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The largest fully protected marine area in North
America does not harm industrial fishing

Fabio Favoretto'?*, Catalina Lopez-Sagastegui®, Enric Sala®, Octavio Aburto-Oropeza’

Marine protected areas (MPAs) that ban fishing restore marine life within their boundaries and can also replen-
ish nearby fisheries. However, some argue that after large MPAs are established, fishing effort is displaced to
unprotected areas and economic loss is incurred by the fishing industry. We tested these assumptions by as-
sessing the behavior and productivity of the Mexican industrial fishing fleet before and after the implementa-
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tion of the largest fully protected MPA in North America (the 147,000-square kilometer Revillagigedo National
Park). We found no decrease in catches and no causal link between the variation of the spatial footprint of the
industrial fleet and the implementation of the MPA. Our findings add to growing evidence that well-designed
MPAs benefit marine ecosystems and, in the long term, can also benefit the fisheries they support.

INTRODUCTION

Marine protected areas (MPAs) where fishing is prohibited benefit
ocean biodiversity, help improve nearby fisheries, and mitigate
climate change (1-3). However, despite scientific reccommendations
and international commitments to protect at least 30% of the ocean,
less than 3% of the global ocean is highly or fully protected [as
defined in the MPA Guide (4) as of October 2022 (5)]. A major
reason for this gap is the strong opposition from the fishing indus-
try, which sees fishing bans as a threat to their business and liveli-
hoods. Critics argue that highly protected MPAs cause catch loss
and displace efforts elsewhere, potentially ending with a net
impact on biodiversity and fisheries (6-9). These claims are often
conflated into broader narratives (6, 10), where negative outputs
are argued without acknowledging a highly capitalized fishing in-
dustry with a large adaptive capacity (11). If MPAs are to contribute
to more sustainable and equitable use of the oceans, then specific
discussions must be informed by evidence. Here, we present a
before/after analysis to understand the effect of establishing a
large, fully protected MPA, on catches and the spatial footprint of
industrial fisheries.

In November 2017, the Revillagigedo National Park (henceforth,
“the MPA") was established in the Mexican Pacific, becoming the
13th largest MPA in the world and encompassing 4.2% of
Mexico's exclusive economic zone (EEZ). The National Park is
fully protected from fishing and other extractive activities. Although
the Mexican government claims that MPAs cover 21.8% of Mexico's
EEZ, only Revillagigedo and a few small MPAs (totaling 4.6% of the
EEZ) are fully protected, leaving 95.4% of the EEZ open to fishing.
The Mexican fishing sector was particularly vocal against the estab-
lishment of the MPA, claiming a potential loss of up to 20% of their
tuna and pelagic catches (12).

In this study, 5 years after the MPA's implementation, we can
empirically test the following questions: (i) Did the MPA
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successfully reduce fishing effort within its boundaries? (ii) Did
fishing catches on aggregate decrease after the MPA's implementa-
tion? (iii) Did the MPA cause a significant change in the spatial
footprint of the fishing fleet? To answer these questions, we use
vessel monitoring system (VMS) data from the Mexican fishery co-
mmission, official fisheries landings data, and causal impact models
with counterfactual scenarios of before/after effects. Specifically, we
focus on the 212 vessels with fishing permits for pelagic fish (tuna,
sharks, and swordfish, using longlines and purse seine gears).

We use a causal impact model to estimate the causal effect of a
designed intervention on a time series (13). In addition, we used a
model framework using mixed models with a before-after causal
impact design (see the Supplementary Materials). While the
results were like the causal impact approach, the latter is better
suited for cases when a randomized experiment is not available.
Given a response time series, the causal impact model constructs
a Bayesian structural time series that predicts a counterfactual sce-
nario that would have evolved if the MPA had never been estab-
lished. Here, we assess fishing effort (fishing hours per number of
vessels), catch per unit of effort (CPUE; in metric tons per day), and
the area (square kilometers) used by each vessel from 2008 to 2022.
These variables combined describe the overall behavior of the fleet
to answer our three questions.

RESULTS

Did the MPA successfully reduce fishing effort within its
boundaries?

