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The open oceans comprise most of the biosphere, yet patterns and trends of
species diversity are enigmatic. Here, we derive worldwide patterns of tuna and
billfish diversity over the past 50 years, revealing distinct subtropical “hotspots”
that appeared to hold generally for other predators and zooplankton. Diversity
was positively correlated with thermal fronts and dissolved oxygen and a non-
linear function of temperature (~25°C optimum). Diversity declined between
10% and 50% in all oceans, a trend that coincided with increased fishing pres-
sure, superimposed on strong El Nifio Southern Oscillation—driven variability
across the Pacific. We conclude that predator diversity shows a predictable yet
eroding pattern signaling ecosystem-wide changes linked to climate and fishing.

Humans have exploited oceanic predators
such as tuna, billfish, sharks, and sea turtles for
millennia. Although our knowledge of individ-
ual species has rapidly advanced, for example
through sophisticated tagging studies (I, 2),
community-wide patterns of abundance and
diversity are only beginning to be understood
(3). This knowledge is timely. Many species
have declined, are vulnerable to overfishing, or
are threatened by extinction (4, 5), and there is
a concern that widespread predator declines
can trigger unforeseen ecosystem effects (6-8).
Effective management and conservation in the
open oceans will depend on resolving the spa-
tial distribution of multiple species, ecological
communities, and fishing efforts (1, 2, 9-11).
Recent studies performed on a regional scale
have indicated that predator species may ag-
gregate at distinct diversity hotspots—areas of
high species diversity that may represent im-
portant oceanic habitats and hold particular
value for biodiversity conservation (3, /7). Yet,
global-scale patterns and trends of predator
diversity have remained obscure. We investi-
gated the global distribution of predator diver-
sity, how it relates to regional oceanography,
and whether diversity has changed over time.
As a first step, we used global 5° by 5°
Japanese longlining data from 1990 to 1999
to analyze contemporary patterns of tuna and
billfish diversity (/2). Tuna and billfish are
among the most ubiquitous, ecologically im-
portant, and economically important oceanic
predators, and they range globally from the
equator to temperate regions (0 to ~55°
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latitude). Pelagic longlines are the most wide-
spread fishing gear in the open ocean and are
primarily used to target tuna and billfish. These
are baited lines of up to 100 km in length that
catch a wide range of predators in a similar
way, operating across global scales. The Japa-
nese logbook data represents the world’s
largest longline fleet and the only globally
consistent data source, reporting species com-
position, catch, and effort for all tuna (Thun-
nini), billfishes (Istiophoridae), and swordfish
(Xiphiidae) (table S1). We used statistical
rarefaction techniques to standardize for differ-
ences in fishing effort among 5° by 5° cells
and to estimate two common measures of spe-
cies diversity: species richness (the expected
number of species standardized per » individ-
uals) and species density (the expected number
of species standardized per k& hooks) in each
cell (12, 13). We report results that correspond
to the average number of individuals (n = 50)
and hooks (k= 1000) in a single longlining set.
Alternative parameters (n = 20, 100, and 500;
k=500, 2000, and 5000) gave similar results.
The difference between these two diversity
indices is that species richness reflects solely
the number of species, whereas species density
reflects the number of species per unit area
(13). Although richness may be more inter-
esting ecologically, species density is more
meaningful for conservation and management.

Tuna and billfish species richness (Fig.
1A) and species density (Fig. 1B) showed a
consistent global pattern, indicating peaks of
diversity at intermediate latitudes (15 to 30°N
or S) and lower diversity toward the poles
and at the equator. In the Atlantic and Indian
Ocean, diversity also appeared to be higher
in western regions as compared with eastern
regions. Hotspots of species richness and
density were clustered mostly in the sub-
tropics, namely off the U.S. and Australian
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east coasts, south of the Hawaiian Islands
chain, east of Sri Lanka, and most prominently
in the southeastern Pacific (Fig. 1C).

We checked the generality of these results
using independent scientific observer data from
longline fisheries in the Atlantic and Pacific
Ocean (Fig. 1, D to F). Observer records were
collected by U.S. and Australian management
agencies from 1990 to 1999 (/2). They have
much better taxonomic breadth (N = 145
species, including tuna, billfish, other bony
fishes, sharks, pelagic rays, whales, dolphins,
turtles, and large seabirds) but much smaller
geographic range (<10%) and sample sizes
(<1%) compared with the global Japanese data
(table S1). Total predator richness, as calcu-
lated from the observer data, was highly cor-
related with the Japanese tuna and billfish data
(Fig. 1, D to F), which suggests that tuna and
billfish may be used to predict total predator
diversity. In addition, we found a strong cor-
relation between tuna and billfish richness with
foraminiferan zooplankton diversity (Fig. 1G).
Before this study, foraminifera were the only
oceanic species for which global diversity pat-
terns were known (/4). Remarkably, these
single-celled organisms show the same latitu-
dinal distribution as large predators, with dis-
tinct diversity peaks at intermediate latitudes
(14). Similar patterns appear to hold for other
zooplankton groups (/4). This suggests that the
global pattern of diversity shown here could be
general across several trophic levels and dif-
ferent from latitudinal patterns on land, where
diversity usually peaks around the equator (75).

