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The efficacy of large marine protected areas (MPA) for the conservation of mobile
pelagic species is widely debated. Here, we quantified spatial and temporal trends
in standardized catch per unit effort (CPUE) of two target pelagic species, yellowfin
(Thunnus albacares) and bigeye tuna (Thunnus obesus) in the Indian Ocean to analyze
the impact of the British Indian Ocean Territory (BIOT) MPA’s creation in 2010. We
applied generalized additive mixed effects models to historical BIOT longline fishery
logbooks and official catch and effort statistics from the Indian Ocean Tuna Commission
(IOTC) to standardize CPUEs and to evaluate long-term trends and distribution patterns
across the equatorial Indian Ocean. We find that trends in population indices from within
BIOT prior to the MPA’s establishment mirror those of the wider Indian Ocean. We
also suggest that there may be behavioral plasticity within the yellowfin tuna stock,
with some individuals possibly undertaking alternative migration patterns or exhibiting
residency behavior within BIOT. Yet, we find no direct evidence of any improvement in
standardized CPUE indices of either species in the area surrounding the BIOT MPA,
nearly 8 years after its establishment. The average size of yellowfin and bigeye tunas
caught both increased after the MPA’s establishment. These patterns were also evident
across the equatorial Indian Ocean, suggesting that any MPA effect is in combination
with other regional drivers, such as behavioral changes in the fishing fleets in response
to the threat of Somali Piracy. We therefore conclude that BIOT MPA may be providing
local conservation value to tunas, but it is not significant enough to halt the overall
regional decline in yellowfin tuna stocks. Thus, we emphasize that large MPAs should
be considered in conjunction with other fishery management regulations and wider
regional processes, rather than as a silver bullet, in order to provide the conservation
and management benefits needed for mobile species like tunas.

Keywords: British Indian Ocean Territory (BIOT), fisheries, generalized additive mixed models (GAMM), longline,
marine protected area (MPA), Thunnus albacares, Thunnus obesus, tuna
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INTRODUCTION

A number of very large marine protected areas (MPAs), defined
as those over 100,00 km2 in area, have recently been established
(Jones and De Santo, 2016). MPAs have been shown to be
effective for coastal benthic species (Follesa et al., 2011), resident
fish species (Aburto-Oropeza et al., 2011; Tewfik et al., 2017),
and reef-associated sharks (White et al., 2017), and can lead to
increases in fish density, biomass, size, and diversity (Lester et al.,
2009). However, it is unclear whether these benefits can be scaled
to large MPAs, and to highly mobile pelagic species such as tunas
or sharks (Kaplan et al., 2014; Breen et al., 2015).

One of the largest MPAs (∼640,000 km2), the British Indian
Ocean Territory (BIOT) MPA, was declared a no-take MPA
in 2010. Prior to the MPA’s establishment, the main fishery in
BIOT was an international commercial fleet targeting tunas -
yellowfin (Thunnus albacares), bigeye (Thunnus obesus), and
skipjack (Katsuwonus pelamis) - and billfishes with longlines
and purse seines (Koldewey et al., 2010; Dunn and Curnick,
2019), and accounted for 1.86% of the tropical tuna catch in
the Indian Ocean between 1993 and 2008 (Dunne et al., 2014).
Bigeye and skipjack tuna stocks are currently deemed sustainable
in the region, but the yellowfin stock is classified as “overfished
and subject to overfishing” (IOTC, 2018). Whilst tuna protection
was not the primary driver of establishing the BIOT MPA, by
excluding industrial fishing it is possible to investigate the impact
such a large spatial closure can have on commercially important
species and their fisheries.

Yellowfin mature at approximately 100 cm (3–5 years) and
spawn mainly from December to March in the equatorial
area (0–10◦S) west of 75◦E (Zudaire et al., 2013). Bigeye
mature at a similar size (∼100 cm and ∼3 years), but spawn
predominantly from December to January in the eastern Indian
Ocean (Nootmorn et al., 2005). Both species tend to reside in
the top 50 m at night and forage between 100 and 300 m
during the day, occasionally over 1,000 m (Dagorn et al., 2000;
Schaefer and Fuller, 2002; Schaefer et al., 2007, 2014), but are
segregated by thermal preferences, with yellowfin preferring 20
to 26◦C compared to bigeye 17 to 23◦C (Boyce et al., 2008).
Their horizontal movement ecologies in the Indian Ocean remain
poorly understood, although some small-scale pop-up satellite
archival tags (PSATs) studies have been undertaken on yellowfin
(Sabarros et al., 2017). It has previously been hypothesized that
tunas undertake a cyclical migration pattern across the West
Indian Ocean (Pearce, 1996). It has therefore been suggested
that the BIOT MPA would have little conservation value for
tropical tunas as they are too mobile (Dueri and Maury, 2013)
and would simply displace fishing effort (Kaplan et al., 2014).
Yet, the importance of oceanic islands for tropical tunas is
being revealed in the Atlantic (Richardson et al., 2018) and the
Pacific (Boerder et al., 2017). Indeed, tagging studies from within
BIOT have only reported limited evidence of emigration by
pelagic predators such as blue marlin (Makaira nigricans), sailfish
(Istiophorus platyperus), silky sharks (Carcharhinus falciformis),
and yellowfin tuna, although it should be noted that tag numbers
were relatively low and tag duration limited (Carlisle et al.,
2019). Thus, it is possible that the BIOT MPA represents an

