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Abstract

Commercial tunas and billfishes (swordfish, marlins and sailfish) provide considerable
catches and income in both developed and developing countries. These stocks vary in
status from lightly exploited to rebuilding to severely depleted. Previous studies sug-
gested that this variability could result from differences in life-history characteristics
and economic incentives, but differences in exploitation histories and management
measures also have a strong effect on current stock status. Although the status (bio-
mass and fishing mortality rate) of major tuna and billfish stocks is well documented,
the effect of these diverse factors on current stock status and the effect of manage-
ment measures in rebuilding stocks have not been analysed at the global level. Here,
we show that, particularly for tunas, stocks were more depleted if they had high com-
mercial value, were long-lived species, had small pre-fishing biomass and were sub-
ject to intense fishing pressure for a long time. In addition, implementing and
enforcing total allowable catches (TACs) had the strongest positive influence on
rebuilding overfished tuna and billfish stocks. Other control rules such as minimum
size regulations or seasonal closures were also important in reducing fishing pressure,
but stocks under TAC implementations showed the fastest increase of biomass. Les-
sons learned from this study can be applied in managing large industrial fisheries
around the world. In particular, tuna regional fisheries management organizations
should consider the relative effectiveness of management measures observed in this
study for rebuilding depleted large pelagic stocks.
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Introduction

The oceans have been subjected to intensive fish-
ing pressure over the past 60 years, with fisheries
expanding to new geographical areas, shifting
from coastal to pelagic environments (Swartz et al.
2010). As a result, an estimated 28-33% of the
large well-assessed fisheries of the world are over-
fished (Branch et al. 2011; FAO 2014), while
many smaller unassessed fisheries in poorer coun-
tries are likely in worse shape (Costello et al.
2012). These depleted fisheries have negatively
affected food security, fishing-dependent communi-
ties and marine ecosystems globally (Scheffer et al.
2005).

Tunas and billfishes are important contributors
to food security and income in both developed and
developing countries, and some of these stocks
have experienced high exploitation rates for dec-
ades (Collette et al. 2011; Juan-Jorda et al. 2011;
FAO 2014). While tunas and swordfish are the
main target species of many fisheries, marlins are
a common by-catch, particularly in commercial
longline fisheries. Throughout the study, ‘tunas’
were defined as the following commercially impor-
tant species, often called the principal market
tunas: southern bluefin (Thunnus maccoyii), Atlan-
tic bluefin (T. thynnus), Pacific bluefin (T. orien-
talis), bigeye (T. obesus), albacore (T. alalunga),
yellowfin (T. albacares) and skipjack (Katsuwonus
pelamis). Also, ‘Billfishes’ includes not only marlins
(Istiompax indica, Makaira nigricans, Kajikia albidus
and K. audax) and sailfish (Istiophorus albicans) but
also swordfish (Xiphias gladius).

A substantial proportion of these stocks has
been categorized as overfished (Restrepo et al.

2003; Collette et al. 2011; Juan-Jorda et al. 2011;
Punt et al. 2015). In 2003, catch-per-unit-effort
data were used to suggest that industrial fishing
pressure had reduced the abundance of tunas and
billfishes (and other ocean predators) by 90% from
pre-industrial levels (Myers and Worm 2003).
More recent studies based on biomass trends esti-
mated from stock assessment models found that
tunas and their relatives had actually declined by
an average of 60% from unfished levels (Juan-
Jordd et al. 2011), for which most stocks were
above the biomass level that would produce maxi-
mum sustainable yield (MSY), and only a few were
fished intensively enough to be classified as experi-
encing overfishing (Hampton et al. 2005; Pola-
check 2006; Sibert et al. 2006).