Yes, fishing activity within the MPA declined on average by 82%
[95% confidence interval (CI): —141%, —31%] (P = 0.005) from
before to after implementation (from 18.85 hours per vessel to
3.37 hours per vessel) (Fig. 1A and fig. S3). Fishing activity occur-
ring within the MPA after its implementation is illegal; vessels de-
tected within the MPA did not just cross its boundaries but
performed maneuvers that can be associated with fishing gear
deployment.
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Fig. 1. Variables describing the overall behavior of the fleet to test our three questions. (A) Average monthly fishing effort (fishing hours per vessel) observed within
the MPA polygon. (B) Average monthly catch per unit of effort (CPUE; in metric tons per day) for vessels historically active inside the MPA polygon (blue circles) and those
who never fished in the area (orange circles). (C) Average area used by the vessels monthly. The red vertical line marks the MPA's implementation date. The trend lines are
generalized additive models fitted with a Gamma family distribution and are fitted for descriptive purposes. Trend lines resulting from the causal impact modeling are
available in the Supplementary Materials. Maps of the normalized fishing index (NFI) (at 0.1° pixel resolution) for (D) the fleet historically active within the MPA polygon
and (E) the fleet that was never active inside the MPA polygon. NFI considers the difference in fishing effort (hours per vessel) within each pixel before (2014 to 2017) and
after (2018 to 2021) the MPA's implementation. The difference in effort was normalized between —1 and 1, representing a decrease and an increase in fishing effort,

respectively. In the maps, the black line represents Mexican EEZ, and the dashed rectangle is the MPA polygon.

Did fishing catches decrease after the MPA's
implementation?

No, we found no statistical evidence of a significant, negative, causal
impact of the MPA's implementation on industrial fisheries in
Mexico's Pacific EEZ. The average CPUE of the vessels that were
historically active in the MPA polygon (Fig. 1B) did not change sig-
nificantly (P = 0.43) after implementation (fig. S4) nor did the
CPUE of those who were never active within the MPA (P =
0.15; Fig. 1B).

Did the implementation of the MPA result in an increase of
the fishing fleet's area use?

No, our results show that the total ocean area used by industrial
fishing vessels in the Mexican Pacific decreased significantly.
After November 2017, the area used by vessels that historically
fished within the MPA (Fig. 1C) decreased significantly (P =
0.003) an average 53% (95% CI: —88%, —20%) (fig. S6), while the
total ocean area used by vessels that never used the MPA for
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tishing (Fig. 1C) decreased an average of 55% (95% CI: —74%,
—36%) (P = 0.001) (fig. S7). The total area used by the fishing
fleet from 2014 to 2021 (4 years before and 4 years after the
MPA’s implementation) was 6,289,643 km?, of which the Park's
area represents ~2.3% (147,000 km?). Furthermore, the normalized
fishing index (NFI) showed that effort decreased in more area (42
and 44% for vessels that historically used the MPA and the ones who
did not, respectively; Fig. 1, D and E) than it increased (18.8 and
26% for vessels that historically used the MPA and the ones who
did not, respectively; Fig. 1, D and E). Notably, the fleet that was
historically active within the MPA (Fig. 1D) conducted most of
their fishing in the high seas before and after the MPA’s
implementation.

DISCUSSION
Implementing the 147,000-km” Revillagigedo National Park had no
negative effect on catches (Fig. 1B) or caused Mexico's industrial
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fleet to increase the area used for fishing (Fig. 1C). These findings
refute the fishing industry’s argument that creating the Revillagige-
do MPA would harm the fishery or directly cause the effort to move,
thus increasing the fishing area. Similar results were recorded in
other Pacific MPAs but with less reliable data or in MPAs where
fishing effort was already low (14-17).

In Revillagigedo, fishing effort was successfully reduced within
its boundaries, thus protecting a critical ecosystem (18) that the
fishing industry could have continuously targeted. Using satellite
tracking technology, we found only a few isolated cases of potential
illegal fishing within the MPA after its establishment in late 2017
(Fig. 1A). This is due, in part, to compliance from the fishing indus-
try and to the MPA managers’ efforts to use an automatic identifi-
cation system (AIS) monitoring system (Skylight) to help monitor
the protected area. These results contribute to the growing evidence
showing how large pelagic MPAs can be enforced using technology
and can become conservation assets if well managed (11) and fully
protected (4).

Fishing fleet behavior is affected by numerous factors, ranging
from environmental to political and economic ones, including fish-
eries regulations (19-21). Fishing effort or displacement (e.g.,
toward high seas; Fig. 1D) can change because of social and political
agendas (21), which aim to provide fishers with the means to in-
crease their fishing effort, with limited revenue benefits (22, 23).

