whose subsidy status changes in
time within our sample (labeled “sometimes”). Of course, this graphical analysis
cannot account for characteristics of each economic unit as well as other potential
confounding variables, but it nonetheless paints a clear picture of the potential effect
of subsidies on fishing behavior and fisheries production. A formal analysis of these
data is presented below.

Our results are divided into four sections. We first show the effect of change in
subsidy status (i.e. subsidized or not subsidized) on our three outcomes of interest,
testing for changes in the extensive and intensive margins. Our second set of results
presents estimates of the elasticity of each outcome of interest with respect to the
amount of subsidy received. The third section leverages an impromptu subsidy reform
implemented by Mexico during 2020 to test for the intensive and extensive margin
effects of a nation-wide fuel subsidy reform. The final section uses our empirical

estimates to ask how much fishing effort could have been avoided had the subsidies
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Figure 2: Fishing behavior and fisheries production in relation to subsidy
status (2011-2019). The horizontal axis shows the subsidy status and the vertical
axis shows the outcome of interest [log(y + 1) time fishing, area fished, and landings].
Points show mean values, error bars show standard errors (colored portion) and 95%
confidence intervals (thin black lines). Marker shapes indicate subsidy category with
respect to number of times subsidized (never, sometimes, always). The dashed lines
connect the mean values for economic units that are sometimes subsidized across
subsidized status.

never been issued, and where in Mexico’s waters we would expect to see the largest

benefits of subsidy reforms.

2.1 Responses to change in subsidy status

Our data contain 341 economic units targeting shrimp between 2011 and 2024. Of
these, 32 units never received a subsidy, 142 were always subsidized, and 167 were
subsidized sometimes during the period. We use changes in subsidy status for this

last group to test for changes in fishing behavior and fisheries production. We first



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

estimate the extensive margin effects (i.e. does an economic unit fish only when
subsidized?) under a two-way fixed-effects regression framework (See Methods). We
find that the probability of an economic unit engaging in fishing increases by 22% -
44%, as measured by fishing activity, area fished, and landings (p < 0.01; [Table TJA).
We then explore the effect of fuel subsidies on the intensive margin and find that,
on average, subsidized vessels fish 350 more hours (p < 0.01), their fishing grounds
expand by 329 km? (p < 0.01), and their landings increase by 3.2 tons (p < 0.01).
Relative to the mean outcomes of unsubsidized vessels, these imply changes of 24.8%,
24.1%, and 170%, respectively ( [Table 1B). Finally, we estimate the semi-elasticity
(i.e. the % change in an outcome of interest caused by change in subsidy status)
of time fishing, fishing area, and landings with respect to subsidy status. We find
that, conditional on fishing, an economic unit that receives a subsidy spends 40.69%
more time fishing (p < 0.01), expands its fishing grounds by 20.78% (p < 0.01),
and lands 62.22% more shrimp (p < 0.01; ) All models exploring changes

in fishing behavior and production are robust to different model specifications and

sample definitions (See [Table S2|-[Table S4|and [Figure S4| - [Figure S9)).

10



Table 1: Effect of receiving a fuel subsidy on fishing behavior and fisheries production.

Fishing time Fishing area Landings

A) Extensive margin

Subsidized ~ 0.223 (0.024)™*  0.228 (0.024)%** 0.413 (0.029)%**
Ne, 167 167 167
N 1431 1431 1431
R? Adj 0.531 0.525 0.597

B) Intensive margin (levels)
Subsidized ~ 350.248 (58.922)%** 320.060 (54.218)*** 32347.423 (4271.960)***

Yo ubsidized—0 1411 1360 18968

Ney 167 167 167

N 1431 1431 1431

R? Adj 0.924 0.931 0.710

C) Semi-elasticities

Subsidized 0.341 (0.066)*** 0.189 (0.050)*** 0.532 (0.077)%***
N, 134 134 117

N 1290 1287 1192

R? Adj 0.726 0.725 0.757

*p < 0.1, % % p < 0.05, % % xp < 0.01

The unit of observation is an economic unit by year. Numbers in parentheses are panel-robust
standard errors (Newey-West with a 1yr lag). Panel A) shows estimates for the extensive margin,
where the outcome variables indicate whether a vessel spent time fishing, had fishing grounds, or
reported landings. Panel B) shows estimates for the intensive margin, where the outcome variables
are time fishing (hours), fishing area (km?), and landings (kg). Panel C) shows semi-elasticity
estimates for log-transformed time fishing (hours), fishing area (km?), and landings (kg). This last
panel excludes vessels whose fishing activity or landings were exactly zero, mostly capturing the
intensive margin.

11
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2.2 Responses to change in subsidy amount

We now move our focus to economic units that were always subsidized between 2011
and 2019. An important characteristic of Mexico’s fuel subsidy program is that the
amount of subsidy annually allocated to each economic varies by year (See.
This annual variation is due to budgetary constraints that arise when CONAPESCA
receives different amounts of funding in the annual federal budget or when funds are
allocated to other programs [10), 12]. These year-to-year changes in the amount of
subsidy received are due to changes in administrative budgets and as such plausibly
uncorrelated with the unobserved determinants of the outcomes of interest. Thus we
can use this year-to-year variation in subsidy amounts to test for changes in fishing
behavior and fisheries production for subsidized economic units who were subsidized
at least twice between 2011-2019 (N = 297).

We now estimate the elasticity (i.e. the % change in outcome of interest caused by
a 1% change in the amount of fuel subsidy received) of time fishing, fished area, and
landings with respect to the amount of subsidy that economic units receive. Again,
we use a two-way fixed-effects regression and find that, for every 1% increase in the
subsidy an economic unit receives, they increase fishing time by 0.14% (p < 0.01),
fished area by 0.08% (p < 0.01), and landings by 0.2% (p < 0.01). All results are also
robust to different definitions of the sample and model specifications (See

IFigure S10} and [Figure S11J).

12
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Table 2: Elasticity estimates for time fishing (hours), fishing area (km?), and landings
(kg) with respect to changes in subsidy amount.

Fishing time Fishing area Landings
log(subsidy amount[MXP]) 0.139 (0.025)*** 0.078 (0.021)*** 0.198 (0.023)***
%Change 0.14% 0.08% 0.20%
Ne, 297 297 295
N 2240 2238 2246
R? Adj 0.850 0.860 0.876

*p < 0.1, % % p < 0.05, % % xp < 0.01

The unit of observation is an economic unit by year. All models include fixed effects by economic
unit and by region-year. Numbers in parentheses are panel-robust standard errors (Newey-West
with a lyr lag). The sample contains economic units subsidized at least twice. The number of
economic units used in each column is shown by N,,.

2.3 Responses to an impromptu reform

Mexico, like every other nation, was impacted by the COVID-19 pandemic dur-
ing 2020. This public health crises interacted with ongoing efforts by the federal
government to curtail public spending, and resulted in sweeping reforms to fiscal,
social, and public health programs [12, [7]. The fuel subsidies program operated by
CONAPESCA was one of the many programs to be eliminated practically overnight,
prompting protests by fishers and senators alike, who claimed could not continue
fishing without the fuel subsidies provided [13].

Here, we leverage this impromptu nation-wide fuel subsidy reform to test for
changes in fishing behavior and fisheries production. We focus on the subset of
economic units that were always subsidized between 2011 and 2019 (N = 142) and
test for the probability of an economic unit exiting the fishery since the 2020 reforms

were enacted. We find that the average probability of an economic unit exiting the

13



Table 3: Effect of Mexico’s extitimpromptu fuel subsidy reform on probability of eco-
nomic units exiting the fishery.