Although the status of tunas and billfishes is
well documented in the literature, the factors that
drive the current status of these stocks are often
not jointly analysed. For example, life-history
strategies can affect the probability of stock col-
lapse of many fish species (Reynolds et al. 2005).
Tunas and billfishes range from small tunas and
marlins with rapid growth rates and short lifes-
pans to big tunas and swordfish with larger body
sizes and longer lifespans (Fromentin and Fonte-
neau 2001; Juan-Jorda et al. 2012). Some tuna
studies suggest that attributes such as short lifes-
pan, wide geographical distribution and oppor-
tunistic behaviour make tropical tunas more
productive and less susceptible to collapse than
temperate tunas (Majkowski 2007; Collette et al.
2011; Juan-Jorda et al. 2011). Also, Sadovy
(2001) suggested that, in long-lived species, the
probability of extinction is related to limited geo-

graphical range, being part of mixed-species
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fisheries or being distributed mainly in areas of
intense fishing activity.

Moreover, economic factors may be equally or
more important in determining stock status. Fish-
ery profits, and not the trophic levels and associ-
ated characteristics of the target species, were
found to be the dominant driver of historical fish-
ery development patterns in a study that covered
a wide range of stocks (Sethi et al. 2010). High
market values drive exploitation far below MSY
biomass levels and have increased the risk of stock
collapse (Collette et al. 2011). Notably, while Paci-
fic bluefin tuna and albacore tuna are both tem-
perate species, albacore is used mostly for the
cheaper canned tuna market, while Pacific bluefin
serves the high-end sashimi market (Majkowski
2007). It may therefore not be surprising that
Pacific bluefin is overfished, while some albacore
stocks are not.

In addition to life history and economic value,
exploitation history and management measures
drive the status of tuna and billfish resources.
Exploitation history is an important factor affect-
ing the conservation status of many exploited
stocks (Melnychuk et al. 2013; Neubauer et al.
2013) including tuna species. Atlantic bluefin
tuna has been fished in the Mediterranean since
the 7th century BC and reconstructed bluefin tuna
trap catches date back to the 16th century (Fro-
mentin and Powers 2005). On the other hand,
skipjack and yellowfin tuna in the Indian Ocean
were not targeted until the development of large-
scale commercial purse seine fisheries in the
1980s (Parks 1991), and these stocks are cur-
rently considered to be healthy (Juan-Jorda et al.
2011). In general, the development of commercial
fisheries started earlier for species that were easily
accessible, abundant and valuable and then
expanded to less valuable species (Sethi et al.
2010).

We also expect that highly regulated stocks are
those that have been experiencing overfishing,
where strict management measures are placed to
rebuild them, while stocks that lack strong regula-
tions are more often not over-exploited. Tuna and
billfish stocks are managed by tuna Regional Fish-
eries Management Organizations (tRFMOs), includ-
ing: International Commission for the
Conservation of Atlantic Tunas (ICCAT), Indian
Ocean Tuna Commission (IOTC), Inter-American
Tropical Tuna Commission (IATTC), Western and
Central Pacific Fisheries Commission (WCPFC),

© 2016 John Wiley & Sons Ltd, FISH and FISHERIES, 18, 1-21

and Commission for the Conservation of Southern
Bluefin Tuna (CCSBT). As an example, interna-
tional management has clearly failed to keep some
bluefin tuna stocks near target reference points
despite their high commercial value (Fromentin
and Powers 2005; Worm et al. 2009), and the
ability of tRFMOs to prevent stock depletion and
overfishing has been questioned (Cullis-Suzuki and
Pauly 2010). The exploitation history and man-
agement actions taken vary greatly by tRFMO,
and this may have a strong impact on the status
of tuna and billfish stocks (Parma et al. 2006).
Many tRFMOs have implemented a variety of
input (or effort) controls, while others have imple-
mented also output (or quota) controls.

Although there has been considerable discussion
about what elements are required for successful
fisheries management (Hilborn 2007; Beddington
et al. 2007), the effectiveness of specific manage-
ment measures for tunas and billfishes has not
been analysed on a global scale. The purpose of
this study was two-fold: (i) to evaluate the effect of
different factors (management measures, life his-
tory, economic values and exploitation history)
on the current biological status of major tuna and
billfish stocks of the world and (ii) to identify
which management measures have promoted the
recovery of depleted stocks.