Asking what oceanographic variables may
explain global patterns of predator diversity,
we explored the effects of remotely sensed sea
surface temperatures (SST) (mean and spatial
gradients), dissolved oxygen levels, eddy ki-
netic energy (calculated from sea surface
height anomalies), chlorophyll a (mean and
spatial gradients), and depth (mean and spatial
gradients) on diversity, using spatial regres-
sion models (Table 1, Fig. 2, and fig. S1).
These models accounted for spatial covariance
among cells, while testing the relations be-
tween oceanographic variables and diversity
(12). Most variables have been suggested to
explain the distributions of individual predator
species (16), but their effects on diversity had
been unknown. Stepwise elimination of non-
significant variables (eddy kinetic energy,
depth, chlorophyll, all P > 0.1) revealed mean
temperature, SST gradients, and oxygen as
main factors (Table 1). Spatial covariance
parameters indicated that latitudinal variation
was much more pronounced than longitudinal
variation (Table 1). Adjacent cells were prac-
tically uncorrelated across latitude but were
spatially correlated across 10° to 15° longitu-
dinal bands.
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Table 1. Spatial regression model relating tuna and billfish diversity to
oceanography. Regression coefficients and their standard error estimates
(SE) are given, along with test statistics. Covariance parameters estimate
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Fig. 1. Pattern and hotspots of tuna and billfish diversity. (A) Species richness in a
standardized sample of 50 individuals. (B) Species density in a standardized sample of
1000 hooks. (C) Top 50 hotspots of species richness (yellow), species density (orange),
or both (red). Hotspots represent 9% of all fished cells (6.6% of global ocean area)
and correspond to the upper 25% of the range in species richness (20% for species
density). (D to F) Correlations between tuna and billfish species richness and total
predator richness for (D) the Northwest Atlantic (0°N to 50°N, 30°W to 100°W), (E)
Hawaii (0°N to 40°N, 125°W to 180°W), and (F) Australia (10°S to 45°S, 110°E to
165°E). (G) Correlations between tuna and billfish species richness and foraminiferan
zooplankton richness in the Atlantic Ocean (65°N to 50°S, 90°W to 20°E). Data

points correspond to individual 5° by 5° cells, regression lines to best linear fits [(D) to

(F)] or log-linear fits (G).

exponential decay model: cov(y, y) = o2 exp — (6,d, ;, + 0,d, ;,), where
0, describes the latitudinal and 6, the longitudinal covariance parameter,
di’,,1 the latitudinal distance, and di’j’2 the longitudinal distance between

spatial correlation among 5° by 5° cells, assuming an anisotropic  cells y; and Y
Species richness Species density

Variable t P t P

coefficient SE coefficient SE
Intercept 1.694 0.846 2.0 0.1833 0.887 0.630 14 0.2945
Sea surface temperature —-0.443 0.153 -2.9 0.0038 —0.342 0.115 -3.0 0.0030
(SST)? 0.04 0.009 43 <0.0001 0.030 0.007 43 <0.0001
(SST)? -0.001 0.0002 -4.5 <0.0001 —-0.001 0.0002 -4.4 <0.0001
SST gradient 48.69 13.7 2.9 0.0042 29.617 9.830 3.0 0.0027
Dissolved oxygen 0.166 0.0495 3.4 0.0008 0.173 0.039 4.5 <0.0001
Covariance parameters 0, 6, o2 0, 0, o2
Estimates 0.242 0.089 0.475 0.179 0.071 0.267
Likelihood ratio test df =2 X2 =644 P < 0.0001 df =2 X2 =139.7 P < 0.0001

SST (Fig. 2A) clearly emerged as the
strongest predictor of species richness and
species density (Table 1), showing a positive
correlation over most of the observed range
(5°C to 25°C) but a negative trend above 27°C
mean SST (Fig. 2, D and E). For example,
species richness was depressed around cool
upwelling regions in the eastern Atlantic and
Pacific, but also in the western tropical Pacific
“warm pool” (Fig. 1A), which shows excep-
tionally high temperatures (>30°C) (Fig. 2A).
A third-order polynomial model of SST
produced the best fit for global predator di-
versity (Table 1 and Fig. 2, D and E). A very
similar model of SST explained spatial varia-
tion in foraminiferan zooplankton diversity

(14). For foraminifera, the decline of diversity
at high temperatures was linked to reduced
niche availability due to a sharp, shallow ther-
mocline in the tropical ocean (/4). For tuna,
which generate large amounts of metabolic
heat, physiological mechanisms such as over-
heating at high ambient temperatures could
play an additional role.

