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that most nations fished predominantly within
their own EEZ, with five flag states (China, Spain,
Taiwan, Japan, and South Korea) accounting for
more than 85% of observed fishing effort on the
high seas (fig. S8).

The temporal footprint of fishing was surpris-
ingly consistent through time (Fig. 2A). A large
annual drop in mid-latitude effort coincides with
annual fishery moratoria in China, a smaller drop
at higher latitudes corresponds to the Christmas
vacation in Europe and North America, and breaks
in effort occur during the weekends for many
Northern Hemisphere fisheries (Fig. 2A, insets).
In stark contrast, temporal patterns of net pri-
mary productivity (NPP) present a seasonal “heart-
beat” of biological activity (Fig. 2B) that is not

reflected by human activity at this scale (Fig. 2A).
For non-Chinese vessels (Fig. 2D), the largest
contributors to variations in the overall temporal
footprint were the Christmas holiday and week-
ends, with the remaining seasonal variation ex-
plaining a small amount of the temporal footprint
(fig. S9). In contrast, Chinese vessels show little
weekly variation, and their yearly pattern is dom-
inated by the Chinese New Year and the annual
moratoria during the summer months (Fig. 2C).
Although some fleets display seasonal movements
(Fig. 3), the work week, holidays, and political
closures are much more influential than natural
cycles in determining the temporal footprint of
fishing on a global scale. This pattern stands in
stark contrast to agriculture, which is focused on

plants and nonmigratory herbivores tied to sea-
sonal cycles of terrestrial primary production (I8).

We further inspected how the spatial and tem-
poral footprint of fishing responds to other envi-
ronmental or economic drivers—namely, annual
NPP, sea surface temperature (SST), and fuel
prices. Annual NPP predicts fish catch from
coastal ecosystems (19) but has not been analyzed
as a predictor of effort across the global ocean.
Using a general additive model that accounts
for spatial autocorrelation, we found a highly
significant but relatively weak relationship
between fishing hours (Fig. 1A) and NPP (Fig.
1F) (slope = 0.58, P < 0.001), with only 1.7% of
spatial deviance explained. This relationship
was strongest for purse seiners [slope = 0.74,
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Fig. 3. Effects of climatic variation on fishing effort distribution.
(A) Sea surface temperature anomalies in 2015, with boxes outlining

Latitude

(6]

o

regions analyzed in subsequent panels. ( B) In the equatorial Pacific,
the average longitude of fishing effort for drifting longlines (b.2) shifts

o~ slightly eastward, correlated with an El Nifio —Southern Oscillation

% % (ENSO) event (b.3). The closure of the Phoenix Islands Protected Area
g S (PIPA) (red arrow) had a similarly strong effect on the distribution of
i ﬁ'g fishing effort and resulted in an effort gap after January 2015. The dashed
.g E’ lines mark the eastern and western extents of PIPA. ( C) Longline fleets
£ = inthe Indian Ocean fished 70 to 90 km farther south in July of 2015

than in July of 2014 or 2016, tracking water masses ranging between
16° and 19°C. White dots show the mean latitude of fleets each July.
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Fig. 4. Response to economic forcing. (A) Monthly averages of the global

price of marine diesel oil (gray line) and total hours at sea by the global

fishing fleet after removing seasonality (solid black line) reveal that a large
decrease in fuel price from 2013 to 2016 corresponded to minimal change in
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fishing activity (the dashed line corresponds to the trend component via
additive decomposition). ( B) The short-run price elasticity of fuel demand
(—0.06, P <0.001; error bar denotes 95% confidence interval) is comparable
to those in other sectors.
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P < 0.001, deviance explained (DE) = 2.5%]
and trawlers (slope = 0.69, P < 0.001, DE = 2.1%),
which are commonly found in highly productive
coastal areas, and weakest for drifting longlines
(slope = 0.37, P < 0.001, DE = 0.6%), which oper-
ate largely in medium- to low-productivity waters.
Although these relationships may be strength-
ened by incorporating additional drivers and dif-
ferent scales, global fishing effort corresponds
only loosely to NPP.