Methods

In general, among tRFMOs, the stock status is
summarized using two biological reference points,
B/Bygy (current biomass, B, in relation to the B
that produces MSY) and F/Fygy (current fishing
mortality, F, in relation to the F that produces
MSY). Thus, these reference points were consid-
ered in this study to define tuna and billfish stock
status. Throughout the manuscript, we defined
stocks as ‘overfished’ if the biomass was reduced
to a level less than what would provide MSY
(B < Bysy) and ‘overfishing” if the stock is sub-
jected to a fishing mortality rate greater than that
expected to produce the MSY (F > Fygy). Stocks
that had B > Bygy and F < Fy;gy were considered
‘healthy’.

Data

Data used to assess the status of tunas and bill-
fishes were obtained from stock assessment out-

puts compiled in the RAM Legacy Stock
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Assessment Database (Ricard et al. 2012). Most
reference points, time series, available from assess-
ments were current through 2012. We found data
for 40 stocks of 13 species, 7 species of major
commercial tunas and 6 species of billfishes
(Figs. S1 and S2) from at least 48 stocks defined
globally (Table 1).

Data for management variables were compiled
from information available on the websites and
reports of different tRFMOs and through personal
communication with their staff. Only regulations
that existed during the 5- to 10-year period lead-
ing up to the last stock assessment were consid-
ered for each stock, although in some cases new
management measures are currently in place.
Table 2 summarizes all management measures in
place by stock, and Table S1 lists the relevant
Web references.

Effect of different factors on the current biological
status of major tuna and billfish stocks

To evaluate our first objective in analysing which
factors can predict the biological status of tuna and
billfish stocks, we assessed the effect and importance
of each predictor (Fig. S3) on the geometric mean of
the last 10 years of each time series of the two stock
performance measures considered (B/Bygy and F/
Fyigy) using a random forest analysis (Breiman
2001). This approach was used previously to anal-
yse similar data (Melnychuk et al. 2013) and has
been increasingly used in ecology and fisheries stud-
ies (Lennert-Cody and Berk 2007; Gutiérrez et al.
2011). The main advantages of this method are
that the nonparametric approach does not assume
any particular distribution of error, it allows the use
of many predictors in relation to the total number
of observations, and it allows for visualization of
nonlinear relationships. It is an ensemble method
that aggregates K trees (forming the forest), each
tree similar to ones constructed with CART (Classifi-
cation and Regression Trees) and grown using a
bootstrapped sample of the original data set. Each
tree in the forest uses at each node only a number
of variables randomly sampled as candidates from a
subset of the explanatory variables (mtry), which in
our case was equal to a third of the predictor vari-
ables (Liaw and Wiener 2002). To stabilize the
mean square error, we used 10 000 trees. We used
the ‘randomForest’ package (version 4.6-7) (Liaw
and Wiener 2002) in R (version 3.0.1) (R Core
Team 2014) for this analysis. We presented variable

importance plots for both performance measures as
the decrease in mean accuracy resulting from the
removal of each variable and presented partial
dependence plots to show the effect of the main con-
tinuous predictors on the response variables (Liaw
and Wiener 2002). We showed the results of partial
dependence plots for tunas and billfishes indepen-
dently, to show the differences between these taxo-
nomic groups, as well as combined.
The predictors considered (Fig. S3) include:

1. Taxa (factor): consisting of two categories,
tunas or billfishes.

2. Year of fishery development (continuous):
defined as the first year in which the total
catch reached 25% of the maximum historical
catch for the full time series available since
1950. Those stocks with a maximum catch in
1950 were considered as developed in this
year, although we know that some of them
developed earlier (Sethi et al. 2010). Catch
data do not necessarily include discards,
unregulated artisanal catches or illegal, unre-
ported and unregulated (IUU) catches.