important area for pelagic species and could provide some
conservation value (Koldewey et al., 2010) or spill over effects
to nearby fisheries, as has been shown in the Galapagos
(Boerder et al., 2017).

Here, we empirically assess the impact of the MPA on two
tropical tuna species and their associated fisheries using regional
fisheries management organization catch and effort data and
fisheries logbook data of fleets fishing in the BIOT prior to the
closure. We analyzed spatial and temporal patterns of efforts,
catch per unit effort (CPUE, total catch divided by the number
of hooks set) and average tuna size to investigate the impact
of the BIOT MPA on two highly mobile and commercially
important pelagic species, yellowfin and bigeye tuna, since the
MPA’s establishment.

MATERIALS AND METHODS

Study Area
In this study, we first assessed the historical BIOT logbook
data from within the BIOT Exclusive Economic Zone (EEZ)
(Figure 1A) up to the point that the BIOT MPA was declared
in 2010. To assess trends post-MPA establishment, we extracted
available catch and effort data from the IOTC online database for
the nine grid cells pertaining BIOT and its immediately adjacent
waters (hereafter referred to as the BIOT quadrant). These data
were then coupled with two ecologically and environmentally
comparable longitudinal quadrants, the “western” and “eastern”
quadrants. These quadrants were selected to incorporate
considerable portions of species’ spawning grounds (Nootmorn
et al., 2005; Zudaire et al., 2013) and because in areas further
south, the water cools and the target species shifts to Albacore
tuna Thunnus alalonga (Chen et al., 2005; Figure 1A).

BIOT Data Analysis
British Indian Ocean Territory logbook data were used to
generate indices of population abundance and to establish
temporal (inter-annual and seasonal trends) baselines for the
species within BIOT prior to the MPA’s establishment. Data were
available for the period July 1993–May 2010 from the BIOT
Administration and the Marine Resources Assessment Group
(MRAG). Each record (n = 16,955) consisted of a longline fishing
event and detailed boat identifiers, year, month, latitude and
longitude, the number of hooks deployed (effort) and the total
catch by species (t, tons). Of these, we removed 1,127 records that
had no associated effort data before subsequent analyses.

With the remaining data (n = 15,828), we analyzed temporal
(monthly and annual) variations in fishing effort. We then
analyzed trends in the catch of each species with generalized
additive mixed models (GAMM; Wood, 2006) using the mgcv
package (Wood, 2001) in R v3.5.1 (R Development Core
Team, 2018). To account for the high proportion of zeros
and possible skewed positive values, we modeled the presence–
absence and positive biomass separately and then multiplied
the respective predictions (Maunder and Punt, 2004). Presence-
absence data were modeled with a binomial family and logit
link function. Positive catches were then modeled with a gamma
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FIGURE 1 | The location of the British Indian Ocean Territory (BIOT) (A). Dashed grid lines represent the Indian Ocean Tuna Commission longline reporting grid cells.
The solid line denotes the BIOT marine protected area boundary with the shaded areas depicting the three quadrants (the BIOT Quadrant, the western Quadrant
and the eastern Quadrant) used in subsequent analyses. The total number of longline fishing sets recorded per year within the BIOT between 1993 and 2010 (B),
and the mean number of longline fishing sets recorded per month in BIOT across all years (C). Error bars represent ± standard error.

distribution and a logarithm link function. As tuna catches are
influenced by a number of temporal, spatial, environmental
and methodological variables (Brill and Lutcavage, 2001; Lan
et al., 2013), we constructed initial global models (containing all
covariates deemed important in explaining the variability of the
catches) for both the presence-absence and positive catches, to
account for these influences. Thus explanatory variables included
in the global models were year (within two models, one with year
as a factor and one with year as a continuous variable), month (as
a sinusoidal function), fishing nation (Supplementary Table S1),
latitude and longitude (decimal degrees), water depth (meters)
at 30 arc-second resolution (Becker et al., 2009), and included
first order interactions between spatial and month covariates
(Supplementary Tables S2–S9). Interactions were only included
if main effect terms were present. For monthly predictions,
we also ran models with month as a factor (Supplementary
Tables S10–S13). We also incorporated the monthly Dipole
Mode Index (DMI), the difference of sea surface temperature
anomaly between the western and the eastern Indian Ocean
(Saji et al., 1999), as this has been previously shown to
influence tuna catch rates (Corbineau et al., 2008; Lan et al.,
2013). Year (continuous) and depth covariates were modeled
with a thin plate regression spline (Wood, 2003). To account
for variation in methods used and species targeted, fishing
nation (n = 14) was incorporated as a nested random effect
(penalisation by a ridge penalty). Finally, as the number of