In the Mexican Pacific, the variation in the spatial footprint of
the fishing fleet may be determined by changes in oceanographic
conditions and the effects of climate change that are causing a re-
distribution of fisheries catch at a global scale (19). The Mexican
Pacific has some of the highest rates of catch tropicalization world-
wide (24), which might cause a catch increase in some species but a
net loss in fishery yields (25). Specifically, tropical tuna species are
projected to be more abundant and might be what the vessels in
Mexico are targeting when fishing near the tropics (Fig. 1D).

The expansion of fishing grounds toward the high seas was
driven by technological advancements (26) and is sustained by eco-
nomic mechanisms like fishery subsidies (22). The growth of the
fishing footprint in Mexico (Fig. 1D) resembles a pattern of discov-
ery and depletion of fishing grounds (26), which attempts to main-
tain catches by moving to more profitable areas. However, catches
reported by vessels that used to fish in Revillagigedo, which showed
a larger spatial footprint (Fig. 1D), did not increase over time
(Fig. 1B) despite the increased effort in tropical fishing grounds.
A possible explanation is that these areas are already intensively ex-
ploited (21, 22, 26) or beginning to show signs of the decreases in
yields predicted by climate change scenarios (19, 24, 27-31).

Now, spatially explicit data on fisheries catches have not been
made available by the Mexican fisheries commission; therefore, it
is difficult to determine whether spillover effects are occurring
around the MPA (3). We hope that the Mexican fisheries commis-
sion can soon recognize that data transparency and quality assess-
ments can improve scientific analysis for responsible decision-
making. Openly available geolocalized catch reports (32) could
help improve fisheries management beyond Mexico and the
Mexican Pacific now that remote monitoring and analysis tools
are available (e.g., Skylight and Global Fishing Watch). In remote
areas where monitoring and surveillance are difficult, technologies
such as AIS and VMS have proven to be effective tools in combating
illegal fishing [e.g., (14, 15)]. These systems enable authorities to
track the movements of fishing vessels and identify any suspicious
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activity, ultimately deterring illegal fishing and ensuring that fisher-
men adhere to regulations. Data transparency and availability not
only can improve fisheries management, assessments, and spatial
planning of human activities but also are assets that enable auditing
and counteracting claims of illegal activities that can harm the
fishing industry more significantly than MPAs [e.g., international
reports that may lead to export bans (33)].

Even if large, oceanic, fully protected MPAs reduce fishing effort
without negatively affecting the fishing industry, they are not the
only solution to ocean conservation. Industrial fishing vessels
have the flexibility and potential to readily change their fishing
grounds, which might be more challenging for artisanal fisheries,
which tend to be limited in terms of their operating grounds.
MPAs must be properly contextualized and complement other
management measures, regulations, controls, and restrictions (34,
35). Our work shows that it is possible to find common ground
between area-based conservation and extractive activities like
fishing and to foster cooperation between different sectors to
achieve the global 30 x 30 target.

MATERIALS AND METHODS

The process of downloading and wrangling data, the datasets’ struc-
ture, and a schematic view of the analysis workflow is explained in
detail in our GitHub repository documentation: https://github.
com/CBMC-GCMP/mpas_do_not_harm_fishery. We coded all
this preprocessing and follow-up analysis with the R programming
language using the RStudio integrated development environment
(36). For convenience, we created an R package “dafishr” that is
available for free download in the GitHub page that contains all
the dependencies and functions needed (37). Here, we provide a de-
scription of the processing stages (fig. SI1).

Datasets used

Preprocessed and wrangled datasets used for the analysis are avail-
able through our repository in Zenodo (38), GitHub, and R package
(37). Raw version of the files can be downloaded using our code (37,
38) or through the official web page (39).

We downloaded VMS data from the National Commission for
Fisheries and Aquaculture (CONAPESCA) ofticial web page (39).
The VMS data consist of satellite geo-positioning pings with a 1-
hour interval, transmitted by each vessel from 2008 to 2021. The
VMS dataset reports vessel's name, unique ID, speed, and naviga-
tion bearing. After cleaning and standardization, the dataset has
~150 million data rows, representing tracks of 2287 industri-
al vessels.

We requested the landing dataset from CONAPESCA by a
formal request with data from 2008 to 2021. Detailed information
on the dataset version used for this analysis can be found in our
GitHub repository, where it can be downloaded through R. The
raw datasets are available at this Dryad repository (38).