Fishing time Fishing area Landings

A) Extensive margin

Post 0.189 (0.016)*** 0.206 (0.016)*** 0.225 (0.017)%**
N 1988 1988 1988
R? Adj 0.260 0.269 0.294

B) Intensive margin

Post  -3523.413 (246.568)*** -1719.850 (183.352)%** -41269.267 (4047.258)%**

YPost—0 4472 3977 107863
N 1988 1988 1988
R* Adj 0.790 0.864 0.873

*p < 0.1, x p < 0.05, * x xp < 0.01
The unit of observation is an economic unit by year. Numbers in parentheses are panel-robust standard
errors (Newey-West with a lyr lag). Panel A) shows estimates for the extensive margin, where the
outcome variables indicates whether a vessel spent time fishing, had fishing grounds, or reported
landings. Panel B) shows estimates for the intensive margin, where the outcome variables are time
fishing (hours), fishing area (km?), and landings (kg).
fishery in the post-reform period (2020-2024) was between 18.8 and 22.2% (p < 0.01;
Table 3JA). Note that the probability of exiting the fishery continues to rise as of
2024 [Figure 3] Similarly, we find that average annual fishing effort decreased by

3,500 hours, fishing area decreased by 1,600 km?, and landings were down by 41.2

tons (Table 3C and [Figure S12)).

14
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Figure 3: Annual marginal estimates for probability of exiting the fishery
(¢.e. p(fishing time = 0); P(fishing area = 0); p(Landings = 0) following
an tmpromptu fuel subsidy reform in 2019. Points are coefficient estimates,
colored lines show standard errors, and black lines show 95% confidence intervals.
The sample uses vessels that were always subsidized between 2011 and 2024. Similar
event-studies for decreases in fishing time, fished area, and landings are shown in
Figure S12

2.4 Aggregate effects of fuel subsidies

We have shown that subsidized economic units fish more, and that the amount of
additional fishing increases with the amount of subsidy received. What do those in-
dividual responses amount to in terms of aggregate, fishery-wide impacts? How much
of total historical effort is attributable to fuel subsidies? Vessels are not identical,
are not homogeneously distributed in space, and subsidies are not equally distributed
(neither among vessels nor space). To answer these questions, we leverage our yearly
vessel-level data to derive who was subsidized, how much subsidy they received, and
where they fished. In this section we quantify the portion of historical fishing activ-
ity (hours) that is attributable to fuel subsidies. We then identify areas that were

disproportionately subject to subsidized fishing effort.

15
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2.4.1 Historical impacts of subsidies

In the context of fuel subsidies, total annual fishing activity can be divided into
three categories: 1) activity by economic units that were not subsidized, 2) activity
by economic units who were subsidized but that would have occurred even in the
absence of the subsidy, and 3) activity by subsidized economic units and that is
attributable to a subsidy. Between 2011 and 2019, Mexican shrimp trawlers spent
between 0.92 and 1.3 million hours fishing per year (mean + sd: 1.13 £ 0.15), and
that 0.88 to 1.25 million hours were spent by economic units who received a subsidy
(1.05 £ 0.15 ) We apply our semi-elasticity estimates to identify fishing
activity for each of the three categories of fishing activity described above, and find
that between 0.35 and 0.51 million hours (0.42 £+ 0.06) can be attributed to fuel
subsidies, depending on the year. As a whole, subsidies were responsible for 31.8%-
39.4% of total annual fishing hours. The fleet also landed between 14.6 and 19.6
tons of shrimp per year; between 14.29 and 19.19 thousand tons were landed by
economic units who receive a fuel subsidy (Figure 4¢). Here, between 10.03 and
13.47 thousand tons of annual shrimp landings were attributable to subsidies. We
then repeat the thought experiment but this time use our elasticity estimates to
calculate the percent reduction in fishing time and landings that would result from
different subsidy reduction policies (i.e. reductions of 10, 30, 50, and 90%). For
example, a policy that removes 50% of fuel subsidies could reduce fishing time by a

mean of 96.3 thousand hours per year and landings by 2.18 thousand tons per year

(Figure 4-f).

16
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Figure 4: Aggregate effects of fuel subsidies on fishing activity, fished
area, and landings. Panels a) and c) show area-stacked time-series of fishing time
and landings?. The gray portion is activity and production from economic units that
were not subsidized in a given year. The colored portion corresponds to activity
and production by economic units that were subsidized. The bottom stack of each
panel shows the portion of effort or production by subsidized economic units that is
attributable to the subsidy, as indicated by our semi-elasticity estimates )
The different line types show the portion of effort that could have been removed had
the subsidies been reduced by different amounts. Panels b) and d) show the mean
annual reduction in fishing time and landings expected from four different subsidy
reduction policies (estimated as mean of all activity between 2011-2019). Black error
bars show 95% confidence intervals and the colored portion shows standard errors.

2.4.2 Spatial implications of a non-spatial policy

The above thought experiments cannot be conducted for fished area because, as
defined, this metric is not additive across economic units. But understanding the

spatial implications of a non-spatial policy is still important because the spatial dis-
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tribution of fishing effort can dictate impacts on the environment [I4]. For example,
if all economic units happened to fish in a subset of fishing grounds, then eliminating
fuel subsidies would have large and localized environmental upsides. On the other
hand, if vessels operated by subsidized economic units operate in more or less the
same areas as non-subsidized economic units, then subsidies reform would have a
more modest but spatially widespread impact. This tension between large and lo-
cal vs modest and widespread upsides begs the question: is subsidy-induced fishing
effort homogeneously distributed in space?

Exploring this is challenging because fishing vessels are not homogeneously dis-
tributed in space, resulting in hotspots of fishing effort [I5] (Figure 5p). To pro-
vide an answer, we use our semi-elasticity estimates to calculate a counterfactual
amount of fishing activity in the absence of subsidies, but this time we do it along a
0.1°x0.1° grid (roughly 11 km by 11 km at the equator). Pixels that are only fished
by economic units that are not subsidized will show no change, while pixels that are
exclusively fished by subsidized economic units will show the largest change. Using
data from the last year of subsidies (2019, with 366 economic units, and 309 of them
subsidized), we find that subsidized fishing activity is heterogeneously distributed in
space, but that this heterogeneity matches the baseline distribution of fishing activity
by unsubsidized economic units.

Mexico divides its coastline into six broad management areas . The
Gulf of California (region II) and Gulf of Mexico (region V) sustain the highest
levels of fishing activity and subsidized fishing activity —b). Eliminating

fuel subsidies would lead to up to 31% reduction in fishing activity, across all fishing
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regions. However, the potential conservation gains would be largest for the Campeche
bank (between regions V and VI) and the Eastern coastline of the Gulf of California
(region II; [Figure 5k-d). This analysis also reveals that fishing activity in areas of
particular conservation concern, such as the upper Gulf of California (northernmost
section in region II and home to the critically endangered Vaquita [16, [I7]) and the
recently protected Alacranes Reef[I8] (in region VI) is mainly exerted by economic

units that are not subsidized.
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Figure 5: Spatial distribution of the effects of fuel subsidies on fishing
activity. Panel a) shows a map of total fishing hours for 2019. Panel b) shows
a map of total fishing hours attributable to fuel subsidies. Panel ¢) shows the per
cent of fishing effort that is attributable to fuel subsidies, and panel d) shows the
percentile ranking of each pixel. Polygons in the ocean show Mexico’s Exclusive
Economic Zones, divided into six management regions utilized by Mexico’s fishery
management agency.
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3 Discussion

The Agreement on Fisheries Subsidies at the World Trade Organization came into
force on September 15, 2025 [19]. Fisheries scientists and economists will quickly
point out that reducing fuel subsidies —one of the targets of the aforementioned
agreement— should result in a decrease in fishing effort and fisheries production. This
claim is backed by decades of economic theory, and yet empirical proof has remained
elusive. Recent work on China’s domestic and distant water fishing fleets established
a clear link between fishery subsidy reforms and fishing effort [0, 20], but the lessons
learned from this work make it difficult to forecast the effect of a nation-wide reform
to fuel subsidies in fisheries. Our work provides robust empirical evidence that fuel
subsidies induce overfishing and that eliminating fuel subsidies reduced fishing effort
in Mexico’s shrimp trawl fleet. Here we discuss potential limitations of our analysis,
expand on the mechanisms behind and implications of these insights, and finalize
with concluding remarks.