hooks deployed per longline set (within these data ∼96% of
the sets contained between 2400 and 3600 hooks) was assumed
to be directly proportional to the biomass of fish caught, it
was included as a logged offset term (Maunder and Punt,
2004). Prior to modeling, all continuous variables were centred
and scaled by subtracting the variable’s mean and dividing
by its standard deviation to generate comparable effect sizes
(Zuur et al., 2009).

From within the initial global models, we created a list of all
possible candidate sub-models for each species, with the offset
term [log(number of hooks)] and random effect (fishing nation)
always included in all candidate models (Supplementary Tables
S2–S13). Models were ranked according to the corrected Akaike
Information Criterion (AICc) and, for each standardization,
those with delta AICc < 4 were averaged (Burnham and
Anderson, 2002) and used to predict standardized CPUE trends
(scaled to per thousand hooks) annually and monthly within
BIOT by fixing all other explanatory variables at their median
(continuous variables) or modal (factors) values. Equations and
covariate estimates for all models used in standardization are
reported in the supporting information. To account for inter-fleet
variation, we predicted trends using the modal (most frequently
occuring within the data) nation as a reference category. For this,
we used the Taiwanese fleet as it accounted for 54% of all the
longline records and was temporally the most consistent data
(Supplementary Table S1). The 95% confidence intervals (CI)
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were calculated by assuming a normal distribution of the linear
predictor (i.e., 2 ± 1.96 × SE2).

IOTC Data Analyses
To investigate trends in longline fishing across the Indian Ocean,
and since the MPA’s establishment, we extracted 105,927 longline
catch and effort records between 1967 to 2017 from the IOTC
database1 (accessed April 2019). Effort data for each reporting
grid cell were summed and grouped into five temporal bins
(1998–2001, 2002–2005, 2006–2009, 2011–2014, and 2015–2017)
for analysis of temporal shifts in effort across the Indian Ocean.
To investigate the potential impact of MPA establishment on
adjacent tuna fisheries, we focused on three quadrants with each
comprizing of nine IOTC reporting 5◦ grid cells (Figure 1A).
The three quadrants consisted of a BIOT quadrant (total number
of records within database between 1998 and 2017 = 7,136) and
two longitudinal comparative quadrants, the western quadrant
(n = 11,382) and the eastern quadrant (n = 4,953) (Figure 1).
Temporal trends in effort between 1998 and 2017 within each
quadrant were then compared (including the hooks known to be
deployed in the BIOT EEZ from the BIOT longline logbooks).
We then analyzed long-term temporal trends in CPUE across the
three quadrants using IOTC catch and effort data between 1967
and 2017. To analyze the catches, where catch was only reported
in number of tunas caught, numbers were converted to tons by
multiplying the number caught by the standardized average size
of tuna caught that year (see size methods below). As the IOTC
catch and effort data are aggregated by month and 5◦ grid cell
and therefore very few zero catches exist in the data, the delta-
gamma approach we applied to the BIOT data was not necessary.
Instead, we modeled catch data using a GAMM with a gamma
distribution, adding a small constant to all zero catches (1/10 of
minimum positive value). Due to the higher level of aggregation
within the IOTC data, water depth could not be included. All
other covariates were similar to that of the BIOT models with
latitude and longitude calculated as the northwest corner of each
grid IOTC 5◦grid cell (as per IOTC Secretariat, 2014), and then
scaled and centered. Fleet (including Australia, China, European
Union (unspecified), India, Japan, Korea, Maldives, Mauritius,
Malaysia, Seychelles, Africa, Spain, Thailand, and Taiwan) was
incorporated as a random effect. Within the three quadrants,
Taiwan accounted for 34.4% of records (Japan were the second
highest with 33.2%). As such, we predicted IOTC trends based
on the Taiwanese fleet as it was the modal fleet, had operated
broadly temporally and spatially across the time series, and was
consistent and comparable with the analyses of the historical
BIOT logbook data. We formed initial global models for each
quadrant, and created a list of all possible candidate sub-models
for each species, with the offset term [log(number of hooks)] and
random effect (fishing nation) included in all candidate models
(Supplementary Tables S26–S37). Models were again ranked
according to AICc and, those with delta AICc < 4 were averaged
(Burnham and Anderson, 2002) and used to predict standardized
CPUE trends annually and monthly across the three quadrants.

