




contains 19% of stocks constituting 15% of potential catch; 10%
of stocks constituting 14% of potential catch are in the upper
right quadrant, where both abundance and fishing pressure are
above MSY targets. There is no relationship between the size of
the stock (average catch or estimated MSY) and the B/BMSY.
If stocks were consistently managed at exactly UMSY, we would

expect half the stocks to be above BMSY and half below. Allowing
for management imprecision, we expect half the stocks to be
above UMSY and half below. Thus, the assertion that 41% of
stocks being below BMSY (upper left and lower left quadrants) is
an indication of failed fisheries management is incorrect. For this
reason, government agencies typically define “overfished” as a
level significantly below BMSY (e.g., <0.5 BMSY or <0.8 BMSY). It
should be noted, however, that the “overfished” level is well above
the stock size at which the survival of the stock is threatened.
Since the mid-1990s, catch has generally declined in propor-

tion to decreases in fishing pressure and was, in 2016, at 54% of
where it was in 1989 for assessed stocks (Fig. 1B). This pattern is
also observed at the regional level, where the correlation be-
tween exploitation rate and catch is generally >0.8 (Fig. 2).
Global catch as reported by the FAO also declined during that
period, but less so than for the assessed stocks reported here, likely
because fishing effort in the parts of the world without assessment
has not declined (18).
Striking regional differences in fishing pressure were identified

(Fig. 2). With the exception of the Mediterranean and NW Africa,
fishing pressure in 2016 was lower than target levels. Tuna fish-
eries in the Pacific and Indian Oceans were largely unexploited in

1970, but by 2016, fishing pressure increased toward MSY levels.
In the United States, Alaska has consistently maintained a low
fishing pressure. Most regions have some stocks with abundance
below targets, fishing pressure above targets, or both (SI Appendix,
Figs. S2, S3, and S6).
There are also large differences in the extent of decrease in

biomass since 1970 (Fig. 2). Where the biomass trajectories start
near or above twice BMSY, it simply means that most of the fish-
eries in these areas were previously relatively unfished, and
therefore declined by necessity as fishing intensified and stock
productivity increased (sustainable yield is typically maximized
when the stock abundance is between 30% and 50% of the unfished
abundance). For areas with relatively little decrease, this phase
of fishing had generally been completed much earlier.
Regions that have average biomass near or above BMSY are

Australia, Atlantic Ocean tunas, Canada West Coast, European
Union non-Mediterranean, Indian Ocean tunas, Norway/Iceland/
Faroes, New Zealand, Pacific Ocean tunas, Alaska, the US
Southeast and Gulf, and the US West Coast. Although these re-
gions have not avoided the overfishing of all stocks, conservative
management has kept most stocks at high biomass. Many areas
where biomass was below BMSY in 2000 have seen reductions in
fishing pressure and stock increases, including the Atlantic Ocean
tunas; the East, Southeast, and Gulf coasts of the United States;
the Canada East Coast; and the Northwest Pacific Ocean (Japan
and Russia). Tuna stocks in the Pacific and Indian Oceans, which
were well above BMSY in 1970, were near BMSY in 2016.

Fig. 2. State-space model estimates of geometric mean (rescaled to the median in years of high coverage) biomass relative to BMSY (orange), fishing pressure
(green) relative to UMSY, and catch relative to mean catch (purple), for assessed stocks in contrasting regions. (A–R) Stocks are equally weighted. Circles denote
years 1995 and 2005. Shaded regions denote 95% finite population-corrected confidence bounds; in years when all stocks are assessed, there is no uncertainty
considered. Panels are sorted according to mean U/UMSY in 2010 (highest in A, lowest in R).
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Stocks in the Mediterranean-Black Sea have low biomass and
continue to decline, whereas stocks in South America have de-
clined considerably in the last 20 y and were below target levels
in 2016. Fishing pressure in South America has been dropping
since the early 2000s. Only 4 of 36 stocks in NW Africa have
MSY-based reference points for biomass estimated, all of which
are large-volume, small-pelagic fisheries and are therefore un-
representative of the many demersal fisheries in the region. The
stock abundance for those small-pelagic stocks is above MSY
targets, but exploitation rates were high (2.5 times UMSY) for the
6 NW African stocks for which exploitation rate reference points
exist. Regional assessments (19) estimated that most demersal
stocks were overexploited by 2008 and recommended reductions
in fishing pressure.
A total of 19% of stocks can be considered to be poised to