3. MSY (continuous): used on a log scale as a
measure of the size of each stock.

4. Generation time (GT, continuous): we used the
values estimated by Collette et al. (2011) on a
log scale as a biological predictor, because life-
history parameters such as growth, longevity
and age of maturity are considered to be uncer-
tain for most stocks of billfishes, if available
(Kopf et al. 2009). In the supplemental material
of Collette et al. (2011), there is a detailed
explanation of how GT was calculated for each
stock and/or species. The range of this variable
is from 1 year for skipjack to 17.2 years for
southern bluefin tuna (Table S2).

5. Market price (continuous): we obtained market
price for tunas and billfishes from different
sources. For all tunas, stocks we used the data
available in the FAO economic trade and mar-
kets database. However, for billfishes, detailed
information by species was not available in this
database. Therefore, US market price database
for all billfish stocks was considered. In all cases,
we used the average price for the last 10 years,
from 2003 to 2012. Prices range from $0.96
dollars/kg for skipjack tuna to $14.49 dollars/
kg for southern bluefin tuna (Table S3).

6. Number of countries fishing each stock (con-
tinuous): we considered the smallest number
of countries that cumulatively reported more
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than 75% of the total catch during the past
10 years (2003-2012) as a measure of how
the total catch for each stock is allocated
among countries (Table 2).

7. Total allowable catch (TAC in years, continuous):
this was used to take into account the number of
years under TAC enforcement. We used a contin-
uous variable ranging from 0 for stocks with no
TACs to 31 for western Atlantic bluefin tuna.
TACs have been set and enforced for almost all
Atlantic tuna stocks and southern bluefin tuna,
although, for some of them, there have been prob-
lems with underreporting of catches (Polacheck
and Davies 2008; Polacheck 2012). A quota was
implemented for white and blue marlins, as well
as Pacific bluefin tuna in 2013, but we did not
consider these species as having a quota in this
study, as it is too early to see the effects of this
measure on stock status (Table 2).

8. Input management measures were also consid-
ered (factor: presence/absence):

a). seasonal closures, for specific areas and
seasons;

b). minimum size regulations, such as limits
in captured length for some species;

c¢). fishing capacity limits, for some stocks,
ICCAT refers to limits in the number of
vessels that were considered here as a limit
in fishing capacity. The only tRFMO that
specifically refers to ‘non-increase or reduc-
tion in fishing effort’ is the WCPFC, but
this is measured as number of licences
authorized so, it was interpreted also as
limits in fishing capacity;

d). catch restrictions, caps in relation to some
previous catch level, but not as a formal
TAC derived from a stock assessment (i.e.
catch should not exceed some average his-
torical level).

Some of the stocks, such as the two stocks of
Atlantic bluefin tuna, are currently under a formal
rebuilding plan that includes at least one of these
input measures or a combination of them. In addi-
tion, some of the management measures in place
can affect several stocks. For example, seasonal
closures of purse seine fisheries in the Atlantic
Ocean for bigeye tuna also affect the yellowfin
tuna stock (Table 2), In this case, both stocks were
considered as having seasonal closures.

Before conducting random forest analyses, pre-
dictors were tested for collinearity using variance

© 2016 John Wiley & Sons Ltd, FISH and FISHERIES, 18, 1-21

inflation factors (VIF) (see supporting information,
Table S4). We presented, in the main text, the
results from the average of the 10 years leading
up to the last assessment for both performance
measures (B/Bygsy and F/Fygy). However, we also
considered the last year assessed and a period of
5 years leading up to the last assessment for sensi-
tivity analyses in the random forest analysis find-
ing that the results were not sensitive to the
period of time selected (Fig. S4).