We further explored the response to elevated
SST in 2015 (Fig. 3), when a positive Indian Ocean
dipole mode index and an El Nifio event warmed
the Indian and Pacific Oceans, respectively (20).
In the Indian Ocean, we found longline fishing
concentrated between the 16° and 19°C isotherms
[r (correlation coefficient) = 0.8 between average
latitude of fishing effort and the 19°C isotherm].
Fishing effort in this region was an average of
70 to 90 km farther south in July of 2015 than in
July of 2014 or 2016 (Fig. 3C). In the equatorial
Pacific, previous studies have shown that regional
warming during El Nifio years correlates with
a shift in the catch of skipjack tuna of up to
40° longitude (21). By analyzing effort across all
fleets in the region, we find a more modest re-
sponse. The total fleet shifts by ~3.5° per unit of
the El Nifio-Southern Oscillation (ENSO) index
(second-order autoregression model, P < 0.001),
with purse seiners responding more strongly than
longlines. This shift corresponds to a movement
of ~10° longitude of the average location of fish-
ing effort over ~2 years (Fig. 3B, b.2). This shift,
likely due to a strong El Nifo, was similar in
magnitude to the effect of a change in policy.
‘When the Phoenix Islands Protected Area (PIPA)
was closed to industrial fishing in 2015 (Fig. 3B),
the average longitude of fishing effort moved by
~10° over a month as fleets recalibrated to new
regulations (Fig. 3B, b.2).

Changes in fuel price may also drive variation
in fishing effort, as fuel represents, on average,
24% of costs (22). Previous research regarding
the effects of fuel price on the structure (23),
economic performance (24), and behavior (25)
of European fishing fleets suggests that, at a
regional level, fishing fleets respond to fuel price.
To measure elasticity globally, we built a monthly
time series of the average price of marine diesel
matched with tracking data for all fishing vessels
active since 2014. The resulting sample includes
5933 vessels from 82 flag states (table S7). We
found that a >50% drop in fuel price corresponded
to a minimal change in fishing effort (measured
as the time spent at sea) (Fig. 4 and table S8).
These data suggest that the short-run price elas-
ticity of fuel demand for the global fishing fleet is
-0.061 (P < 0.001) (Fig. 4B), implying that a 10%
increase in the price of fuel would correspond to
a 0.6% decrease in global fishing activity. This
elasticity is smaller than that implied by previous
studies in fisheries but is comparable to those in
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other commercial sectors (26-28) (Fig. 4B). It is
possible that abundant fuel subsidies decouple
fisheries from energy costs, masking the true price
elasticity of fuel demand.

These results provide insight into the spatial
and temporal footprint of global fishing fleets.
Fishing vessels exhibit behavior with little natural
analog, including circumglobal movement patterns
and low sensitivity to energy costs or seasonal and
short-term interannual oceanographic drivers. It
appears that modern fishing is like other forms of
mass production that are partially insulated from
natural cycles and are instead shaped by policy
and culture. The absolute footprint of fishing is
much larger than those of other forms of food
production, even though capture fisheries provide
only 1.2% of global caloric production for human
food consumption (29), ~34 kcal per capita per
day (16). We also find that large regions of the
ocean are not heavily fished, and these areas
may offer opportunities for low-cost marine con-
servation. To further the understanding and mon-
itoring of global fisheries, we are making daily
high-resolution global rasters of effort publicly
available. These data provide a powerful tool for
improved global-scale ocean governance and are
well positioned to help assess the effectiveness of
existing management regimes while accelerating
the development of novel dynamic management
approaches (30) that respond in real time to
changing ocean conditions, management issues,
or conservation concerns.
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More than half the fish in the sea

As the human population has grown in recent decades, our dependence on ocean-supplied protein has rapidly
increased. Kroodsma et al. took advantage of the automatic identification system installed on all industrial fishing
vessels to map and quantify fishing efforts across the world (see the Perspective by Poloczanska). More than half of the
world's oceans are subject to industrial-scale harvest, spanning an area four times that covered by terrestrial agriculture.
Furthermore, fishing efforts seem not to depend on economic or environmental drivers, but rather social and political
schedules. Thus, more active measures will likely be needed to ensure sustainable use of ocean resources.
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