recover from low biomass (<BMSY) because they have low fishing
pressure (lower left quadrant in Fig. 1C), while other stocks would
be expected to decline rapidly from higher biomass (>BMSY) be-
cause of high fishing pressure (upper right quadrant of Fig. 1C).
These theoretical expectations can be tested with empirical data
by examining how stocks responded in the past. Using data from
all years and stocks, the proportion of stocks that have actually
increased at different combinations of biomass and fishing pres-
sure support the basic theory that when both biomass and fishing
pressure are low, stocks are likely to increase (Fig. 3A), while for
any biomass level, the probability of biomass increase is higher at
lower fishing pressure. Fig. 3B shows the relationship between
fishing pressure and rate of increase after 2000 for stocks below
0.5 BMSY in 2000. Both Fig. 3 A and B show that the level of

fishing pressure significantly affects the rate of change of population
biomass.
Worm et al. predicted that stocks that were overfished should

recover if fishing pressure was reduced below UMSY. To test this,
we examined the 47 individual stocks that were overfished (<0.5
BMSY) in 2006 but have had mean fishing pressures below UMSY
since then. Of those stocks, 78% have increased since 2006,
supporting the view that reducing fishing pressure promotes
stock rebuilding. However, if the criterion for success was not
just increasing biomass but also rebuilding the biomass to target
levels, then most stocks fail to meet the criterion; only 47% of
the overfished stocks had increased to above 0.5 BMSY, and only
15% had been rebuilt to above BMSY in the year of their most
recent assessment. The record of success is therefore mixed;
most stocks subjected to low fishing pressure are rebuilding, but
the 6 to 8 y documented in our data since 2006 have not been
sufficient to see most stocks reach their fisheries management
targets (which may not be BMSY). To some extent, complete re-
building is a matter of rates and times; to rebuild from 0.5 BMSY to
BMSY in 8 years would require an annual rate of increase of 9%,
but these stocks actually increased by an average of just 5%.
If we examine what has happened to overfished stocks since

2000, we have many more stocks to examine. Rates of biomass
increase (Bt+1/Bt) for stocks overfished (<0.5 BMSY) in 2000 were
highly variable, but depended on how depleted the stocks were
and the average fishing pressure since 2000 (Fig. 3B and SI
Appendix, Table S2). Stocks that had high fishing pressure and
high biomass were the least likely to increase. For these stocks,
both the fishing pressure and stock abundance were significant

Fig. 3. (A) Fraction of stocks that increased in abundance given a stock was at a specific value of B/BMSY (x axis) and U/UMSY (y axis) in the preceding year. The
black solid line represents the combinations of B/BMSY and U/UMSY for which the population is predicted to remain stable (13) under a Pella-Tomlinson stock-
production model. At all combinations below or left of the line, the population should increase; at all combinations above and to the right, the population
should decline; and near the line, populations should have an equal probability of increase or decrease. All stocks and years in which B/BMSY and U/UMSY were
available from assessments or from biomass dynamics model fits were used to calculate fractions of increase (dark red means 0% of the stocks increased in
biomass, dark blue means 100% of the stocks increased in biomass). (B) The relationship between annual rate of increase in biomass since 2000 (y axis) and
average annual exploitation rate since 2000 (x axis, shown on a square root scale) for the 115 stocks that were below 0.5 BMSY in 2000. Gray line is a loess
smoother fit to the data. Circle area is proportional to MSY. (C) Rate of biomass increase for regions with more than 5 stocks below 0.5 BMSY in 2000. Small
hatch marks indicate individual stocks, violin plots show overall distributions, and large hatch marks denote regional means.
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(P < 0.05) predictors of rate of increase, but there was no re-
lationship between the number of years a stock had been below
0.5 BMSY and the rate of increase. Furthermore, rates of increase
among the stocks overfished in 2000 differed considerably within
and between regions (Fig. 3C).
We quantified the association among regional mean U/UMSY,

regional mean B/BMSY, and management intensity in the same
regions or countries (Fig. 4). Regional estimated fishing intensity
(U/UMSY) in 2016 or the last year estimated (SI Appendix, Fig.
S3) was negatively correlated with management intensity (Fig. 4;
r = −0.60). The 2 regions with particularly high recent mean
U/UMSY (Mediterranean and Northwest Africa) had among the
lowest fishery management index (FMI) scores for management
and enforcement. Regions with higher FMI levels of manage-
ment and enforcement had mean U/UMSY at or below target levels.
The relationship between B/BMSY and FMI is even clearer, with
B/BMSY much higher for regions with high levels of management.
Potential yields can be calculated by comparing the long-term

average catch at the current fishing pressure to the long-term
catch if all stocks were fished at UMSY. Similarly, one can compare
the potential yield lost at current biomass to what would happen if
all stocks were at BMSY. Stocks that are fished too hard (U >

UMSY) result in lost yield from overfishing, and potential yield is
lost for stocks at biomass below BMSY. These theoretical calcula-
tions likely overestimate the loss because it is not possible to selec-
tively fish each stock at its optimum rate, because social objectives
may involve minimizing environmental impacts or maximizing
profits and jobs instead of optimizing biological yield (20, 21), and
because trophic interactions make single-species calculation of
MSY often unobtainable. Overall, we estimate that from 3% to
5% of potential yield is lost by excess fishing pressure and 24% to
28% is lost by biomass being below BMSY (SI Appendix, Supple-
mental Methods and Table S3). This difference is a result of the
time lag between reduction in fishing pressure and the rebuilding
of abundance, and even when fishing effort is perfectly managed,
some stocks would be below BMSY because of random fluctuations.