1https://iotc.org/data/datasets/latest/CELongline

Finally, we investigated whether the average size of tunas
caught had changed since the MPA was established. We extracted
all IOTC catch records across the three quadrants where the
number of fish caught and the total weight of the catch were
simultaneously measured (n = 4,962 for yellowfin, n = 4,768
for bigeye) and calculated the mean weight (kilograms, kg)
of individual fish per longline fishing set. These data were
then standardized, analyzed and model averaged using the
same GAMM structure as the IOTC analyses (i.e., with year,
a sinusoidal function of month, DMI included as covariates),
across all three quadrants and for each species (Supplementary
Tables S14–S25). Limitations on the numbers of paired weight
and number records prevented the use of spatial covariates at the
grid cell level. Again, fleet was included as a fixed random effect,
with predictions based on the Taiwanese fleet for consistency. The
number of hooks deployed were not included as an offset term
for this analysis as they are not directly proportional to sizes of
individuals caught.

RESULTS

BIOT
Over the period 1993 to 2010, the annual number of longline
fishing events within BIOT varied widely (98 in 2004 to 2,465
in 1998 (Figure 1B), with a mean of 887 events each year (SD:
677). Longlining effort in BIOT was also variable by month, with
the peak between September and December (mean: 135, SD: 146;
Figure 1C).

Standarised yellowfin and bigeye tuna CPUE from within
BIOT showed contrasting temporal trends (Figures 2A,B). In
models with year as a factor, annual standardized yellowfin
CPUEs peaked in 1998 at 0.21t (95% CI = 0.19–0.23) before
generally declining to 0.03t by 2008 (95% CI = 0.02–0.04;
Figure 2A). By comparison, standardized bigeye CPUEs showed
no clear trend and were highly variable, with CPUEs ranging
from 0.06t in 1994 (95% CI = 0.04–0.08) to 0.24t in 2003
(95% CI = 0.20–0.26; Figure 2B). When considering seasonal
patterns, yellowfin and bigeye were caught year-round within
BIOT. However, yellowfin CPUEs showed a more pronounced
seasonal trend (Figures 2C,D), where catch rates were highest
during November (0.20t, 95% CI: 0.19–0.22) and lowest in April
(0.11t, 95% CI: 0.09–0.13) (Figure 2C).

IOTC
Longline fishing effort has decreased across the Indian Ocean
since 2002–2005 (Figures 3B–E). Most notably, in the northwest
Indian Ocean and Arabian Sea effort reduced drastically
after 2006–2009 (Figures 3C–E). Furthermore, effort decreased
considerably along the Chagos-Laccadive Ridge from 2011–2014
onward (Figures 3A–E). From a peak in 1998, the number
of hooks deployed in the BIOT quadrant declined by 76.01%
between 1998 and 2010 (Figure 3D). Across this period, the BIOT
fishery effort contributed between 1.5 and 17.1% of the total effort
recorded within the BIOT Quadrant, suggesting considerable
fishing activity around the perimeter of the territory (Figure 3F).
The BIOT fishery accounted for 2.32% of reported number of
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FIGURE 2 | Standardized trends in catch per unit effort (CPUE; tons per thousand hooks) of yellowfin (Thunnus albacares; green) and bigeye tuna (Thunnus obesus;
blue) from longline vessels in the British Indian Ocean Territory between 1993 and 2010. Trend lines represent the predicted CPUE from averaged generalized
additive mixed models with year (A,C) and month (B,D) as continuous response variables. Points indicate CPUE estimates from models with the temporal response
variable as factors. Shaded polygons and error bars represent ± two standard errors.

total longline hooks deployed across the three quadrants between
1998 and 2010, varying from 0.20 to 5.01% annually (Figure 3F).
After the MPA was established, effort continued to drop in the
BIOT quadrant, constituting a 59% reduction in effort between
2010 and 2017 (Figure 3D). Effort in the eastern quadrant
followed a similar trend to the BIOT quadrant, including the
increased effort in 2009. Effort in the western quadrant peaked
in 2005 with 134.67 million hooks deployed, before dropping
82.79% by 2011 (23.18 million hooks). Effort then increased
in the western quadrant after 2011 to 89.43 million hooks in
2016 (Figure 3F).