Effect of management regulations on depleted
stocks

The same type of statistical analysis was used to
identify which management measures have the
strongest effect on the recovery of previously
depleted stocks. We selected those stocks that
showed B < Bygy or F > Fygy 10 years before the
final assessment year. We used as a response vari-
able the geometric mean of the annual rate of
change of B and F during this period. We consid-
ered biomass levels increasing towards Bygy and
fishing mortality rates decreasing towards Fygy as
positive signs of stock rebuilding. The same input
and output management measures as in the previ-
ous analysis were used as predictors.

We conducted two sensitivity analyses, one
removing the bluefin tuna stock from the eastern
Atlantic, as it is an outlier in the rate-of-change
data (Fig. S5), and another one removing the west-
ern Atlantic bluefin tuna stock, as it has 31 years of
TAC implementation and could bias the results. In
terms of variable importance, removing these data
did not change the main results observed using the
complete data set (Fig. S6).

Results and discussion

We collected stock assessment information for 22
tunas and 18 billfish stocks covering all oceans
(Fig. 1). There are still some billfishes, such as
longbill, Mediterranean, roundscale and shortbill
spearfishes, that remain unassessed because they
are not commercially important species. These spe-
cies cannot easily be assessed, as their catch statis-
tics are generally aggregated with other species
(Punt et al. 2015).

Tuna catches increased steadily from 1950 to
2000 and then stabilized in the last 10 years

(Fig. 2a), with greatest catches coming from

11
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skipjack, particularly from the western and central and sailfish stocks are over-exploited, some of these
Pacific Ocean, followed by yellowfin, bigeye, alba- stocks cannot longer be retained, and some arti-
core, and bluefin. Billfish catches also increased sanal catches remain under- or unreported.

before declining in recent years (Fig. 2b). The most In general, tunas have sustainable biomass and
important billfish stock by volume during the fishing mortality rates, with a median B/Bygy of
1950-1960s was Pacific blue marlin, while sword- 1.12 and F/Fygy of 0.81 (Fig. 2c¢). Bluefin tuna in
fish presently dominate catches in all oceans. How- the western Atlantic and southern bluefin tuna
ever, it should be noted that, because most marlin are not showing signs of overfishing (F < Fysy),

12 © 2016 John Wiley & Sons Ltd, FISH and FISHERIES, 18, 1-21
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but they are still overfished (B < Bygy) due to past
over-exploitation. Pacific bluefin tuna and bigeye
tuna in the western and central Pacific Ocean are
still experiencing overfishing with mortality rates
exceeding 1.5 Fygy (Fig. 2c¢), although substantial
management measures have recently been adopted
for Pacific bluefin (ISC 2014b). Overall, 64% of
tuna stocks have healthy biomass levels, with B
above Bygy-

Billfishes are in slightly worse shape than tunas
(Fig. 2d), with a median B/Bygy of 0.85 and F/
Fusy of 1.01. Sailfish in the eastern and western
Atlantic Ocean, and Atlantic blue marlin, are
experiencing the highest exploitation rates (with
F > 1.5F\gy), while swordfish in the eastern Paci-
fic and Indian Ocean are above target biomass
levels (Fig. 2d). For billfishes, only 39% have

© 2016 John Wiley & Sons Ltd, FISH and FISHERIES, 18, 1-21

figure can be viewed at wileyonlinelibrary.com]|

healthy biomass levels and 22% are still experienc-
ing overfishing.

Overall, most tunas and billfish stocks are in
healthy conditions, neither overfished nor sub-
jected to excessive fishing pressure. However, 23%
of tunas and billfish stocks are still experiencing
overfishing and the four stocks of most concern
are both heavily depleted (B < 0.5 Bygy) and have
high fishing mortality rates (F > Fygy). These
stocks are Pacific bluefin tuna, eastern and west-
ern Atlantic sailfish and Atlantic blue marlin.