We used the MPA polygons from the National Commission for
Natural Protected Areas (CONANP) that is available as a shapefile
at http://sig.conanp.gob.mx/website/pagsig/info_shape.htm. We
also provide a working version of the shapefile within the dafishr
package datasets. We used the point locations of ports, marinas,
and landing areas for industrial vessels available at the National In-
stitute of Statistics and Geography.
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We obtained the fishing gear permits datasets from CONAPES-
CA by a formal request, and the data are available for reproducibility
purposes in the dafishr package. A full version is available through
authors under request.

Data cleaning and formatting

Raw data can be downloaded by year and are organized in several
tabular files representing monthly or biweekly intervals. Then, the
preprocessing code finds and eventually filters out, if needed, cor-
rupted latitude, longitude, or speed entries that have obvious erro-
neous values; and then, it formats dates and label corrupted rows. In
the files, the information stored is sometimes inconsistent, and
there are some errors within the rows, for example, some corrupted
dates or vessel codes. The most evident case came from the
RLMSEP_2020/10.-OCTUBRE/16-31 OCT 2020.csv file that had
all dates corrupted, and we filtered it out from our analyses.

Spatial cleaning and labeling

After the cleaning step, the preprocessing code performs a spatial
intersection with a vector file representing land to further eliminat-
ing dubious points falling inland and, after that, creates a buffer of
0.025° (~2.6 km) around ports to spatially label all vessel activity
within port and exclude them from potential fishing activity mod-
eling. The preprocessing then intersects all the coordinates with a
polygon representing the Pacific portion of the Mexican EEZ and
all the MPA polygons in Mexico. Then, we labeled vessels that
were found fishing in Revillagigedo MPA polygon and those who
were never found fishing in the area. We defined these vessels as
“historically fished in Revillagigedo” versus the one that “never
fished in Revillagigedo area.”

Data checks

After all the cleaning steps, a global check of dates is made to be sure
that all data are in the correct units and that no vessels have inaccu-
rate hours of activities assigned to them (e.g., more than 24 hours in
a day). Through this step, we realized that some tracks are reported
in minutes; thus, we homogenized all data by hours, and, for those
points reported in minutes, we averaged the latitude and longitude
coordinates.

Fishing activity modeling

VMS data can be modeled on the basis of speed to infer potential
fishing activities from vessel tracks and understand vessel behavior.
For example, whether a vessel was cruising or if it was slowing down
to deploy fishing gear. Not all the methods used to model fishing
behavior are easily reproducible on a personal computer or are
open source (21, 40-43). We used a trip-based Gaussian mixture
model, which has a lower maximum error rate per trip, low false-
positive rates, and good performance in terms of computing effi-
ciency when applied to VMS data (42). These characteristics allow
an accurate estimation of the spatial distribution of active fishing
while also being computationally efficient. We fitted the Gaussian
mixture models using an expectation-maximization algorithm (43)
to estimate the parameters of the multimodal speed distribution
using the mixtools R package (44). We assumed three univariate
normal distributions corresponding to three states of a vessel:
fishing, deploying gear, and steaming. The starting values for the
mean and SD for each underlying distribution were estimated visu-
ally using a histogram showing the multimodal distribution of
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speed (fig. S2). We then defined the upper limit to the distribution
for the fishing state by estimating the mean and adding two SDs to
it. The model labels all positional records with speeds exceeding the
upper limit as “not fishing” (encompassing deployment and steam-
ing). Such labeling also grants a degree of conservatism to our
model because deployment and steaming speeds some-
times overlap.

Fishing effort and catch data

We used only vessels that had permits for purse seine and longlines
fishing gears targeting tuna, shark, and swordfish species. We then
constructed the time series of fishing effort within the Revillagigedo
MPA polygon by dividing the modeled fishing hours by the number
of vessels detected each month from 2008 to 2022. Then, we calcu-
lated the CPUEs by using the landing datasets. For each of the se-
lected vessels, we extracted fishing days declared at port as well as
their catches. We calculated the CPUE as catch in metric ton divided
by the days at sea each month. We then averaged the CPUE for all
the vessels of the ones that historically fished in the Revillagigedo
polygon and the ones who never did.

Area used calculation

We used only vessels that had permits for purse seine and longlines
fishing gears targeting tuna, shark, and swordfish species. We used
the coordinates of the modeled fishing activities for the vessels who
historically fished in Revillagigedo, and the ones who never did, to
create rasters of 0.1° x 0.1°, where each pixel contains the total
fishing hours divided by the number of unique active vessels en-
closed in that area each month.