Yellowfin CPUEs declined steadily across all three quadrants,
with the exception of 1977 within the BIOT quadrant.
Standardized CPUEs modeled with year as a factor dropped
from 0.45t in 1968 to 0.04t by 2009 within the BIOT quadrant

(Figure 4A). Predicted yellowfin CPUE variation also reduced
over this time period. The BIOT quadrant’s standardized
yellowfin CPUEs then more than quadrupled between 2009
and 2011 (0.04–0.14t). Yet, CPUEs dropped again after 2011,
reaching a low of 0.03t in 2014. Model predictions with year
as a continuous factor showed an overall decline during this
period. Similar patterns were observed in the standardized CPUE
indices from the other two quadrants, although CPUEs were
consistently lower in the eastern quadrant. Conversely, bigeye
CPUEs were variable but stable across all quadrants over the
period prior to the MPA’s establishment in 2010 (Figure 4B).
Also, bigeye CPUEs (both when modeled with year as a factor
and continuous) seemed to increase notably post-2010 in the
BIOT and western quadrants. CPUEs in the eastern region
remained similar to those pre-2010. BIOT quadrant’s bigeye
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FIGURE 3 | The spatial distribution of mean annual longline hooks set (on a natural logarithm scale) by Indian Ocean Tuna Commission reporting grid cell between
(A) 1998–2001, (B) 2002–2005, (C) 2006–2009, (D) 2001–2014, and (E) 2015–2017. Effort data for 2010 were excluded from spatial plots as this was a transition
year in the British Indian Ocean Territory (BIOT) with the BIOT marine protected area (MPA) declared in April and the last fisheries license expiring in October. The thin
solid line denotes the BIOT MPA boundary with the western (dotted), eastern (dot-dash) and BIOT (thick solid) quadrants delineated (A–E). Bars represent total
numbers of hooks deployed within the BIOT quadrant each year within the IOTC database (F). The darker blue sub-sections represent the number of hooks that
were recorded within the BIOT exclusive economic zone specifically (from the BIOT longline fisheries dataset). Dotted line represents effort in the western quadrant.
Dot-dash line represents effort in the eastern quadrant. Vertical dashed line denotes the BIOT MPA’s establishment in 2010.

CPUEs more than doubled between 2009 (0.21t) and 2011
(0.50t) and remained elevated in 2012 (0.46t) before falling
to 0.10t by 2017.

Within the IOTC data, standardized yellowfin CPUE
remained highest in the western quadrant throughout the year,
with peaks in November through to February. By comparison,

standardized yellowfin CPUE in the eastern quadrant peaked
in May and June and the BIOT quadrant in September and
October. For bigeye, seasonal trends in standardized CPUE in
BIOT and eastern quadrant peaked in November to Februrary,
with a less distinctive seasonal effect within the western quadrant
(Supplementary Figure S1).
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FIGURE 4 | Annual trends in catch per unit effort (CPUE; tons per thousand hooks) and the mean size (in kilograms) of yellowfin tuna [Thunnus albacares; (A,C),
respectively] and bigeye tuna [Thunnus obesus; (B,D), respectively] caught by longline vessels within the British Indian Ocean Territory (BIOT), eastern and western
quadrant (each relating to nine Indian Ocean Tuna Commission reporting grid cells). The solid lines depict predicted CPUE from BIOT quadrant models with a
continuous year effect. Vertical dashed red line denotes the BIOT marine protected area’s establishment in 2010. The shaded polygons represent the 95%
confidence intervals, with the BIOT quadrant polygons outlined. Points indicate estimates from BIOT quadrant models only, with year treated as a factor variable and
error bars representing ± two standard errors. Predictions for the eastern and western quadrants from models with year treated as a factor are omitted for clarity.

Mean sizes of yellowfin and bigeye were highly variable
throughout the observed period. However, mean size increased
for both species after 2010 across all quadrants. Within the BIOT
quadrant, mean yellowfin size increased by 12.76% between 2009
and 2016 (33.09 to 37.31 kg) and bigeye increased by 21.56%
between 2009 and 2017 (37.66 to 45.78 kg) when considering
models with year as a factor (Figures 4C,D). Over the same
period, 2009 to 2017, standardized yellowfin size increased by
11.02% (3.61 kg) in the western quadrant (peaking at 40.22 kg in
2014) and by 7.18 kg (22.75%) in the eastern quadrant (peaking at
44.06 kg in 2014) (Figure 4C). Standardized bigeye size increased
by 39.73% between 2009 and 2016 in the western quadrant,

and by 41.77% in the eastern quadrant between 2009 and 2017,
when sizes peaked.