Much of the observed variation in species
richness and density around the general SST
trend was well explained by synoptic spatial
temperature gradients (Fig. 2, B to E). Sharp
temperature gradients (indicated by yellow
and red, Fig. 2, B to E) indicate frontal zones
and warm- or cold-core eddies that are
associated with mesoscale oceanographic var-

iability. Fronts and eddies often attract large
numbers of species such as seabirds (/7), tuna
(16), turtles (2), billfish, and whales (18), like-
ly because they concentrate food supply, en-
hance local production, and increase habitat
heterogeneity (10, 19). Persistent fronts also
form important landmarks along transoceanic
migration routes (20). Our analysis implies
that these regional habitat features may also be
important for global diversity.

Oxygen concentrations were positively
correlated with diversity (Fig. 2C and Table
1). This is likely to relate to species physiol-
ogy, because low oxygen levels (<2 ml 1)
may limit the cardiac function and depth range
of many tuna species (/6). Regions of low
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oxygen are located west of Central America,
Peru, and West Africa and in the Arabian Sea
(Fig. 2C). Indeed, despite optimal SST around
25°C, most of these areas showed conspicu-
ously low diversity (Fig. 1, A and B).

We analyzed temporal trends of tuna and
billfish diversity since 1952, when industrial
exploitation of the open oceans first expanded
globally. Using recently derived correction
factors for each species (21), we standardized
Japanese longline data for historical changes
in fishing practices, specifically the increase
in longline depth during the 1970s and 1980s
to target deeper swimming species such as
bigeye tuna (Thunnus obesus). Species rich-
ness and species density were calculated from
these data by rarefaction, as outlined above.
Resulting data sets are displayed in Movies S1
and S2. To extract seasonal, interannual, and
decadal trends, we estimated changes in av-
erage species richness and species density
across the Atlantic (Fig. 3A), Indian (Fig.
3B), and Pacific Oceans (Fig. 3C), using linear
mixed effects models that accounted for spa-
tial autocorrelation and for changes in the spa-
tial and seasonal coverage of fished cells (12).

Results indicated that interannual variation
was an order of magnitude stronger than
seasonal variation (table S2). Species richness
showed pronounced year-to-year fluctuations
and decadal declines of 10% to 20% in all
oceans (Fig. 3, A and C). However, this pattern
reversed in the Pacific in 1977, when richness
began to increase again to pre-exploitation lev-
els (Fig. 3C). Species density showed gradual
~50% declines in the Atlantic (Fig. 3A) and
Indian Oceans (Fig. 3B) and ~25% decline in

the Pacific (Fig. 3C). These declines were most
pronounced in intensely fished tropical areas,
particularly in the Indian and Atlantic Oceans
(Movies S1 and S2). The trajectories of species
richness and, particularly, species density were
negatively correlated with 5- to 10-fold in-
creases in total catch of tuna and billfish in all
oceans since 1950 (Fig. 3, A to C), which may
have led to regional depletion of vulnerable
species (4, 5, 22). Larger declines in species
density likely result from the combined effects
of decreasing richness and decreasing abun-
dance over time. Although strong temporal
autocorrelation in these trends precluded sta-
tistical inference, we could not identify a factor
other than fishing that may plausibly explain
long-term, global-scale declines. Gradual ocean
warming, for example, may lead to increased
diversity over most of the observed range (Fig.
2, D and E, and results below), although the
effects of complex changes in current patterns
and regional oceanography are hard to predict.
To explore historic trends in temperature and to
test the predictive value of our oceanographic
model (Table 1) over time, we fitted it to depth-
corrected diversity and SST data from the
1960s, 1970s, 1980s, and 1990s. We found that
relations among sea surface temperature, SST
gradients, oxygen, and diversity were very sim-
ilar across the last four decades (table S3).
These findings may suggest that there were no
major decadal changes in the relations between
diversity and oceanography.