Area displaced

We calculated the total area of the raster for each month. Last, we
created rasters of the total fishing area from 4 years before (2014 to
2017) and 4 years after (2018 to 2021) the Park implementation.
Then, to calculate displacement in terms of space (i.e., fishing foot-
print), we used the rasters before and the rasters after Park imple-
mentation and computed a NFI to compare them (Eq. 1). The index
returns values from —1 to 1 when fishing activity decreases or in-
creases, respectively

> Raster after — ) Raster before
> Raster after + ) Raster before

(1)

Normalized fishing index =

Before/after modeling

To test the effect of MPA establishment fishing effort (fishing hours
per number of active vessels), CPUE (catches in metric tons per day
at sea), and area used, we used a causal impact model by applying a
Bayesian structural time series method (13). The model predicts a
counterfactual scenario for the response variable (e.g., the fishing
activity or catch) as if the establishment of the MPA had never oc-
curred. First, we defined the pre-establishment and post-establish-
ment periods by using the date of Revillagigedo MPA
implementation (November 2017) as a threshold. During the pre-
establishment period, the model fits the pattern of the observed var-
iation in the response variable and then predicts the trend in the
post-establishment period of data creating the counterfactual sce-
nario. The effect of the implementation is quantified by comparing
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the expected trend of the counterfactual model against the observed
trend of the response variable. Because fishing data had a season-
ality component, we accounted this into the model by specifying
a monthly granularity. The modeling was done using the Causallm-
pact package (13).

Methods’ limitations

Our methods used have some limitations that are important to dis-
close so that results can be interpreted correctly. First, we provide a
“fishing hours” variable that represents a potential fishing activity
that is modeled according to fishing speed. There is no certainty
that the vessel caught fish at the locations labeled by the model. Nev-
ertheless, our estimates are made in such a way that are conservative
and do represent an effort to find and catch fish. In the calculations
for the fishing area, we arbitrarily decided to have a 0.1° resolution
to create the raster. Such a resolution can overestimate the area used
by the fishing fleet by some degree; however, for the purpose of our
manuscript, such estimate error is far less than the displacement
that we would have expected from the Revillagigedo MPA establish-
ment. Furthermore, even at different resolutions, we would have
similar results as our goal was not to precisely measure an area
but to calculate its relative difference in time. We therefore consider
that, within the study goal, a different resolution is not twisting the
interpretation of the results nor the message that we want to convey.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S8

REFERENCES AND NOTES
1. A.Rogers, O. Aburto-Oropeza, W. Appeltans, J. Assis, L. T. Ballance, P. Cury, C. Duarte,
F. Favoretto, J. Kumagai, C. Lovelock, P. Miloslavich, A. Niamir, D. Obura, B. C. O’Leary,
G. Reygondenau, C. Roberts, Y. Sadovy, T. Sutton, D. Tittensor, E. Velarde, “Critical habitats
and biodiversity: Inventory, thresholds and governance,” Blue Papers (The High Level Panel
for a Sustainable Ocean Economy, 2020), p. 84.

2. E.Sala, J. Mayorga, D. Bradley, R. B. Cabral, T. B. Atwood, A. Auber, W. Cheung, C. Costello,
F. Ferretti, A. M. Friedlander, S. D. Gaines, C. Garilao, W. Goodell, B. S. Halpern, A. Hinson,
K. Kaschner, K. Kesner-Reyes, F. Leprieur, J. McGowan, L. E. Morgan, D. Mouillot, J. Palacios-
Abrantes, H. P. Possingham, K. D. Rechberger, B. Worm, J. Lubchenco, Protecting the global
ocean for biodiversity, food and climate. Nature 592, 397-402 (2021).

3. S. Medoff, J. Lynham, J. Raynor, Spillover benefits from the world's largest fully protected
MPA. Science 378, 313-316 (2022).