DISCUSSION

The effective management of tuna fisheries is an important
means of achieving international policy commitments such as
Sustainable Development Goal 14. Yet, the potential conservation
benefits of large MPAs like BIOT for pelagic species, and
specifically tunas, are widely debated (Koldewey et al., 2010;
Kaplan et al., 2014). We find no direct evidence that standardized
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CPUE indices of yellowfin or bigeye tuna have improved in
region surrounding the BIOT MPA, nearly 8 years after its
establishment. Furthermore, most trends and patterns observed
in the quadrant surrounding the BIOT MPA, were also observed
in both comparative quadrants. Such ocean-wide trends suggest
that any possible impacts of establishing the BIOT MPA are
mitigated by larger processes elsewhere in the Indian Ocean. For
example, yellowfin tuna has been classified as “overfished and
subject to overfishing” by the IOTC since 2015. Then, the science
committee recommended that a 20% reduction in catches was
needed to give the stock a 50% chance of recovery by 2024. Yet,
in 2017, the first year this catch reduction was applied, total catch
actually increased by 3% (Rattle, 2019). It is therefore possible
that any benefits afforded by the BIOT MPA were overawed by
persistent overfishing of the stock. Alternatively, as the Indian
Ocean is characterized by strong environmental fluctuations and
high variability and movement in tropical tuna fisheries, the
region may not well be well suited to static spatial closures
(Kaplan et al., 2014). Yet the impacts of any MPA are likely to
increase with time after establishment (Edgar et al., 2014). It may
therefore simply be too early to detect any positive benefits for
the fish and fishers alike. Regardless, it is unlikely that large MPAs
will be able to provide the conservation and management benefits
needed for mobile species like tunas alone. Therefore, they will
need to be established, managed and evaluated in conjunction
with effective regional fishery management regulations.

Standardized CPUEs of yellowfin tuna within the historical
BIOT longline fisheries data declined between 1993 and 2010
in a manner consistent with other parts of the Indian Ocean
(Nishida et al., 2012; Ochi et al., 2014), while standardized
bigeye tuna CPUEs remained generally stable. This suggests
that yellowfin tuna populations were declining in BIOT prior
to the MPA’s establishment. Using raw CPUEs as a proxy of
species’ population abundance comes with its limitations and
may represent a biased proxy if not properly handled and
standardized (Maunder et al., 2006; Polacheck, 2006). In some
cases, CPUEs may underestimate population declines as fishers
can compensate for reduced catch rates by changing fishing
strategy and improving gear (Harley et al., 2001; Polacheck,
2006). While we accounted for some of these variations in
our standardization processes, we were limited by available
logbook data which did not contain information on potentially
important factors, such as gear or method modifications (Chang
et al., 2011; Song and Wu, 2011; Matsumoto et al., 2016), and
possible underreporting and misreporting (Walsh et al., 2005).
Therefore, we cannot rule out the impact of these factors on
the reported trends. CPUE may also overestimate population
declines, particularly in the early stages of a fishery (Hilborn and
Walters, 1992). However, in the case of BIOT, we believe this case
is unlikely as commercial longlining was already well established
in the Indian Ocean prior to the start of the BIOT dataset in
1993. Yet, the usefulness of even standardized CPUEs can be
limited, if analyses are spatially restricted (Walters, 2003) or are
considered in isolation (Maunder et al., 2006). Thus, integrated
stock assessments are often viewed as the best means of assessing
the population status of an entire stock (see Maunder et al., 2006).
Therefore, it is important to note that the trends observed in

BIOT mirrored those reported across the wider Indian Ocean and
are broadly consistent with regional relative stock assessments
(IOTC, 2018), which considers both species single homogenous
stocks across the Indian Ocean and, in the case of yellowfin tuna,
overexploited (IOTC, 2018).

Yellowfin and bigeye tuna fisheries stock assessments
postulate that the BIOT is located on the eastern most limit of a
cyclical tuna migration pattern in the West Indian Ocean (Pearce,
1996). The shift in peak CPUEs across the three quadrants
reported here are broadly consistent with this hypothesis,
although we feel that it is an oversimplification. BIOT was
historically targeted by fishers between December and January
(Dunne et al., 2014), especially by purse seiners (Dunn and
Curnick, 2019). This period coincided with the main yellowfin
spawning season (Zudaire et al., 2013) and stable isotope analyses
of predators within BIOT has shown an increased dependence
on pelagic resources during this period (Curnick et al., 2019).
We detected this seasonal pattern in yellowfin CPUEs in
BIOT. However, in BIOT, both species were caught year-round,
suggesting that not all tunas follow the aforementioned migration
route. It is therefore possible that there is behavioral plasticity
within the stock, with some individuals undertaking alternative
migration patterns or exhibiting residency behavior, possibly
linked to ontogeny. Such behaviors have been shown in other
highly mobile species (Walli et al., 2009; Meyer et al., 2010)
and can be driven by increased productivity around islands
(Worm et al., 2003) or the presence of seamounts (Morato et al.,
2008), of which there are an estimated 86 within BIOT (Yesson
et al., 2011). Such behavior could have significant implications
for how these stocks are managed in the region and for the
potential future impact of the BIOT MPA. Yet, little is known
about the spatial ecology and behavior of tunas in BIOT and
the region more generally. Therefore, a focussed tuna tagging
study, building on the regional tuna tagging project (Hallier
and Fonteneau, 2015) and those in BIOT (Carlisle et al., 2019)
to test these hypotheses, would be an important direction for
future research. The establishment of MPAs may even promote
residency behavior as a result of selective genetic pressure exerted
by fishing outside the MPA boundary (Mee et al., 2017), and thus
increase the conservation value of the MPA for these species.
MPAs have also been shown to enhance tuna stock availability
to local fisheries over time, as was recently documented around
the Galapagos MPA (Boerder et al., 2017).