Discussion
We found a clear relationship between fishing pressure and
changes in stock abundance, as well as between management in-
tensity and fishing pressure. We have also estimated that excess
fishing pressure now accounts for about 3% to 5% loss of potential
yield from the stocks constituting half of world marine catch. In a
number of countries, the decline in fishing pressure can be directly
tied to changes in legislation and subsequent management. The
1996 revisions of the Magnuson-Stevens Act in the United States
required the development of rebuilding plans and catch limits,
resulting in a sharp reduction in fishing pressure on overfished
stocks (22). The Common Fisheries Policy in Atlantic Europe was
similarly reformed in 2002. In eastern Canada and the eastern
United States, there was a major reduction in fishing pressure in
the 1990s after the collapse of groundfish stocks, notably, New-
foundland cod; however, in both places, many stocks have failed to
rebuild and remain at low abundance. In Japan, caps on total al-
lowable catches (TACs) were introduced for several species in
1997, and thereafter the fishing pressure for TAC-managed stocks
decreased more rapidly than for other stocks (23). New Zealand
enacted harvest strategy standards in 2008, and Chile instituted a
major legal reform in 2013. As a consequence, the concern about
overfishing has resulted in legal and enforcement responses in
many countries with strong management institutions.
Our analysis of fisheries stock status from scientific assess-

ments is based on 5 times as many stocks and 2 and a half times
as much catch as previously published by Worm et al. in 2009.
This includes regions such as the Mediterranean and northwest
Africa, which have not been included in previous summaries, and
the assessments of South American stocks are far more exten-
sive. Our analyses thus represent the most comprehensive inves-
tigation of status based on scientific assessments to date.
With the exception of the tuna RFMO regions, intense fish-

eries management (as reflected by high FMI scores) is associated
with low values of U/UMSY. The tuna RFMOs have much lower
U/UMSY than one would expect based on their FMI scores. This
may be because of the cost of fishing the tunas, which is much
higher than continental shelf fisheries. Weak fisheries manage-
ment in the tuna fisheries should lead the fisheries to be at or
near bionomic equilibrium, which, given the high cost of tuna
fishing, should be at a lower U/UMSY than we would expect in
coastal fisheries. Given the subsidies that are in place in several
countries for tuna fisheries (24), we would expect fishing pres-
sure to be higher than the true bionomic equilibrium. More de-
tailed analysis of tuna fisheries (12) has suggested that the status of
tuna stocks is primarily influenced by factors other than the fish-
eries management system, including life-history and market factors.
The latest FAO “State of World Fisheries and Aquaculture”

report (25) indicates that the fraction of overfished stocks has
increased since 2000 (from 27% to 33%), while this study suggests
that abundance of stocks is increasing. This probably reflects the
bias arising from the fact that the RAM Legacy Database only
includes stocks with reliable quantitative stock assessments that

Fig. 4. Relationship between regional geometric mean (rescaled to the
median in years of high coverage) (A) U/UMSY and (B) B/BMSY and the joint
management and enforcement scores for FMI surveys in corresponding re-
gions. Blue points represent tuna fisheries from the Atlantic, Pacific, and
Indian Oceans, and red points represent other regions shown in Fig. 2. Solid
gray line is a linear fit to the data plotted in red. Dotted gray lines mark
where U/UMSY or B/BMSY = 1 and where the best fit line intersects with
U/UMSY or B/BMSY = 1. Abbreviations for regions are as follows: Atl tuna, Atlantic
Ocean tunas; Ind tuna, Indian Ocean tunas; Pac tuna, Pacific Ocean tunas; AUS,
Australia; E CAN, Canada East; W CAN, Canada West; EU non Med, EU non-
Mediterranean; JPN, Japan; Med, Mediterranean; NZ, New Zealand; Nor, Ice,
Faroe, Norway, Iceland, and Faroe Islands; NWAFR, NWAfrica; RUS, Russia; SA,
South Africa; S Amer, South America; US AK, US Alaska; USNE, US North East;
US S&G, US Southeast and Gulf; USWC, US West Coast.
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come from countries or organizations that perform reliable sci-
entific assessments of their stocks and constitute only half of the
world’s catch. We have much less reliable information on the
status and trends of the other half of global marine fish stocks,
but the intensity of fisheries management is low in these regions,
and expert opinion is that the status of these stocks is likely poor
and often declining (11). Average FMI management and en-
forcement scores for South and Southeast Asian countries were
well below 0.4 (compared with the most intensively managed
regions with scores > 0.9), suggesting that the average B/BMSY is
less than 0.5 and the average U/UMSY is greater than 1.5 (Fig. 4).
Fisheries in data-limited regions are an important part of food