Effect of different factors on the current biological
status of major tuna and billfish stocks

In general, the status of tuna and billfish stocks is
the product of diverse exploitation histories,

13
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Figure 3 Variable importance score of different predictors on the current stock status (B/Bysy and F/Fysy) of tunas

and billfishes. The most influential variables are those with the greatest decrease in accuracy. Variables in the grey-

shaded area are considered as not influential. They are significant if their importance value is above the absolute value

of the lowest negative-scoring variable. Log refers to the natural logarithm.

biological characteristics, economic incentives and
management strategies (Fig. 3). The most impor-
tant predictor variables affecting both performance
measures were MSY and market price. The year of
fishery development also affected the F/Fyqy ratio
and the implementation of quotas, the B/Bygy
ratio (Fig. 3). Overall, depletion was greater for
less abundant and highly marketable stocks that
were subjected to intense fishing pressure for a
long time. For both tunas and billfishes, larger
stocks had higher values of B/Bygy and lower val-
ues of F/Fygy than smaller stocks. Later-develop-
ing fisheries had lower values of F/Fygy than
earlier-developing fisheries and although not sig-
nificant, higher values of B/Bygy (Fig. 4). The
same pattern was observed in the western north
American groundfish fisheries (Melnychuk et al.
2013).

Tunas and billfishes showed opposite influences
of GT and market price. For tunas, higher market
price and longer GT were associated with higher
rates of overfishing (higher F/Fy;sy). Regarding the
trends in biomass, a lower B/Bygy was observed for
highly valuable tunas; however, the trend for GT
was not as clear (Fig. 4). On the contrary, for bill-
fishes, lower market price and shorter GT were asso-
ciated with higher F/Fygy and lower B/Bygy
(Fig. 4). These differences could be because bill-
fishes, except for swordfish, are typically by-catch
species and not primary targets of industrial tuna
fisheries and therefore might not respond in the
same way to market price (Gentner 2007). In

14

addition, marlins have shorter GT compared to
swordfish and nevertheless they showed higher fish-
ing pressure. This is probably not associated directly
with GT but with the fact that marlins have a more
restricted distribution, with much smaller popula-
tion sizes by far smaller than swordfish and can
endure lower fishing mortality. Also, unlike on
land, Pinsky et al. (2011) suggested that long-lived
marine fish species have a lower probability of col-
lapse than short-lived species, although there are
certainly exceptions to this overall pattern.

Effect of management regulations on depleted
stocks

Twelve stocks (30%) had no management mea-
sures in place in the last 10-year period (Table 2).
The other 28 stocks had at least one management
measure in place during the past 10 years. Most
of these 28 stocks are under input management
measures to control fishing mortality, such as sea-
sonal closures, minimum size regulations, input
restrictions on catch and/or fishing capacity. Only
eight stocks have a formal TAC, and, except for
southern bluefin tuna, all of the stocks are man-
aged by ICCAT (Table 2).

Fisheries under different types of management
differed in status: TAC-managed fisheries had low
biomass and high fishing mortality; input-con-
trolled fisheries had a wide range of biomass and
fishing mortality; and those with no management
measures generally had high biomass and low

© 2016 John Wiley & Sons Ltd, FISH and FISHERIES, 18, 1-21
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blue lines billfishes and black lines both combined. Dashed lines show general management targets. Ln refers to the
natural logarithm and the tic marks on the x-axis represent the data available. [Colour figure can be viewed at
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mortality rates (Fig. 5a and b). Notably, TACs gen-
erally have been implemented on less abundant
stocks that are already overfished (Fig. 5a and b).
For example, the eastern and western stocks of
Atlantic bluefin tuna have been managed with
TACs for 15 and >30 years, respectively. However,
the effect of the TAC implementation on these
stocks could be more recent because ICCAT did
not follow the scientific advice at the begging and
recommended catches that exceeded the scientific
recommendations (Fromentin et al. 2014). When
we take a look at the rate of change over the last
10 years, the biomass of TAC-managed stocks is
increasing, and fishing mortality is declining,
unlike those managed by input controls or with
no controls (Fig. 5c and d).