It has been previously suggested that BIOT would be unlikely
to yield any benefits to tunas or tuna fishers given it is not a
key area to the longline fishery (nor the purse seine fishery)
and hotspots in catch of juveniles and supposed spawners are
located elsewhere, often in areas of the high seas (Kaplan et al.,
2014). Indeed, other studies have suggested that the global MPA
movement has been biased to areas that are politically easier
to establish – for example, in remote or unattractive areas for
extractive activities (Devillers et al., 2015; Stevenson et al., 2019) –
rather than biodiversity outcomes. So, while it may be true that
BIOT isn’t at the center of the tuna fishing ground in the Indain
Ocean, it is important to recognize that the primary objective
of the BIOT MPA was for broader biodiversity conservation,
rather than fisheries management. Also, establishing MPAs in
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areas beyond national jurisdiction is difficult (Ardron et al.,
2008), with limited legal frameworks currently available to
do so (Wright et al., 2019). In such instances, conservation
outcomes may be better achieved through other methods, such
as effective ecosystem fisheries management, integrated ocean
management or marine spatial planning (Fulton et al., 2015;
Dunstan et al., 2016).

Yet, as a modest fishery existed in BIOT prior to the
MPA’s establishment, the territory was clearly not too remote
or unattractive to fishers to declare it completely obsolete. It is
therefore interesting that we found a moderate peak in effort in
the BIOT quadrant immediately prior to the MPA’s establishment.
We posit this is due to fishers trying to maximize catch before
regulations restricted access, akin to observations in the Phoenix
Islands where fishers more than doubled their fishing effort
once the area was earmarked for a potential protected area
(McDermott et al., 2019). In the years subsequent to 2009, effort
in the BIOT quadrant realigned and contracted, in line with
that of the long-term trend within the region. We suggest that
this overall trend of reduced effort is in part a factor of the
BIOT MPA’s establishment, but also a result of multiple other
concurrent factors such as the Maldives closing their waters
to foreign longliners (Adam et al., 2015) and creating a shark
sanctuary (Ward-Paige, 2017), and Somali piracy activity in the
western Indian Ocean (Matsumoto et al., 2016). Notably, the
effort in the western quadrant increased after 2011, once the
threat of piracy started to abate (Matsumoto et al., 2016).

Another expectation is that displaced fishers will simply “fish
the line” (Kellner et al., 2007) and concentrate along the borders
of MPA to exploit biomass spillover (Roberts et al., 2001). Recent
studies using satellite-based vessel position data from Automatic
Identification Systems (AIS) has shown purse seine vessels fishing
on the edge of the Galápagos reserve boundary (Boerder et al.,
2017), and bottom trawlers fishing around a large fisheries
restricted area in the Adriatic Sea (Elahi et al., 2018). Our spatial
effort data were too aggregated and coarse to deduce whether the
remaining effort was “fishing the line” around BIOT, and AIS data
are only available in the Indian Ocean since 2012. However, the
increase in effort post-2011 in the western quadrant does indicate
a possible displacement of fishing activity into this area. However,
like changes in CPUE, it is impossible to attribute this directly to
the MPA’s establishment, with the reduction in piracy threat in
the western Indian Ocean a major factor.

In the year following the MPA closure, standardized CPUEs of
yellowfin tuna in the BIOT quadrant (only in models containing
year as a factor) and bigeye tuna within the BIOT and western
quadrants increased sharply. This spike could therefore indicate
that fleets were benefitting from a surplus generated by the
unfished recruits of the previous year. Unfished recruits may have
been a result of the MPA providing a spatial refuge. Yet, this
boost in CPUEs was quickly eroded as CPUEs of both species
fell consistently after 2011. Thus, this spike is possibly driven by
previous good recruitment years or Indian Ocean wide processes,
and not simply the MPA. For example, a lagged response to the
threat of Somali piracy from 2007 onward, where longline fishing
effort reduced considerably in the northwest Indian Ocean and
Arabian Sea, especially in the Japanese fleet (Okamoto, 2011).