Short-term variability in species richness,
however, appeared to be linked to climate, at
least in the Pacific. Pronounced year-to-year
changes in species richness D (expressed as
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first difference A, = D, — D,) showed a
strong positive correlation (» = 0.54, P <
0.0001) with the El Nifio Southern Oscilla-
tion (ENSO) index (Fig. 3D). When we
analyzed this pattern spatially at the level
of individual cells, we saw that widespread
increases in species richness during El Nifio
warm phases occurred across the North and
South Central Pacific (Fig. 3E). This could
be linked to regional warming and concom-
itant changes in recruitment or movement of
species into these areas; changes in catch-
ability could also be a factor. Substantial de-
creases in species richness were seen in the
tropical Eastern Pacific, a region that suffers
from greatly reduced productivity and asso-
ciated mass mortality of marine life during
El Nifno (Fig. 3E). Indeed, we found that
several large predator species (such as Indo-
Pacific blue marlin, Makaira mazara) (Fig.
3F) showed lower abundance in the tropical
Eastern Pacific and apparent increases across
the North and South Central Pacific with in-
creasing El Nifio conditions. This is probably
not an effect of changing catchability. Surface-
dwelling species such as marlins would likely
extend their vertical range with the deepening
of the thermo- and oxyclines during El Nifo
events in the Eastern Pacific. Hence, they
would become more catchable because they
are more likely to intercept longlines, which
are currently set at a mean depth of ~100 m
and a maximum of 400 m (27). The observed
pattern (Fig. 3F) is the opposite and is more
consistent with ENSO-induced migration of
highly mobile predators to favorable areas.
This hypothesis may be tested further using
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satellite tracking data currently being gath-
ered for a wide range of Pacific predators
(23).

In the Indian Ocean, ENSO or the Indian
Ocean Dipole Index (/2) did not appear to
influence species richness or density (P > 0.2).
In the Atlantic, however, we detected a weak
positive trend of species richness with the
North Atlantic Oscillation Index (NAO) (r =
0.301, P = 0.062) and, in the Pacific, a sig-
nificant correlation of species richness with the
Pacific Decadal Oscillation Index (PDO) (r =
0.306, P = 0.035), which may be linked to
long-term changes in the ENSO regime (24).
When the PDO suddenly reversed to a warm
phase in 1977, famously inducing a basin-wide
regime shift (25), the trajectory of predator
species richness also reversed (Fig. 3C).

Although other studies have confirmed the
effects of climate perturbations on movement
and recruitment of individual species (25, 26),
this is the first account of any ocean-wide
changes in community diversity. We suggest
that our results reconcile the different effects
of fishing and climate, a matter of intense
debate (27). We propose that fishing may
primarily drive long-term, low-frequency var-
iation in fish communities through gradual
changes in species abundance, composition,
and size (28), whereas climate induces year-
to-year variation that may modify decadal
trends only in cases where lasting regime
shifts occur (25).

These results establish a dynamic global
pattern of tuna and billfish diversity through
space and time. Detailed data for other pred-
ators and zooplankton strongly suggest that at

least the spatial pattern could be general across
taxonomically distant species groups. How-
ever, we caution that there are likely some
important exceptions. Marine mammals, for
example, may show high seasonal diversity in
subpolar regions, such as the Bering Sea (7).
Also, the coarse resolution of our data may
mask smaller scale (<100 km) variation
associated, for example, with coastal habitats
or seamounts (/7). More work is needed to
resolve such variation, particularly in near-
shore regions. At the global scale examined
here, sea surface temperature, SST gradients,
and oxygen were consistently correlated with
species diversity across at least four decades.
Optimal habitats that attract numerous species
appeared to be characterized mainly by warm
waters (~25°C) with sufficient oxygen con-
centrations (>2 ml 1"!) in combination with
mesoscale oceanographic gradients, resulting
in the formation of feeding habitats around
thermal fronts and eddies. Fine-scale experi-
mental studies confirm the importance of
temperature and oxygen levels, as well as
food concentrations for single predator species
2, 9, 16, 29). Here, we have shown that these
variables also correlate with global diversity
patterns, despite large regional differences in
environmental conditions and species identities.

These results can be used to inform con-
servation and management of the high seas.
First, species richness and density as calcu-
lated from standardized longlining data appear
to be sensitive indicators of community-wide
changes that may integrate the effects of both
fishing and climate as major agents of change.
Second, knowledge of global diversity pat-
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terns, when merged with fine-scale informa-
tion on habitat use, spawning areas, migration
patterns, and fishing mortality (7, 2, 9), could
be used to define priority areas for ocean con-
servation. Current conservation efforts such as
the international High-Seas Marine Protected
Area Initiative (30) may thereby direct limited
resources efficiently and maximize conserva-
tion benefits for the future. These efforts ap-
pear even more urgent when considering
ocean-scale declining trends in predator di-
versity as seen in our data. We caution that
these trends are based on common target
species. Incorporating information on vulner-
able bycatch species such as sharks (22) and
sea turtles (2) might prove these estimates
conservative.
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