Using a random forest analysis, we identified
management measures influencing the recovery of
stocks that were below Bygy (17 stocks) or were
experiencing fishing mortality above Fygy (19
stocks) 10 years before the last assessment. We
found that previously depleted tuna and billfish
stocks that were under some type of management
measure showed improvements over the 10-year
period leading up to the last stock assessment,
with biomass increasing and fishing mortality
decreasing over time (Fig. S4). Of all management

© 2016 John Wiley & Sons Ltd, FISH and FISHERIES, 18, 1-21

measures considered, the number of years since
TAC implementation had the strongest effect on
stock rebuilding, especially on increasing biomass,
but also to some extent on decreasing fishing mor-
tality (Fig. 6),
showing the impact of TACs (Melnychuk et al
2012; Neubauer et al. 2013; Hilborn and Ovando
2014). Although not possible to determine from
our analyses, the success of quotas over other
management measures may simply be that quotas

as expected from other studies

result from a more serious effort to manage a
stock. While TACs were most important in rebuild-
ing biomass and did decrease fishing mortality,
input management measures such as minimum
size regulations and seasonal closures were also
important in reducing fishing mortality (Fig. 6), as
was suggested particularly for the eastern Atlantic
bluefin tuna stock (Fromentin et al. 2014). In par-
ticular for IOTC stocks, one possible confounding
effect regarding the reduction in fishing mortality
could be associated with Somali piracy in the
western Indian Ocean starting ~2007 (Dueri et al.
2014). This could be considered as a controversial
spatial closure that it was not taken into account
in this study.

We plotted changes in status for stocks that
were below target reference levels (B < Bygy and
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F > Fysy) 10 years before the last assessment,
highlighting stocks with and without TACs
(Fig. 7) to show the change in status. Stocks with
TACs showed a decrease in fishing mortality (ar-
rows moving from the upper left to the lower left
quadrant) and an increase in biomass (arrows
moving from the left to the right) (Fig. 7). This is
a clear signal of rebuilding; fishing mortality is
reduced and thus biomass increases. Although
fishing mortality was reduced for most stocks
without TACs, most of these stocks still show a
decrease in biomass, consistent with the results
from the random forest analysis (Fig. 6).

Only ICCAT and CCSBT have applied TACs for
regionally managed tuna and billfish stocks.
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National TACs have been proposed as a possible
method to harvest resources in the eastern Pacific
Ocean, but there is a debate among IATTC scientists
and managers about how such a quota should be
allocated. This tRFMO faces different obstacles to
the adoption of allocation systems for tropical tuna
fisheries because of the lack of clarity regarding
which criteria to apply for assigning fishing rights
in the light of the considerable heterogeneity of the
participants in the fishery (Allen 2010). However,
IATTC implemented a TAC of 5000 t for Pacific
bluefin tuna in 2014, although the success of this
measure remains to be seen. ICCAT also imple-
mented quotas on yellowfin tuna and blue and
white marlin in 2013 (Table 2).
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0.0

Input management measures are relatively easy (Cochrane and Garcia 2009). Also, effort regula-
to implement, but difficult to enforce without an tions can be affected by ‘effort creep’ and uncer-
appropriate monitoring and surveillance system tainty in the relationship between fishing effort
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and fishing mortality (Punt and Donovan 2007).
We know that TACs can also be circumvented by
underreporting or illegal fishing, if they are not
effectively enforced by authorities. Catches
reported to tRFMOs that applied TACs seldom
exceed target TACs (Fromentin et al. 2014). How-
ever, ICCAT has suggested that bluefin catches
from the eastern Atlantic and Mediterranean were
seriously underreported from 1998 to 2007, and
the CCSBT has found evidence that southern blue-
fin catches may have been substantially underre-
ported since at least the early 1990s (Polacheck
2012). The Ilatest Atlantic bluefin tuna stock
assessments took underreporting into account, and
underreporting is thought to have declined in
recent years in these fisheries (ICCAT 2015a).