4. K. Grorud-Colvert, J. Sullivan-Stack, C. Roberts, V. Constant, B. H. E. Costa, E. P. Pike,

N. Kingston, D. Laffoley, E. Sala, J. Claudet, A. M. Friedlander, D. A. Gill, S. E. Lester, J. C. Day,
E. J. Gongalves, G. N. Ahmadia, M. Rand, A. Villagomez, N. C. Ban, G. G. Gurney,

A. K. Spalding, N. J. Bennett, J. Briggs, L. E. Morgan, R. Moffitt, M. Deguignet, E. K. Pikitch,
E.S.Darling, S. Jessen, S. 0. Hameed, G. D. Carlo, P. Guidetti, J. M. Harris, J. Torre, Z. Kizilkaya,
T. Agardy, P. Cury, N. J. Shah, K. Sack, L. Cao, M. Fernandez, J. Lubchenco, The MPA Guide: A
framework to achieve global goals for the ocean. Science 373, eabf0861 (2021).

5. Marine Conservation Institute, Atlas of Marine Protection (2022); http://mpatlas.org.

6. R. Hilborn, Are MPAs effective? Ices J. Mar. Sci. 75, 1160-1162 (2017).

7. J.G. Hiddink, T. Hutton, S. Jennings, M. J. Kaiser, Predicting the effects of area closures and
fishing effort restrictions on the production, biomass, and species richness of benthic in-
vertebrate communities. Ices J. Mar. Sci. 63, 822-830 (2006).

8. B.S. Halpern, S. D. Gaines, R. R. Warner, Confounding effects of the export of production
and the displacement of fishing effort from marine reserves. Ecol. Appl. 14,

1248-1256 (2004).

9. S.P.R.Greenstreet, H. M. Fraser, G. J. Piet, Using MPAs to address regional-scale ecological
objectives in the North Sea: Modelling the effects of fishing effort displacement. Ices J. Mar.
Sci. 66, 90-100 (2009).

Favoretto et al., Sci. Adv. 9, eadg0709 (2023) 31 May 2023

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.
36.

. R.Hilborn, M. J. Kaiser, A path forward for analysing the impacts of marine protected areas.

Nature 607, E1-E2 (2022).

. B.C. O'Leary, N. C. Ban, M. Fernandez, A. M. Friedlander, P. Garcia-Borboroglu, Y. Golbuu,

P. Guidetti, J. M. Harris, J. P. Hawkins, T. Langlois, D. J. McCauley, E. K. Pikitch, R. H. Richmond,
C. M. Roberts, Addressing criticisms of large-scale marine protected areas. Bioscience 68,
359-370 (2018).

. Fish-Big, Atuneros mexicanos en contra de Parque Revillagigedo? (2017); www.bigfish.mx/

360/Atuneros-mexicanos-en-contra-de-Parque-Revillagigedo-20171022-0001.html.

. K. H. Brodersen, F. Gallusser, J. Koehler, N. Remy, S. L. Scott, Inferring causal impact using

Bayesian structural time-series models. Ann. Appl. Stat. 9, 247-274 (2015).

. T.D.White, T. Ong, F. Ferretti, B. A. Block, D. J. McCauley, F. Micheli, G. A. D. Leo, Tracking the

response of industrial fishing fleets to large marine protected areas in the Pacific Ocean.
Conserv. Biol. 34, 1571-1578 (2020).

. G. Rowlands, J. Brown, B. Soule, P. T. Boluda, A. D. Rogers, Satellite surveillance of fishing

vessel activity in the ascension island exclusive economic zone and marine protected area.
Mar. Policy 101, 39-50 (2019).

. R. A. Magris, R. L. Pressey, Marine protected areas: Just for show? Science 360,6390,

723-724 (2018).

. R. Langton, D. A. Stirling, P. Boulcott, P. J. Wright, Are MPAs effective in removing fishing

pressure from benthic species and habitats? Biol. Conserv. 247, 108511 (2020).

. P. Salinas-de-Leon, O. Aburto-Oropeza, E. Sala, M. Hoyos, Archipelago de Revillagigedo,

Biodiversidad, Amenazas y Necesidades de Conservacion. Informe Técnico National Geo-
graphic Pristine Seas, Mares Mexicanos (2016).

. W. W. L. Cheung, V. W. Y. Lam, J. L. Sarmiento, K. Kearney, R. Watson, D. Zeller, D. Pauly,

Large-scale redistribution of maximum fisheries catch potential in the global ocean under
climate change. Glob. Chang. Biol. 16, 24-35 (2010).

J. Guiet, E. Galbraith, D. Kroodsma, B. Worm, Seasonal variability in global industrial fishing
effort. PLOS ONE 14, 0216819 (2019).