No observational study is immune to shortcomings and limitations. In our set-
ting, we believe our estimates of the effect of subsidy on fishing behavior are plausible
due to a key features of our study design. First, subsidy amounts are largely deter-
mined by country-wide administrative budgets which are unlikely to be impacted
by individual fisher’s economic incentives to fish (e.g., global demand for shrimp).
Second, fishers have little to no control over how these data are observed because
they do not control their VMS transponders. Both support our interpretation of
estimates as causal effects of subsidy allocations on fishing behavior in the short run.

However, our (semi)elasticity estimates of the effect of subsidies on landings should
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be interpreted with caution. For one, “landings” is not the same as “catch”. Catch
is the amount of biomass extracted, landings are the portion of the catch that is
retained, offloaded in port, and reported to the fishing authorities. Second, economic
units who are subsidized are also required to report their catch. Failure to do so
would exclude them from next year’s subsidy roster. Although others have noted a
generally positive trend between fuel subsidies and landed catch [7], our estimates of
the effect of fuel subsidies on landings should be interpreted as an upper-bound that
includes the combined effect of increased catch due to additional subsidy-induced
effort and an increased incentive to report said catch in order to remain in the ros-
ter. Interestingly, this suggests that fuel subsidies may result in an unexpected social
benefit through the provision of more accurate catch data, a crucial component of
stock assessments.

Our results show that subsidizing fuel alters fishing activity. But how managers
allocate and disburse fuel subsidies also defines the way in which fishers respond.
Mexico’s fuel subsidy program limits the quantity of subsidized fuel any fisher can
obtain because, although there is considerable year-to-year and fisher-to-fisher vari-
ation, the allocation rule establishes a 2-peso per liter price subsidy over the first
40-70% anticipated fuel consumption of an economic unit (DOF 2010, 2011, 2012,
2013, 2014, 2015, 2016, 2017, 2018). These subsidies are disbursed as lump-sum
transfers that can only be used for fuel. Fishers use this cash to pay for fuel until
funds are exhausted (i.e. the first few liters are “free” as they are paid-for by the
government). This results in a price structure similar to an increasing block rate

pricing scheme, often used to price electricity and water. In those markets, there is
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evidence that consumers react to the “average price” rather than the marginal price
[21]. Using the allocation rule and a median price of diesel fuel of 16.2 pesos per
liter, we calculate that Mexico’s fuel subsidies result in a 4.9-8.6% reduction in the
average price of fuel (similar to the 8.2% calculated by Revollo-Fernandez et al. [7]).
Our empirical results suggest that this is enough to induce a behavioral response.

Our aggregate calculations show that up to 30% of historical fishing effort is at-
tributable to subsidies. We also show that some areas (e.g. the bank of Campeche
and Eastern boundary of Gulf of California) are disproportionately impacted to
subsidy-induced fishing. These observations imply that subsidy reform could have
large but localized environmental benefits. Limited availability of stock assessment
data preclude us from making precise statements about the potential upsides for
all relevant stocks, but we can at least put this number into perspective for some.
For example, the biomass of the heavily fished blue shrimp (Litopenaeus stylirostris)
stock in the Gulf of California [22] is estimated to be 30% below the target biomass
that would yield maximum sustainable yields (i.e. % = 0.7; [22]). It is therefore
reasonable to believe that reducing fuel subsidies would result in large upsides and
stock rebuilding, at least in the Gulf of California.

We also show that areas known to be important for marine biodiversity (like
Alacranes reef and Upper gulf of California) are mostly targeted by economic units
that are not subsidized. This suggests that subsidy reform would have little to
no direct implications for these areas. Other fishery management and conservation
measures, such as fully protected marine protected areas, may be a more suitable

approach if the objective is to curtail fishing effort over sensitive and important
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habitat.

Overall, our findings suggest that subsidy reform could have a spatially disperse
response, with some areas benefiting more than others (in biological terms, at least).
However, it also important to consider the social implications of subsidy reform,
since some ports or fishing communities may be more reliant on subsidies than oth-
ers. Previous work in Mexico and elsewhere has shown that even perfect management
designed to maximize long-term yields would not be enough to raise fisher’s income
past the poverty line [23] 24]. Instead, some have suggested that money spent on
harmful fuel subsidies could be allocated to social programs designed to raise fisher’s
income [25], although the proposal lacks details on a path forward. This tension
between biological upsides and the political costs of a subsidy reform may underpin
nation’s hesitation to reform fisheries subsidies, and highlights an important oppor-
tunity to study the distributional implications of this policy.

We conclude that fuel subsidies induce overfishing, that the amount of overfishing
is non-trivial, and that its effects are spatially localized. These findings support calls
for subsidy reforms [2, [3], but we note that managers should manage expectations
accordingly. Our findings are directly relevant to Mexico, and to other coastal nations

considering reducing or removing fuel subsidies to their industrialized fishing fleets.

4 Declarations

Data and code - All data and code used in this manuscript is available on GitHub

(https://github.com/jcvdav/mexican_subsidies).

23


https://github.com/jcvdav/mexican_subsidies
https://github.com/jcvdav/mexican_subsidies

372

373

374

375

376

377

378

379

380

382

383

384

385

386

387

388

389

390

391

Funding - This project was funded by the PEW charitable foundation. Funders had

no say on the design and direction of the research.

Aknowledgements - We appreciate feedback provided by Andrés Cisneros-Mata

and Enrique Sanjurjo on an earlier version of the paper. We also thank Sara Chavez

and Eduardo Rolén for providing the fuel subsidy allocations dataset, and Edaysi

Bucio for providing clarifications on how fuel subsidies were allocated.

5

References

References

1]

U R Sumaila, L. Teh, R Watson, and others. Fuel price increase, subsidies,

overcapacity, and resource sustainability. ICES J. Mar. Sci., 2008.

U Rashid Sumaila, Daniel J Skerritt, Anna Schuhbauer, Sebastian Villas-
ante, Andrés M Cisneros-Montemayor, Hussain Sinan, Duncan Burnside,
Patrizia Raggi Abdallah, Keita Abe, Kwasi A Addo, Julia Adelsheim, Ibukun J
Adewumi, Olanike K Adeyemo, Neil Adger, Joshua Adotey, Sahir Advani, Za-
hidah Afrin, Denis Aheto, Shehu L Akintola, Wisdom Akpalu, Lubna Alam,
Juan José Alava, Edward H Allison, Diva J Amon, John M Anderies, Christo-
pher M Anderson, Evan Andrews, Ronaldo Angelini, Zuzy Anna, Werner
Antweiler, Evans K Arizi, Derek Armitage, Robert I Arthur, Noble Asare, Frank
Asche, Berchie Asiedu, Francis Asuquo, Lanre Badmus, Megan Bailey, Natalie