Lessons learned from managing tuna and billfish
can be applied to manage other large industrial
fisheries. Large targeted stocks that receive direct
management attention are generally better man-
aged than small stocks that are caught inciden-
tally, such as marlins and sailfish. When fisheries
management is weak, high-value species such as
bluefin and bigeye tuna are the most likely to be
over-exploited. Strong management measures such
as TACs could prevent the over-exploitation of
these species, but TACs have not typically been
applied until stocks are heavily overfished
(Fig. 5a). On the other hand, TACs alone are, in
some cases, insufficient to ensure sustainable fish-
eries. For example, over-exploitation of bigeye tuna
is in part due to the by-catch of small individuals
by purse seiners targeting other tuna species, that
is skipjack and yellowfin. So, other management
measures such as seasonal closures or minimum
size regulations are also needed to protect this part
of the population and avoid overfishing.

Can these lessons about tuna be applied else-
where? In many regions and fisheries, TACs are
not easy to apply, particularly where fleets are
small, diverse and target a range of species. In
such fisheries, other management tools may be
more appropriate (Worm et al. 2009; Gutiérrez
et al. 2011)" Input controls, for instance, may
have a higher probability of being accepted by the
fishing industry. Nevertheless, where applicable,
TACs should be considered as a primary tool for
managing depleted stocks as they could lead to
faster stock rebuilding. This can be explore using
approaches like management strategy evaluation
(MSE) to examine both input (effort) and output

(catch quota) controls in each fishery (Carruthers
et al. 2014).
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Additional Supporting Information may be found
in the online version of this article:

Table S1. List of references from Table 2. Some
of the regulations are not currently active but
were active during the last 10 years.

Table S2. Generation Time (GT, from Collette
et al. 2011). The stock codes are listed in Table 1.

Table S3. Market price used for the analysis
(average price from 2003 to 2012). The price is
species specific not by stock.

Table S4. Variance inflation factors (VIF) for
continuous predictors used in the random forest
analysis. Ln refers to the natural logarithm.
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Fig. S1. Yearly trends in F/Fygy by stock.
Values for F>Fygy are in red. The stock codes are
listed in Table S1.

Fig. S2. Yearly trends in B/Bygy by stock.
Values for B<Bygy are in red. The stock codes are
listed in Table S1.

Fig. S3. Variables considered for the random
forest analysis of the prediction of the current
status of tuna and billfish stocks. Continuous
variables are shown with boxplots and categorical
variables with barplots for tunas and billfishes
separately. In the barplots the y-axis represents
frequency in numbers and in the continuos plots
the variable itself. Log refers to the natural loga-
rithm.

Fig. S4. Sensitivity analysis on the partial
dependence plots of the most important continu-
ous predictors of stock status. Partial dependence
plots are similar to those in Fig. S6, with the
exception that in (a) and (b), the geometric
means of B/Bygy and F/Fygy were calculated for
the 5 years prior to the last assessment instead of
10 years, and in (c) and (d), only the final year
stock status of B/Bygy and F/Fygy was consid-
ered (no averaging). Red lines represent tunas,
blue lines billfishes, black lines both combined
and dashed lines general management targets.
Log refers to the natural logarithm.

Fig. S5. Effect of management measures on
rebuilding previously depleted tuna and billfish
stocks. (a) Annual change in biomass, B, and
(b) annual change in fishing mortality, F, versus
management measures. The rate of change was
calculated as the geometric mean of the
differences in B/Bygy or F/Fygy from one year
to the next over the 10-year period leading up
to the year of the latest stock assessment. Red
dashed lines represent levels of no change. Grey
dashed lines are linear trend lines between the
rate of change in B and F against years under
TACs.

Fig. S6. Sensitivity analysis on variable impor-
of management after
removing outlying stocks. Variable importance
plots are similar to those in Fig. S8, with the
exception that in (a) the Eastern Atlantic bluefin
tuna stock is removed, and in (b) the Western

tance scores measures

Atlantic bluefin tuna stock is removed.
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