security for many of the poorest people in the world and constitute
something of an enigma. Costello et al. (26) used methods relying
on reported catches as the primary indicator of stock status, which
have often increased in these regions, suggesting that the stocks are
reasonably healthy; for example, the average B/BMSY was reported
as 1.16 in China, 1.08 in Indonesia, 0.90 in the Republic of Korea,
and 1.94 in Bangladesh. Similarly, Rosenberg et al. (27) used an
ensemble of 4 catch-driven methods, which also suggested that most
stocks in South and Southeast Asia were close to BMSY. Local ex-
perts, in contrast, have widespread concerns about the poor status
of stocks in these countries (11, 28) and believe that methods that
rely primarily on trends in catches fail to capture these concerns.
Similarly, data from East Africa also generally indicate poor

stock status (29). Part of the reason that Asian fisheries have
continued to have high catches may be the ecosystem effect of
reducing the biomass of large predatory species, allowing smaller,
faster-growing species to become more productive, as well as en-
abling some key species to change their life-history and mature at
younger ages (30). Alternatively, higher catches could reflect more
comprehensive infrastructure development and improved report-
ing practices. In addition, we have almost no assessments of the
status of freshwater fisheries (31) and relatively few for small-scale
fisheries (32), such as those in coral reef and mangrove habitats,
many of which are vital for some of the poorest people in the
world. Recreational fisheries also may be data poor and unman-
aged (33). Understanding the status and management of these
fisheries should be a high priority.
We have shown that in regions where fisheries are intensively

managed, stock abundance is generally improving or remaining near
fisheries management target levels, and the common narrative that
fish stocks are declining worldwide will depend on the spatial and
temporal window of the assessment. The critical question is what
methods will best help improve the status of stocks in places where
stocks are currently in poor condition. To do this, we need to un-
derstand what methods of management have worked in what social,
economic, political, and biological contexts; understand why some
stocks have improved much faster than others after a reduction in
fishing pressure; and learn how to identify and implement the most
appropriate forms of fisheries assessment, management, and en-
forcement in countries and regions where they are currently limited.

Finally, we need to understand how to use management approaches
that leverage healthy stocks into sustainable economic and social
benefits for the fishing industry and fishing communities. This ar-
ticle has only explored the biological status of fish stocks, and not
the social and economic sustainability of the fisheries.
Our analysis has concentrated on single-species status relative

to MSY reference points. The status of stocks can also be judged
against economic or ecosystem reference points, and most defi-
nitions of “sustainable” include ecosystem elements. We have
made no attempt to identify those reference points or compare
stock abundance to them. However, under both economic or
ecosystem views, the biomass reference point would generally be
higher and the exploitation rate reference point lower than a MSY-
based reference point, so the increasing overall trend in biomass
and decreasing exploitation rate points to better performance by
these other metrics. Climate change will bring new challenges, as
we expect productivity of individual stocks will change and refer-
ence points will need to be adjusted.
As most unassessed fisheries are in tropical and subtropical

regions dominated by highly diverse mixed fisheries, the single-
stock assessment and management practices used in temperate
countries are impractical. Regulating the overall fishing pressure
so that the ecosystem-wide benefits are optimized and moving to
cooperative rather than competitive fisheries seem most likely to
provide for biological, social, and economic sustainability (34).
The efforts of the thousands of managers, scientists, fishers,

and nongovernmental organization workers have resulted in sig-
nificantly improved statuses of fisheries in much of the developed
world, and increasingly in the developing world. Scientifically
managed and assessed fish stocks in many places are increasing, or
are already at or above the levels that will provide a sustainable
long-term catch. The major challenge now is to bring fisheries
science methods and sustainability to fisheries that remain largely
unassessed and unmanaged.

Methods
All data used in this analysis are available at www.ramlegacy.org version 4.44
and the associated Zenodo repository. Calculations that were performed or
statistical tests are described in SI Appendix. Code used for analysis is held in
the following Github repository: https://github.com/mintoc/pnas_efm_paper.
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