Ban, Edward B Barbier, Shanta Barley, Colin Barnes, Scott Barrett, Xavier

24



392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

Basurto, Dyhia Belhabib, Elena Bennett, Nathan J Bennett, Dominique Ben-
zaken, Robert Blasiak, John J Bohorquez, Cesar Bordehore, Virginie Bornarel,
David R Boyd, Denise Breitburg, Cassandra Brooks, Lucas Brotz, Donovan
Campbell, Sara Cannon, Ling Cao, Juan C Cardenas Campo, Steve Carpenter,
Griffin Carpenter, Richard T Carson, Adriana R Carvalho, Mauricio Castrején,
Alex J Caveen, M Nicole Chabi, Kai M A Chan, F Stuart Chapin, Tony Charles,
William Cheung, Villy Christensen, Ernest O Chuku, Trevor Church, Colin
Clark, Tayler M Clarke, Andreea L. Cojocaru, Brian Copeland, Brian Craw-
ford, Anne-Sophie Crépin, Larry B Crowder, Philippe Cury, Allison N Cutting,
Gretchen C Daily, Jose Maria Da-Rocha, Abhipsita Das, Santiago de la Puente,
Aart de Zeeuw, Savior K S Deikumah, Mairin Deith, Boris Dewitte, Nancy
Doubleday, Carlos M Duarte, Nicholas K Dulvy, Tyler Eddy, Meaghan Efford,
Paul R Ehrlich, Laura G Elsler, Kafayat A Fakoya, A Eyiwunmi Falaye, Jes-
sica Fanzo, Clare Fitzsimmons, Ola Flaaten, Katie R N Florko, Marta Flotats
Aviles, Carl Folke, Andrew Forrest, Peter Freeman, Katia M F Freire, Rainer
Froese, Thomas L Frolicher, Austin Gallagher, Veronique Garcon, Maria A
Gasalla, Jessica A Gephart, Mark Gibbons, Kyle Gillespie, Alfredo Giron-Nava,
Kristina Gjerde, Sarah Glaser, Christopher Golden, Line Gordon, Hugh Go-
van, Rowenna Gryba, Benjamin S Halpern, Quentin Hanich, Mafaniso Hara,
Christopher D G Harley, Sarah Harper, Michael Harte, Rebecca Helm, Cullen
Hendrix, Christina C Hicks, Lincoln Hood, Carie Hoover, Kristen Hopewell,
Barbara B Horta E Costa, Jonathan D R Houghton, Johannes A litembu, Moe-

nieba Isaacs, Sadique Isahaku, Gakushi Ishimura, Monirul Islam, Ibrahim Issifu,

25



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

431

432

433

434

436

437

Jeremy Jackson, Jennifer Jacquet, Olaf P Jensen, Jorge Jimenez Ramon, Xue
Jin, Alberta Jonah, Jean-Baptiste Jouffray, S Kim Juniper, Sufian Jusoh, Isigi
Kadagi, Masahide Kaeriyama, Michel J Kaiser, Brooks Alexandra Kaiser, Omu
Kakujaha-Matundu, Selma T Karuaihe, Mary Karumba, Jennifer D Kemmerly,
Ahmed S Khan, Patrick Kimani, Kristin Kleisner, Nancy Knowlton, Dawn Ko-
towicz, John Kurien, Lian E Kwong, Steven Lade, Dan Laffoley, Mimi E Lam,
Vicky W L Lam, Glenn-Marie Lange, Mohd T Latif, Philippe Le Billon, Valérie
Le Brenne, Frédéric Le Manach, Simon A Levin, Lisa Levin, Karin E Lim-
burg, John List, Amanda T Lombard, Priscila F M Lopes, Heike K Lotze,
Tabitha G Mallory, Roshni S Mangar, Daniel Marszalec, Precious Mattah,
Juan Mayorga, Carol McAusland, Douglas J McCauley, Jeffrey McLean, Karly
McMullen, Frank Meere, Annie Mejaes, Michael Melnychuk, Jaime Mendo,
Fiorenza Micheli, Katherine Millage, Dana Miller, Kolliyil Sunil Mohamed,
Essam Mohammed, Mazlin Mokhtar, Lance Morgan, Umi Muawanah, Gor-
don R Munro, Grant Murray, Saleem Mustafa, Prateep Nayak, Dianne Newell,
Tu Nguyen, Frederik Noack, Adibi M Nor, Francis K E Nunoo, David Obura,
Tom Okey, Isaac Okyere, Paul Onyango, Maartje Oostdijk, Polina Orlov, Hen-
rik Osterblom, Dwight Owens, Tessa Owens, Mohammed Oyinlola, Nathan Pa-
coureau, Evgeny Pakhomov, Juliano Palacios Abrantes, Unai Pascual, Aurélien
Paulmier, Daniel Pauly, Rodrigue Orobiyi Edéya Pelebe, Daniel Penalosa,
Maria G Pennino, Garry Peterson, Thuy T T Pham, Evelyn Pinkerton, Stephen
Polasky, Nicholas V C Polunin, Ekow Prah, Jorge Ramirez, Veronica Relano,

Gabriel Reygondeau, Don Robadue, Callum Roberts, Alex Rogers, Katina

26



438

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

456

457

458

459

Roumbedakis, Enric Sala, Marten Scheffer, Kathleen Segerson, Juan Carlos
Seijo, Karen C Seto, Jason F Shogren, Jennifer J Silver, Gerald Singh, Ambre
Soszynski, Dacotah-Victoria Splichalova, Margaret Spring, Jesper Stage, Fabrice
Stephenson, Bryce D Stewart, Riad Sultan, Curtis Suttle, Alessandro Tagliabue,
Amadou Tall, Nicolas Talloni—Alvarez, Alessandro Tavoni, D R Fraser Taylor,
Louise S LL Teh, Lydia C L Teh, Jean-Baptiste Thiebot, Torsten Thiele, Shakun-
tala H Thilsted, Romola V Thumbadoo, Michelle Tigchelaar, Richard S J Tol,
Philippe Tortell, Max Troell, M Selcuk Uzmanoglu, Ingrid van Putten, Gert van
Santen, Juan Carlos Villasenor-Derbez, Colette C C Wabnitz, Melissa Walsh,
J P Walsh, Nina Wambiji, Elke U Weber, Frances Westley, Stella Williams,
Mary S Wisz, Boris Worm, Lan Xiao, Nobuyuki Yagi, Satoshi Yamazaki, Hong
Yang, and Dirk Zeller. WTO must ban harmful fisheries subsidies. Science, 374
(6567):544, October 2021.

U R Sumaila, L, Alam, P R Abdallah, D Aheto, and others. WTO must complete

an ambitious fisheries subsidies agreement. npj Ocean, 2024.

F L V Machado, V Halmenschlager, P R Abdallah, and others. The relation
between fishing subsidies and CO2 emissions in the fisheries sector. Ecological,

2021.

Yutaro Sakai. Subsidies, fisheries management, and stock depletion. Land Econ.,

93(1):165-178, February 2017.

G Englander, Jihua Zhang, Juan Carlos Villasenor-Derbez, Qutu Jiang,

Mingzhao Hu, O Deschenes, and C Costello. Input subsidies and the destruction

27



460

461

462

463

464

465

466

467

469

470

471

472

473

474

475

476

477

478

479

480

[10]

[11]

[12]

of natural capital: Chinese distant water fishing. SSRN Electronic Journal. The
World Bank, March 2023.

Daniel A Revollo-Fernandez, Stuart Fulton, and Sara Chavez Sanchez. Value
and economic impact of fuel subsidies on the mexican fishing industry. Appl.

Econ., pages 1-13, September 2024.
FAO. The State of World Fisheries and Aquaculture 2024. FAO ;, 2024.

Andrés M Cisneros-Montemayor, Enrique Sanjurjo, Gordon R Munro, Victor
Hernandez-Trejo, and U Rashid Sumaila. Strategies and rationale for fishery

subsidy reform. Mar. Policy, 69:229-236, July 2016.

Virginia Leal Cota and José Eduardo Rolén Sanchez. Anélisis del ejercicio de
los subsidios para combustibles y modernizacion de la flota pesquera en méxico.

Online, 2018.

CONAPESCA. Localizacién y monitoreo satelital de embarcaciones pesqueras,

March 2021.

Fernando Aranceta-Garza and Andrés Cisneros-Montemayor. Learning from the
unexpected: informing better policies from a past reform of fisheries subsidies,

pages 93-106. Edward Elgar Publishing.

Cecilia Sanchez Garcia. Carta de cecilia sanchez garcia al comisionado alejandro

armienta mer.

Benjamin S Halpern, Shaun Walbridge, Kimberly A Selkoe, Carrie V Kappel,

Fiorenza Micheli, Caterina D’Agrosa, John F Bruno, Kenneth S Casey, Colin

28



481

482

483

484

485

486

487

488

490

491

492

494

495

496

498

499

500

501

502

[15]

[16]

[17]

[18]

[19]

Ebert, Helen E Fox, and Others. A global map of human impact on marine

ecosystems. 319:948-952.

David A Kroodsma, Juan Mayorga, Timothy Hochberg, Nathan A Miller,
Kristina Boerder, Francesco Ferretti, Alex Wilson, Bjorn Bergman, Timothy D
White, Barbara A Block, and Others. Tracking the global footprint of fisheries.
Science, 359(6378):904-908, 2018.

Sara Avila-Forcada, Adan L Martinez-Cruz, and Carlos Munoz-Pina. Conser-
vation of vaquita marina in the northern gulf of california. Mar. Policy, 36(3):

613-622, May 2012.

E A Aragén-Noriega, G Rodriguez-Quiroz, M A Cisneros-Mata, and A Ortega-
Rubio. Managing a protected marine area for the conservation of critically
endangered vaquita ( phocoena sinus norris, 1958) in the upper gulf of california.
International Journal of Sustainable Development & World Ecology, 17(5):410~
416, October 2010.

Fabio Favoretto, Ismael Mascarenas-Osorio, Lorena Ledn-Deniz, Carlos
Gonzalez-Salas, Horacio Pérez-Espana, Mariana Rivera-Higueras, Miguel—Angel
Ruiz-Zarate, Alejandro Vega-Zepeda, Harold Villegas-Hernandez, and Octavio
Aburto-Oropeza. Being isolated and protected is better than just being isolated:
A case study from the alacranes reef, mexico. Front. Mar. Sci., 7, November

2020.

World Trade Organization. WTO agreement on fisheries subsidies enters into

force.

29



503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

[20]

[21]

22]

23]

[24]

[26]

[27]

Kaiwen Wang, Matthew N Reimer, and James E Wilen. Fisheries subsidies
reform in china. 120:e2300688120.

Koichiro Ito. Do consumers respond to marginal or average price? evidence
from nonlinear electricity pricing. Am. Econ. Rev., 104(2):537-563, February
2014.

Miguel Angel Cisneros-Mata. Some guidelines for a reform in mexican fisheries.

Cienc. Pesq., 24(1):77-91, 2016.

A Giron-Nava, A F Johnson, and others. Managing at maximum sustainable

yield does not ensure economic well-being for artisanal fishers. Fish and, 2019.

A Giron-Nava, VW Y Lam, O Aburto-Oropeza, and others. Sustainable fish-
eries are essential but not enough to ensure well-being for the world’s fishers.

Fish and, 2021.

Louise S L. Teh, Lydia C L Teh, Alfredo Giron-Nava, and U Rashid Sumaila.
Poverty line income and fisheries subsidies in developing country fishing com-

munities. npj Ocean Sustainability, 3(1):1-9, March 2024.

Sara Orofino, Gavin McDonald, Juan Mayorga, Christopher Costello, and Darcy
Bradley. Opportunities and challenges for improving fisheries management
through greater transparency in vessel tracking. [CES J. Mar. Sci., 80(4):
675689, May 2023.

D Lluch-Cota, D Lluch-Belda, S Lluch-Cota, J Lépez-Martinez, M Nevarez-

Martinez, G Ponce-Diaz, A Salinas-Zavala, A Vega-Velazquez, Lara Lara, Jr,

30



524 G Hammann, and J Morales. Las pesquerias y el nino. In Victor O Magana-
525 Rueda, editor, Los Impactos de El Nino en México, chapter 5, pages 137-178.

526 Universidad Nacional Auténoma de México, Ciudad de México, 1999.

7 [28] R Gillett and Food and Agriculture Organization of the United Nations. Global

Study of Shrimp Fisheries. Food and Agriculture Organization of the United

5

]
=]

529 Nations, 2008.

31



530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

6 Methods

We are interested in studying how fuel subsidies affect fishing activity and production.
Here, our unit of observation are “economic units”, a term used by the Mexican
fisheries agency (CONAPESCA) to refer to an individual or firm that participates
in a fishery. We combine administrative datasets on subsidy allocations by economic
unit and vessel tracking data to construct a unique panel of annual subsidies and
fishing activity by economic unit. The following subsections provide further details

on data procurement, filters, and sample construction.

6.1 Datasets and their sources

We make use of six types of data to study the effects of fuel subsidies on fishing
behavior. Historical subsidy allocations and a vessel registry allow us to identify
subsidized economic units and their characteristics. Then, we use vessel tracking
data and historical fisheries production data to derive our three main outcomes of
interest: fishing time, fishing extent, and fisheries production. Finally, we also use
historical diesel fuel prices and monthly indices for El Nino Southern Oscillation
to include fuel costs and environmental variation as covariates. Each of these is

described in detail below.

6.1.1 Subsidy allocations

Data on subsidy allocations to each economic unit come from CausaNatura, an NGO

whose mission is to compile, procure, and make available administrative datasets
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relevant to environmental and natural resource management. We use the “Padron
de beneficiarios de Combustibles”, which was last updated on June, 2020. This
administrative dataset contains information on the annual subsidy cap assigned to
economic units fishing in Mexico during the 2012 - 2019 period (n = 4,597). From

this information, we assign treatment status (subsidized or not subsidized) to all

economic units in our sample (see [subsection 6.2)), and the amount of fuel subsidy

received by each.

6.1.2 Vessel registry

We use an official vessel registry with information for all large-scale fishing vessels
that hold a fishing permit in Mexico, which was also provided by CausaNatura.
The vessel registry includes unique vessel identifiers and economic unit identifiers
(ownership), vessel dimensions (length overall, beam, draught, and gross tonnage),
species-specific fishing permits granted, and engine characteristics (e.g. total engine
power, type of fuel used by the engine, and engine model). The registry contains
information for 3,093 vessels owned by 1,093 economic units. From these, 1,415 are
licensed to use bottom trawl nets and 1,561 are licensed to participate in the shrimp

fishery; 1,368 are licensed to use both (and are owned by 464 economic units).

6.1.3 Vessel tracking data

There are two general types of vessel tracking technologies: Automatic Identification
Systems (AIS) and Vessel Monitoring Systems (VMS). AIS is designed as a vessel-to-

vessel broadcast system intended to help avoid at-sea collisions between vessels [15].
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VMS, on the other hand, is employed by governments to track vessels of interest,
and a vessel’s position is broadcast directly to a central repository instead of to other
vessels [26]. We use VMS data from Mexico’s satellite monitoring system of fishing
vessels (i.e. SISMEP[II]). These data are publicly available and continuously up-
dated at datos.gob.mx. The version we use was downloaded on June 15, 2024. These
VMS data contain the timestamp, geographic location (latitude and longitude), and
speed of 2,775 vessels between January 1, 2007 and Feb 29, 2024.

It’s worth mentioning that Mexico’s fisheries regulations require all fishing vessels
larger than 10.5 m in length overall and with an in-board motor of more than 80
horsepower to carry a Vessel Monitoring System (VMS)3. Failure to comply with this
VMS requirement automatically disqualifies a vessel as eligible to receive any type

of subsidy.

6.1.4 Fisheries production

Fisheries production data come from Mexico’s landing receipts, where fishers report
their landings. As with the VMS requirement, failure to report catch makes a fisher
ineligible to receive a subsidy. The dataset contains information on the identity of

the economic unit and vessel landing the catch, the target species, and the amount

(Kg).

3Regulatory text available at: https://www.monitoreodeembarcaciones.com.mx/monitoreosatelital/QuienDebe.htm
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6.1.5 Fuel prices

We also compile price data for diesel fuel used by these economic units by combining
two sources of information. The first one is reported by the Energy Information Sys-
tem (“Sistema de Informacion Energética”; “SIE”) and contains the national annual
average price of diesel between 2011 - 2016, when fuels were subject to nation-wide
price controls. Price controls were lifted in 2017, and fuel prices were determined
by local supply and demand. The Energy Regulatory Commission (“Comisién Reg-
uladora de Energia”; CRE) reports monthly state-level prices after 2017, which we
use to calculate annual national averages for 2017 - 2019 period. We use Mexico’s

consumer price index reported by the OECD to adjust prices to 2019 Mexican pesos.

6.1.6 Environmental covariates

The productivity of shrimp fisheries is known to be influenced by ENSO events [27].
We use the Mean NINO 3.4 index available from NOAA’s Physical Sciences Labora-
tory Climate Indices repository (Monthly Atmospheric and Ocean Time Series). We
use monthly means to produce an annual mean value of ENSO 3.4, which we include

as a time-varying covariate in some of our regressions.

6.2 Data processing
6.2.1 Sample construction

We limit our data to activity occurring between 2011 and 2019, the years for which

subsidy allocation data are available. Additionally, retain vessel tracks ocurring at

35


https://sie.energia.gob.mx
https://datos.gob.mx/busca/dataset/ubicacion-de-gasolineras-y-precios-comerciales-de-gasolina-y-diesel-por-estacion

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

depths between 0.15 and 100 m deep (as indicated by GMEDs bathymetric dataset)
because shrimp trawlers in Mexico are not allowed to fish shallower than 9.15 m
deep and they operate at a maximum depth of 100 m [2§]. Shrimp trawlers typically
operate speeds between 1 and 5 knots*, so we also filter tracks based on their speed.
These filters result in a total of 1,177 vessels belonging to 414 economic units. We
further restrict the sample to economic units that are only licensed to fish for shrimp

using trawl nets, leaving us with 409 economic units.

6.2.2 Outcomes of interest

Our first outcome of interest is fishing activity. We define it as time (hours) a vessel
spent traveling at speeds between 1 and 5 knots in areas between 9.15 and 100 m
depth. We calculate an economic unit’s total annual fishing hours as the sum of
fishing hours across all their vessels.

Our second outcome of interest is the total extent of fishing grounds (km?) in
which these economic units operate. We used a density-based spatial clustering
algorithm (DBSCAN) to identify fishing grounds based on individual vessel positions.
The algorithm was applied to all positions at the vessel-by-year level. The algorithm
clusters points based on their distribution across space, given a minimum number of
points per cluster and a maximum distance between points. We used a maximum
distance of 50Km and a minimum of 6 points per cluster. Clusters thus represent the
group of individual GPS coordinates that are associated with a fishing ground. Points

without cluster membership were dropped. We then built a convex hull around each

4Catdlogo de los Sistemas de Captura de las Principales Pesquerias Comerciales, available at:
CONAPESCA
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cluster and calculated its area. The total extent of fishing grounds of an economic
unit was then calculated as the sum of all fishing grounds used by their vessels. For
this portion of the analysis, geographic coordinates were reprojected onto a Mexico
Lambert Conic Conformal projection (With EPSG code 6361).

Our third and last outcome of interest is the total amount of catch landed by each
economic unit, which we derive from our fisheries production dataset. Our sample is
therefore made up of large-scale economic units that target shrimp and carry VMS
transponders. This group receives between 48.22% and 67.73.% of the annual subsi-
dies awarded to all industrial economic units fishing in Mexico. The final estimation
sample is a panel of annual economic-unit fuel subsidy allocations (in 2019 MXP),
time, extent, landings, and control variables such as fuel prices, total horsepower of
number of active vessels owned by an economic unit, and environmental indices (i.e.
NINO3.4 index). These data contain 3,376 observations attributed to 409 economic

units between 2011 and 2019. Tables with summary statistics are included in the

supplementary materials (Table S1J).

6.3 Empirical strategy
6.3.1 Changes in subsidy status

Subsidy allocations are uncorrelated with the outcomes of interest (fishing hours,
fishing area, and fisheries production) so we can use these quasi-random changes
in subsidy status to test for changes in fishing behavior and fisheries production
for economic units whose subsidy status changed at least once in our study period

(2011-2019). We estimate the semi-elasticity (i.e. the % change in outcome of interest
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caused by change in subsidy status) of time fishing, fished area, and landings with

respect to subsidy status in a two-way fixed-effects regression framework.

log(yir) = Dy + X' Xu + W'EU; + tf'RY ;s + €, (1)

Where D;; is a dummy variable that takes a value of 1 if economic unit ¢ was
subsidized at time t and 0 otherwise. Xj; is a vector of time-varying control variables
(total engine horsepower and number of active vessels), EU; is a vector of fixed
effects by economic units, RY; is a vector of fixed effects by region-year, and €; is
the error term. Our coefficient of interest is 5. Our results are robust to alternative
specifications where we drop the two-way fixed effects structure and instead include

annual diesel prices and ENSO indices, where we also include economic units that

were never subsidized, or both (See [subsection A.3|and ?7).

6.3.2 Changes in subsidy amount

Recall that our dataset has three types of economic units: those that were never
subsidized, those that were subsidized at least one year, and those that were subsi-
dized every year in our dataset. For the later two types, the amount of subsidy they
receive varies by year (See . This annual variation is due to budgetary
constraints, which arise when CONAPESCA receives different amounts of funding
in the annual federal budget or when funds are allocated to other programs (e.g.
aquaculture development). These changes in subsidy amounts are uncorrelated with
the outcomes of interest (fishing hours, fishing area, and fisheries production), so we

can use these quasi-random changes in subsidy amounts to test for changes in fishing
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behavior and fisheries production for economic units who were subsidized at least
twice between 2011-2019. Like before, we estimate our coefficient of interest (this
time an elasticity) in a two-way fixed effects framework with our estimating equation

taking the form:

log(yit) = Blog(si) + X' Xit + W'EU; + i'RY s + €5 (2)

Where s;; is the amount of subsidy allocated to a subsidized economic unit, in
2019 Mexican pesos. Xj; is a vector of time-varying control variables (total engine
horsepower and number of active vessels), EU; is a vector of fixed effects by eco-
nomic units, RY; is a vector of fixed effects by region-year, and €;; is the error term.
Our coefficient of interest is 5. Our robustness checks for this analysis (See
test for changes in the estimated coefficient when limiting the sample to

vessels subsidized at least 3, 4... 8 times (?7?) or where we use different specifications

(Figure S10)).
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A Supplementary Materials

A.1 Supplementary text
A.1.1 Subsidy program description

For the time period analyzed in this study (2011 - 2019), four related fuel subsidy pro-
grams in Mexican fisheries have been implemented: PROCAMPO para vivir mejor
(2011 - 2012), PROCAMPO Productivo (2013), Fomento a la productividad pesquera
(2014 - 2019) and Subcomponente diesel marino (2018). The operational rules of the
fuel subsidy program in Mexican fisheries are as follows. The fuel subsidy program
provides a 2-peso per liter subsidy over a portion of the total fuel used by a vessel,
here termed the fuel cap of vessel ¢ (Ql) As stated in the program’s operational
rules®, the subsidized portion of fuel for any diseel-consuming vessel is calculated

using the following formula:

~

Where Q; represents the fuel cap on the subsidy program given to vessel 1.
M D L;denotes the“Maximum Daily Liters” of vessel 7, and is what the government
expects the vessel’s fuel consumption to be. D PC; represents the ”Days Per Cycle”:
the number of days a vessel is allowed to fish during a fishing season. The M DL; is
based on engine size (?7), while D PC} is determined by the fishery in which the vessel

participates®. Finally, AF; is an exogenous adjustment factor set by CONAPESCA

5See Section 4.1.2 of Acuerdo por el que se dan a conocer las Reglas de Operacién de los
Programas de la Secretaria de Agricultura, Ganaderia, Desarrollo Rural, Pesca y Alimentacion
®A fishery is defined as the combination of species and location. For example a vessel targeting
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Figure S1: Expected daily fuel consumption for different engine powers. The x-axis
shows engine power bins (in HP) as defined by CONAPESCA’s operational rules.
The y-axis shows the estimated maximum daily liters of fuel to be consumed for the
corresponding engine power bin.

and takes values between 0 and 1. This is independent of fishery, engine power, or
stock status and is instead determined by budgetary constraints. The adjustment
factor was typically set between 0.4 and 0.7, but local officials may downward adjust
it. These variations in adjustment factor provide the source of variation that we will

use to identify the effect of fuel fishery subsidies on exacerbating overfishing.

tuna in the Pacific ocean is part of the Pacific tuna fishery.
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w A.2 Supplementary Figures and Tables
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Figure S2: Change in the subsidy amount (Mexican Pesos) granted to
each economic unit between 2011 and 2019. The top panel shows data for
economic units that are subsidized at least once, the bottom panel shows data for
economic units that are always subsidized in our period of study. Each thin black
line corresponds to one economic unit. When a line touches the horizontal axis it
implies it is not subsidized in that period. The overlaid points show mean =+ sd.
The large reduction in 2014 corresponds to CONAPESCA preferentially allocating
subsidies towards aquaculture programs that year.
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Table S1: Summary statistics comparing the mean, standard deviation, and range of subsidy amounts
and outcome variables across treatment statuses.

Treatment status Mean SD Min Max
Subsidy amount (2019 MXN) Not subsidized 0.00 0.00 0.00 0.00
Subsidized 732869.91 141224779 730.55 19633910.95
Fishing activity (hours) Not subsidized 2117.75 3186.10 0.02 27613.03
Subsidized 4374.22 7357.38 1.15 70999.48
Fished area (Km?) Not subsidized 1882.10 2811.03 0.00 30962.85
Subsidized 3602.53 6742.41 0.00 64 566.95
Landings (Kg) Not subsidized 22190.89 33675.53 135.00 285093.00
Subsidized 62 328.10 95041.55 300.00 1099 556.00

100 -

# economic units

50 -

0 1 2 3 4 5 6 7 8 9
N times subsidized

Figure S3: Histogram of frequency with which economic units are sub-
sidized (2011-2019). A value of N = 0 along the horizontal axis implies never
subsidized, while N = 9 implies always subsidized. Our main semi-elasticity esti-
mates use vessels sometimes subsidized (i.e. N = 1-8). Our main elasticity estimates
use all vessels subsidized N >= 2 times.
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A.3 Robustness tests
A.3.1 Responses to changes in subsidy status

A.3.2 Extensive margin estimates

Fishing time Fishing area Landings

TWFE modernized

TWFE all 4

Cov sometimes sub.

TWFE sometimes sub. 4

0.0 01 0.2 03 00 01 0.2 03 00 0.2 04
Estimate * (SE, and 95% Conf.Int.)

Figure S4: Coefficient estimates for the extensive margin on time fishing,
fishing area, and landings with respect to subsidy status for different
specifications and samples. Points are coefficient estimates, colored lines show
panel-robust standard errors, and black lines show 95% confidence intervals. TWFE
sometimes sub. refers to the main text estimates, which use a two-way fixed effects
specification and a sample excluding economic units never (N = 32) and always (N
= 142) subsidized between 2011 and 2019. Cov sometimes sub refers to estimates for
a model specification that drops all fixed-effects, and instead incorporates covariates
for number of vessels in 2011, total engine power in 2011, log-price of diesel fuel, and
nino3.4 index interacted by region. This uses the same sample as before. Finally,
TWFE all refers to the same two-way fixed effects specification as in the main text,
but this time including all economic units (i.e. even those for which subsidy status
doesn’t change between 2011 and 2019). TWFE modernized removes vessels that
were recipients of the fleet modernization subsidies. See for more details.
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Table S2: Effect of receiving a fuel subsidy on time fishing (hours) >0,
fishing area (km?) >0, and landings (kg) >0.

Fishing time Fishing area Landings

A) Main text specification

Subsidized 0.223 (0.024)*** (0.228 (0.024)*** 0.413 (0.029)***
N 1431 1431 1431

R* Adj 0.531 0.525 0.597

B) Covariates but no fixed effects

Subsidized 0.253 (0.026)*** 0.256 (0.026)*** 0.488 (0.029)***
N 1431 1431 1431

R? Adj 0.206 0.207 0.373

C) Main text specification with all units

Subsidized 0.205 (0.023)*** 0.210 (0.023)*** 0.385 (0.028)***
N 2941 2941 2941

R? Adj 0.520 0.527 0.703

D) Main text specification without modernized units

Subsidized 0.219 (0.024)*** 0.224 (0.024)*** 0.405 (0.030)***
N 1411 1411 1411

R? Adj 0.531 0.525 0.603

*p < 0.1, % % p < 0.05, % x xp < 0.01

The unit of observation is an economic unit by year. Numbers in parentheses
are panel-robust standard errors (Newey-West with a lyr lag). Panel A) shows
the same information as in . Panel B) uses the same sample of vessels
subsidized at least once, but removes all fixed effects and adds covariates for

number of vessels, total engine power, log-price of diesel fuel, and nino3.4 index
interacted by region. Panel C) uses the same two-way fixed effects estimation
as in A), but includes all vessels in our sample, regardless of number of times
subsidized. Panel D) uses the same two-way fixed effects estimation as in A),

but removes vessels that received a fleet modernization subsidy.
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Figure S5: Coefficient estimates for the extensive margin effect on time
fishing, fishing area, and landings with respect to subsidy status for dif-
ferent samples based on subsidy frequency. Points are coefficient estimates,
colored lines show standard errors, and black lines show 95% confidence intervals.
Horizontal dashed lines show the coefficient estimate corresponding to our main spec-
ification . Each point corresponds to a different sub-sample, where economic
units are subsidized at most n times, as indicated by the x-axis. In all cases, the
rightmost point (subsidized at most 8 times) corresponds to our main-text estimates.
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A.3.3 Intensive margin estimates

Fishing time Fishing area Landings

TWFE modernized A

TWFE all A

Cov sometimes sub.

TWFE sometimes sub.

O = = = - = m = = - —

200 400 600 0 200 400 600 O 10000 20000 30000 40000
Estimate + (SE, and 95% Conf.Int.)

Figure S6: Coefficient estimates for the intensive margin (in levels) of
time fishing, fishing area, and landings with respect to subsidy status for
different specifications and samples. Points are coefficient estimates, colored
lines show panel-robust standard errors, and black lines show 95% confidence inter-
vals. TWFE sometimes sub. refers to the main text estimates, which use a two-way
fixed effects specification and a sample excluding economic units never (N = 32) and
always (N = 142) subsidized between 2011 and 2019. Cov sometimes sub refers to
estimates for a model specification that drops all fixed-effects, and instead incorpo-
rates covariates for number of vessels in 2011, total engine power in 2011, log-price
of diesel fuel, and nino3.4 index interacted by region. This uses the same sample as
before. Finally, TWFE all refers to the same two-way fixed effects specification as in
the main text, but this time including all economic units (i.e. even those for which
subsidy status doesn’t change between 2011 and 2019). TWFE modernized removes
vessels that were recipients of the fleet modernization subsidies. See for
more details.
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Table S3: Effect of receiving a fuel subsidy on time fishing (hours), fishing area (km?),
and landings (kg).

Fishing time Fishing area Landings

A) Main text specification

Subsidized 350.248 (58.922)***  329.060 (54.218)*** 32347.423 (4271.960)***
N 1431 1431 1431

R? Adj 0.924 0.931 0.710

B) Covariates but no fixed effects

Subsidized 480.622 (94.895)***  416.122 (79.236)*** 36753.146 (4409.601)***
N 1431 1431 1431

R* Adj 0.752 0.826 0.377

C) Main text specification with all units

Subsidized 320.923 (65.462)***  267.439 (56.617)*** 31658.543 (4254.394)%**
N 2941 2941 2941

R? Adj 0.956 0.971 0.915

D) Main text specification without modernized units

Subsidized 338.614 (59.258)***  311.809 (54.720)*** 30543.733 (4073.773)%***
N 1411 1411 1411

R? Adj 0.922 0.927 0.712

*p < 0.1, % x p < 0.05, % * xp < 0.01

The unit of observation is an economic unit by year. Numbers in parentheses are panel-robust
standard errors (Newey-West with a 1yr lag). Panel A) shows the same information as in.
Panel B) uses the same sample of vessels subsidized at least once, but removes all fixed effects

and adds covariates for number of vessels, total engine power, log-price of diesel fuel, and nino3.4
index interacted by region. Panel C) uses the same two-way fixed effects estimation as in A), but
includes all vessels in our sample, regardless of number of times subsidized. Panel D) uses the same
two-way fixed effects estimation as in A), but removes vessels that received a fleet modernization
subsidy.
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Figure S7: Coefficient estimates for the intensive margin effect (in levels)
time fishing, fishing area, and landings with respect to subsidy status for
different samples based on subsidy frequency. Points are coefficient estimates,
colored lines show standard errors, and black lines show 95% confidence intervals.
Horizontal dashed lines show the coefficient estimate corresponding to our main
specification . Each point corresponds to a different sub-sample, where
economic units are subsidized at most n times, as indicated by the x-axis. In all
cases, the rightmost point (subsidized at most 8 times) corresponds to our main-text
estimates.
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n2 A.3.4 Semi-elasticity estimates

Fishing time Fishing area Landings
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Figure S8: Coefficient estimates for the semi-elasticities of time fishing,
fishing area, and landings with respect to subsidy status for different
specifications and samples. Points are coefficient estimates, colored lines show
panel-robust standard errors, and black lines show 95% confidence intervals. TWFE
sometimes sub. refers to the main text estimates, which use a two-way fixed effects
specification and a sample excluding economic units never (N = 32) and always (N
= 142) subsidized between 2011 and 2019. Cov sometimes sub refers to estimates for
a model specification that drops all fixed-effects, and instead incorporates covariates
for number of vessels in 2011, total engine power in 2011, log-price of diesel fuel, and
ninod.4 index interacted by region. This uses the same sample as before. Finally,
TWFE all refers to the same two-way fixed effects specification as in the main text,
but this time including all economic units (i.e. even those for which subsidy status
doesn’t change between 2011 and 2019). TWFE modernized removes vessels that
were recipients of the fleet modernization subsidies. See for more details.
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Table S4: Effect of receiving a fuel subsidy on time fishing (hours),
fishing area (km?), and landings (kg).

Fishing time Fishing area Landings

A) Main text specification

Subsidized 0.341 (0.066)*** 0.189 (0.050)*** 0.532 (0.077)***
N 1290 1287 1192

R* Adj 0.726 0.725 0.757

B) Covariates but no fixed effects

Subsidized 0.312 (0.078)*** 0.226 (0.060)*** 0.563 (0.085)***
N 1292 1289 1196

R? Adj 0.305 0.382 0.294

C) Main text specification with all units

Subsidized 0.283 (0.058)***  (0.133 (0.044)**  0.485 (0.069)***
N 2723 2708 2530

R? Adj 0.791 0.828 0.846

D) Main text specification without modernized units

Subsidized 0.334 (0.067)*** 0.187 (0.051)*** 0.534 (0.077)***
N 1272 1269 1173

R? Adj 0.727 0.722 0.756

*p < 0.1, % % p < 0.05, % x xp < 0.01

The unit of observation is an economic unit by year. Numbers in parentheses
are panel-robust standard errors (Newey-West with a lyr lag). Panel A) shows
the same information as in . Panel B) uses the same sample of vessels
subsidized at least once, but removes all fixed effects and adds covariates for

number of vessels, total engine power, log-price of diesel fuel, and nino3.4 index
interacted by region. Panel C) uses the same two-way fixed effects estimation
as in A), but includes all vessels in our sample, regardless of number of times
subsidized. Panel D) uses the same two-way fixed effects estimation as in A),

but removes vessels that received a fleet modernization subsidy.
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Figure S9: Coefficient estimates for the semi-elasticities of time fishing,
fishing area, and landings with respect to subsidy status for different
samples based on subsidy frequency. Points are coefficient estimates, colored
lines show standard errors, and black lines show 95% confidence intervals. Horizontal
dashed lines show the coefficient estimate corresponding to our main specification
(Table 1}). Each point corresponds to a different sub-sample, where economic units
are subsidized at most n times, as indicated by the x-axis. In all cases, the rightmost
point (subsidized at most 8 times) corresponds to our main-text estimates.
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n3s A.3.5 Responses to changes in subsidy amounts

Specification and sample
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Figure S10: Coefficient estimates for the elasticities of time fishing, fished
area, and landings with respect to subsidy amount. Points are coefficient
estimates, colored lines show standard errors, and black lines show 95% confidence
intervals. The main sample combines all economic units subsidized at least twice
between 2011 and 2019. Alternative samples, labeled “Modernized“ “Sometimes”
and “Always”, restrict the sample to economic units that were not part of fleet
modernization subsidies, or that are sometimes and always subsidized in the same
period, respectively. One-way fixed-effect specifications (labeled “OWFE”) drop
year-by-region fixed effects and use annual log-transformed mean national fuel prices,

the NINO3.4 index values, and a dummy variable for 2014.
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Table S5: Elasticity estimates for time fishing (hours), fishing area (km?), and landings
(kg) with respect to changes in subsidy amount.

Fishing time Fishing area Landings

A) Main text specification

log(subsidy amount[MXP]) 0.139 (0.025)*** 0.078 (0.021)*** 0.198 (0.023)***
N 2240 2238 2246

R? Adj 0.850 0.860 0.876

B) Always subsidized

log(subsidy amount[MXP]) 0.150 (0.035)***  0.068 (0.028)**  0.151 (0.031)***
N 1278 1277 1278

R? Adj 0.884 0.894 0.905

C) Sometimes subsidized

log(subsidy amount[MXP]) 0.129 (0.037)**  0.092 (0.031)** 0.231 (0.034)***
N 962 961 968

R? Adj 0.749 0.771 0.809

D) Removing modernized

log(subsidy amount[MXP]) 0.135 (0.025)*** 0.074 (0.021)*** 0.196 (0.023)***
N 2208 2206 2214

R? Adj 0.850 0.859 0.875

D) Covariates but no fixed effects

log(subsidy amount[MXP]) 0.206 (0.025)*** 0.153 (0.020)*** 0.374 (0.024)***
N 2242 2240 2247

R? Adj 0.517 0.589 0.540

*p < 0.1, % % p < 0.05, % % xp < 0.01

The unit of observation is an economic unit by year. Numbers in parentheses are panel-robust
standard errors (Newey-West with a lyr lag). Panel A) shows the same information as in
Panel B) restricts the sample to economic units always subsidized. Panel C) restricts the sample to

economic units sometimes subsidized. Panel D) removes economic units that received fleet modern-
ization subsidies. Panel E) uses the same sample of vessels, but removes all fixed effects and adds

covariates for number of vessels, total engine power, and nino3.4 index interacted by region.
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Figure S11: Coefficient estimates for the elasticities of time fishing, fishing
area, and landings with respect to subsidy amount for different samples
based on subsidy frequency. Points are coefficient estimates, colored lines show
standard errors, and black lines show 95% confidence intervals. Horizontal dashed
lines show the coefficient estimate corresponding to our main specification
Each point corresponds to a different sub-sample, where economic units are subsi-
dized at least n times, as indicated by the x-axis. In all cases, the leftmost point
(subsidized at least twice) corresponds to our main-text estimates.
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ns Responses to an impromptu subsidy reform
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Figure S12: Annual marginal estimates for changes in fishing time (hours),
fished area (km 2, and landings (kg) following an impromptu fuel subsidy
reform in 2019. Points are coefficient estimates, colored lines show standard errors,
and black lines show 95% confidence intervals.
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