D. A. Kroodsma, J. Mayorga, T. Hochberg, N. A. Miller, K. Boerder, F. Ferretti, A. Wilson,

B. Bergman, T. D. White, B. A. Block, P. Woods, B. Sullivan, C. Costello, B. Worm, Tracking the
global footprint of fisheries. Science 359, 904-908 (2018).

E. Sala, J. Mayorga, C. Costello, D. Kroodsma, M. L. D. Palomares, D. Pauly, U. R. Sumaila,
D. Zeller, The economics of fishing the high seas. Sci. Adv. 4, eaat2504 (2018).

A. M. Cisneros-Montemayor, E. Sanjurjo, G. R. Munro, V. Hernandez-Trejo, U. R. Sumaila,
Strategies and rationale for fishery subsidy reform. Mar. Policy 69, 229-236 (2016).

W. W. L. Cheung, R. Watson, D. Pauly, Signature of ocean warming in global fisheries catch.
Nature 497, 365-368 (2013).

A. M. Cisneros-Montemayor, M. Abas, J. Palacios-Abrantes, P. C. Gonzélez-Espinoza, Spatial
analysis of anticipated climate change effects on fisheries in Mexico: An overview for ad-
aptation. Ciencia Pesquera 1-2, 31-44 (2020).

D. Tickler, J. J. Meeuwig, M.-L. Palomares, D. Pauly, D. Zeller, Far from home: Distance
patterns of global fishing fleets. Sci. Adv. 4, eaar3279 (2018).

V. W.Y. Lam, E. H. Allison, J. D. Bell, J. Blythe, W. W. L. Cheung, T. L. Frélicher, M. A. Gasalla,
U. R. Sumaila, Climate change, tropical fisheries and prospects for sustainable develop-
ment. Nat. Rev. Earth Environ. 1, 440-454 (2020).

R. A. Watson, W. W. L. Cheung, J. A. Anticamara, R. U. Sumaila, D. Zeller, D. Pauly, Global
marine yield halved as fishing intensity redoubles. Fish Fish. 14, 493-503 (2013).

W. W. L. Cheung, T. L. Frolicher, Marine heatwaves exacerbate climate change impacts for
fisheries in the northeast Pacific. Sci. Rep. 10, 6678 (2020).

W. W. L. Cheung, T. L. Frélicher, V. W. Y. Lam, M. A. Oyinlola, G. Reygondeau, U. R. Sumaila,
T. C. Tai, L. C. L. Teh, C. C. C. Wabnitz, Marine high temperature extremes amplify the
impacts of climate change on fish and fisheries. Sci. Adv. 7, eabh0895 (2021).

V. W. Y. Lam, W. W. L. Cheung, G. Reygondeau, U. R. Sumaila, Projected change in global
fisheries revenues under climate change. Sci. Rep. 6, 32607 (2016).

H. Xu, C. E. Lennert-Cody, M. N. Maunder, C. V. Minte-Vera, Spatiotemporal dynamics of the
dolphin-associated purse-seine fishery for yellowfin tuna (Thunnus albacares) in the
eastern Pacific Ocean. Fish. Res. 213, 121-131 (2019).

NOAA, “Improving International Fisheries Management” (National Oceanic and Atmo-
spheric Administration, 2021), pp. 1-73.

E. Sala, J. Mayorga, D. Bradley, R. B. Cabral, T. B. Atwood, A. Auber, W. Cheung, C. Costello,
F. Ferretti, A. M. Friedlander, S. D. Gaines, C. Garilao, W. Goodell, B. S. Halpern, A. Hinson,
K. Kaschner, K. Kesner-Reyes, F. Leprieur, J. Lubchenco, J. McGowan, L. E. Morgan,

D. Mouillot, J. Palacios-Abrantes, H. P. Possingham, K. D. Rechberger, B. Worm, Reply to: A
path forward for analysing the impacts of marine protected areas. Nature 607,

E3-E4 (2022).

R. Hilborn, Hilborn's Final Word. Ices J. Mar. Sci. 75, 1165-1165 (2018).

R-Core-Team, R: A language and environment for statistical computing. R Foundation for
Statistical Computing (Vienna, Austria, 2020); www.R-project.org/.

5of 6



SCIENCE ADVANCES | RESEARCH ARTICLE

37. F. Favoretto, dafishr: Download, Wrangle, and Analyse VMS data (2020); https://cbmc-
gcmp.github.io/dafishr/index.html.