This resulted in an overall reduction of effort, a switch to focus
on more temperate tunas, and a redistribution of remaining effort
toward the southern and eastern Indian Ocean (Chassot et al.,
2010; Okamoto, 2011; Matsumoto et al., 2016), all of which would
reduce overall effort and boost catch rates.

The increase in the mean size of both tunas caught post-
2010 was more persistent. This increase was apparent across
all quadrants and for both species. Our results are broadly
consistent with those reported across the Indian Ocean, for
both species, by the longline fishery (IOTC-WPTT21, 2019).
A major benefit for MPAs in coastal environments is their ability
to increase fish biomass (Aburto-Oropeza et al., 2011). Yet,
especially for yellowfin, this upturn started prior to the MPA’s
establishment (∼2006). Therefore, the increased sizes of yellowfin
and bigeye tunas reported here are also likely to be the result
of a combination of processes across the Indian Ocean, such as
the combined spatial closure between BIOT and the Maldives,
the reduction in longline effort in the northwest Indian Ocean
as a concurrent impact of Somali piracy at that time (Matsumoto
et al., 2016), or a few strong year classes. Furthermore, there has
been an ever increasing use of and dependence on drifting fish
aggregating devices (dFADs) by the purse seine fishery within
the Indian Ocean, with use increasing 4-fold between 2007 and
2013 alone (Maufroy et al., 2017). The use of dFADs has multiple
negative effects (reviewed in Davies et al., 2017), including an
increased capture of small yellowfin and bigeye tunas (Leroy et al.,
2009) compared to “free schooling” that targets larger, mature
fish. This shift may have, at least in the short-term, reduced purse-
seine fishing pressure on larger tunas, affording larger individuals
in the longline fishery. Indeed, when considering all fisheries
(longline, pole and line, gillnet and purse seine), the average
sizes of bigeye tuna caught has recently decreased, driven by a
marked increase in catches reported by purse seine fisheries that
target smaller size classes (IOTC-WPTT21, 2019). For yellowfin,
concerns have been raised regarding the credibility of average
weights derived from catch-and-effort longline data, especially
from the Tawainese fleet in recent years (IOTC-WPTT21, 2019).
We therefore cannot categorically rule out the potential influence
of such inconsistencies on our findings for both yellowfin and
bigeye. However, we note that the more credible IOTC yellowfin
length-frequency data also generally indicate an increase in fish
size post-2011, albeit less pronounced (IOTC-WPTT21, 2019).
Regardless of the cause of the increase in fish sizes reported
here within the longline fishery, as female and male yellowfin
mature at 109.69 cm (25 kg) and 104.95 cm (22 kg), respectively
(Nootmorn et al., 2005), the average tuna caught by longliners
around the BIOT MPA is reproductively mature. An increase
in average size means higher fecundity, with larger individuals
producing more eggs and spawning for longer periods (Zudaire
et al., 2013). Therefore, as BIOT was historically targeted by
fishers during peak yellowfin spawning season (Pearce, 1996;
Zudaire et al., 2013), the MPA may now be protecting sexually
mature individuals during key spawning stage and therefore
contributing positively to management of the yellowfin stock.
This is an aspect that deserves further investigation as it is
especially important given the stock’s current status of being
overfished and subject to overfishing (Hilborn and Walters, 1992)
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and the Near Threated status of the species on the IUCN Red
List (IUCN, 2019).

We cannot rule out that the BIOT MPA may be providing local
conservation value to tropical tunas. However, disentangling
the effects of the BIOT MPA from other coincidental processes
occurring across the surrounding region is difficult and requires
a large effort of data integration. Unfortunately the data available
(in IOTC public datasets) is currently too coarse to undertake
such meaningful analyses. Here, with analyses on historical
logbook data within the BIOT and public catch and effort
statistics of Indian Ocean longline fisheries, we highlighted
emerging effects of the BIOT MPA on the status of two important
tuna species in the Indian Ocean and now call for deeper and
more targeted investigations. Using CPUEs as a proxy of species’
population abundance (Polacheck, 2006), and aggregated effort
statistics to detect changes in fishing fleet behaviors come with
limitations, but our findings emphasize that large MPAs should
be considered in conjunction with other fishery management
regulations and wider regional processes, in order to provide
the conservation and management benefits needed for mobile
species like tunas. Continued monitoring of the fishery in the
areas adjacent to the BIOT MPA, preferably with spatially and
temporally disaggregated data, is needed in order to test whether
these patterns hold and to assess any future conservation value
of the MPA. This is of extreme timely importance as the
role of large MPAs may be key in aligning management and
conservation objectives for ensuring sustainable food production
and biodiversity conservation.
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