38. F. Favoretto, Catalina Lopez Sagastegui, Enric Sala, Octavio Aburto Oropeza, The largest
fully protected marine area in North America does not harm industrial fishing (version 1)
[dataset]. (Zenodo, 2023); https://doi.org/10.5281/zenodo.7714241.

39. CONAPESCA, Localizacion y Monitoreo Satelital de Embarcaciones Pesqueras (2021);
https://datos.gob.mx/busca/dataset/localizacion-y-monitoreo-satelital-de-embarca-
ciones-pesqueras.

40. P.D. Eastwood, C. M. Mills, J. N. Aldridge, C. A. Houghton, S. |. Rogers, Human activities in
UK offshore waters: An assessment of direct, physical pressure on the seabed. Ices J. Mar.
Sci. 64, 453-463 (2007).

41. K. L.Skaar, T. Jorgensen, B. K. H. Ulvestad, A. Engas, Accuracy of VMS data from Norwegian
demersal stern trawlers for estimating trawled areas in the Barents Sea. Ices J. Mar. Sci. 68,
1615-1620 (2011).

42. T. Mendo, S. Smout, T. Photopoulou, M. James, Identifying fishing grounds from vessel
tracks: Model-based inference for small scale fisheries. Roy Soc. Open Sci. 6, 191161 (2019).

43. F.Natale, M. Gibin, A. Alessandrini, M. Vespe, A. Paulrud, Mapping fishing effort through
AlS data. PLOS ONE 10, e0130746 (2015).

44. T.Benaglia, D. Chauveau, D. R. Hunter, D. S. Young, mixtools: An R package for analyzing
finite mixture models. J. Stat. Softw. 32, 1-29 (2009).

Favoretto et al., Sci. Adv. 9, eadg0709 (2023) 31 May 2023

Acknowledgments: We thank the Allen Institute for Artificial Intelligence for the access to the
Skylight platform and exchanges in advice on fishing activity labeling around Revillagigedo
MPA; we thank CONANP Revillagigedo, L. E. F. Herndndez, and all the park rangers. We also
thank J. A. G. Leija. Funding: This work was supported by the following: Oceans 5 Foundation
grant agreement ID G-22-2126077 (granted to F.F. through the Centro para la Biodiversidad
Marina y la Conservacion, A.C.) and Patrick J. McGovern Foundation (accelerator grant cohort
2022, granted to F.F. through the Centro para la Biodiversidad Marina y la Conservacion, A.C.).
Author contributions: Conceptualization: F.F, C.L.-S.,, O.A.-O., and E.S. Methodology: F.F. and
0.A-O. Investigation: F.F., 0.A.O., and C.L.-S. Visualization: F.F,, 0.A.-O., and C.L.-S. Funding
acquisition: O.A.-O. and C.L.-S. Project administration: O.A.-O. and C.L.S. Supervision: F.F. and
0.A-O. Writing—original draft: F.F, O.A-O., and C.S.-L. Writing—review and editing: E.S.
Competing interests: The authors declare that they have no competing interests. Data and
materials availability: All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials. Data and code are available at a Zenodo
(https://doi.org/10.5281/zenodo.7714241) and GitHub repository (https://github.com/CBMC-
GCMP/mpas_do_not_harm_fishery). An approach starting from raw data is available in the
dafishr R package made by F.F. (https://cran.rstudio.com/web/packages/dafishr/index.html).

Submitted 30 November 2022
Accepted 20 March 2023
Published 31 May 2023
10.1126/sciadv.adg0709

6 of 6


http://dx.doi.org/10.5281/zenodo.7714241
https://doi.org/10.5281/zenodo.7714241
https://github.com/CBMC-GCMP/mpas_do_not_harm_fishery
https://github.com/CBMC-GCMP/mpas_do_not_harm_fishery
https://cran.rstudio.com/web/packages/dafishr/index.html

	INTRODUCTION
	RESULTS
	Did the MPA successfully reduce fishing effort within its boundaries? 
	Did fishing catches decrease after the MPA’s implementation? 
	Did the implementation of the MPA result in an increase of the fishing fleet’s area use? 

	DISCUSSION
	MATERIALS AND METHODS
	Datasets used
	Data cleaning and formatting
	Spatial cleaning and labeling
	Data checks
	Fishing activity modeling
	Fishing effort and catch data
	Area used calculation
	Area displaced
	Before/after modeling
	Methods’ limitations

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments



