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or the last decade there has been considerable debate about
the status and sustainability of pelagic ﬁsheries around the
world (1–6) and their effects on the ecosystems that support
them (7–10). Many species may be protected by identifying
biodiversity hotspots and managing them for conservation (11).
This approach is well established for terrestrial systems and
marine tropical reefs (12, 13), but less so for the pelagic ecosystems of the open ocean (11). Simulation modeling has indicated that management techniques such as area closure are
likely to help conserve many pelagic species (11). Accordingly,
there has been a signiﬁcant effort to identify and map pelagic
biodiversity hotspots at a global scale, but progress has been
limited. The coarse resolution of most datasets masks the smallscale patterns associated with coastal habitats or seamounts (14).
Hotspots that have been identiﬁed in open ocean areas have
been typically associated with particular environmental factors
and mesoscale oceanographic features such as latitude, fronts, or
eddies (14, 15). The dynamism of pelagic environments can
signiﬁcantly reduce the efﬁcacy of conservation measures (16).
To address this issue, dynamic marine reserves that move with
the wildlife have been suggested (17), but such approaches may
not be workable (18).
Many seamounts are important aggregating locations for
highly migratory pelagic species (19–23), but their role in aggregating pelagic biodiversity is largely unknown. If seamounts
are hotspots for pelagic biodiversity then they may prove to be
suitable areas for conservation measures in open ocean environments. Morato et al. (23) demonstrated that seamounts aggregate some visitor species but did not demonstrate that this
behavior can be generalized. Building upon this previous work,
we examine the role of seamounts in aggregating pelagic biodiversity by applying ocean basin scale generalized linear models
(GLMs) to location-speciﬁc ﬁsheries catch data. In addition, we
analyzed catch per unit of effort (CPUE) in relation to distance
www.pnas.org/cgi/doi/10.1073/pnas.0910290107

to seamounts to identify those pelagic species that are signiﬁcantly associated with seamounts. The dataset comprised a time
series from 1980 to 2007 of species catch data collected on tuna
longline vessels by independent observers over large areas of the
western and central Paciﬁc Ocean, coupled with comprehensive
data on the location of seamounts (24).
Results
Seamounts as Hotspots of Biodiversity? Rareﬁed pelagic diversity

was signiﬁcantly higher in seamount habitats than in coastal or
oceanic waters (Fig. 1A) and was found to be nonlinearly related
to the distance to seamount, with diversity higher close to the
summits (Fig. 1B). Rareﬁed diversity was higher at intermediate
latitudes (10–35 °S and 10–15 °N; Fig. 1C). Regions with higher
pelagic diversity included Indonesia, Palau, Federated States of
Micronesia, and Marshall Islands in the Northern Hemisphere
and Tonga, New Caledonia, and Norfolk Island in the Southern
Hemisphere (Fig. 2). The relationship for describing species diversity was complex with distance to features, number of hooks,
and latitude the strongest predictors of species diversity (Table
1). When all variables except distance to feature were kept
constant, seamounts were found to have higher rareﬁed diversity
within 30–40 km of the summit (Fig. 3). For coastal and oceanic
habitats the rareﬁed diversity was lower and not affected by
distance to the feature (Fig. 3). A statistically signiﬁcant effect of
moon was not detected for rareﬁed diversity. The detailed GLM
results are presented in Table S1.
Highly Migratory Pelagic Species Aggregating Around Seamounts. To
identify which species aggregate around seamounts, the relationship between CPUE and distance to seamounts was examined for individual species. There were sufﬁcient data to
analyze 37 taxa. Of these, seamount aggregation effects were
detected for 41% of the taxa (15 taxa of shark, billﬁsh, and pelagic teleost ﬁsh), although the opposite effects were detected for
only 3 taxa (Table 2). For the shark taxa the probability of
catching the species increased closer to seamounts for porbeagle
shark (Lamna nasus), short-ﬁnned mako shark (Isurus oxyrinchus), and silky shark (Carcharhinus falciformis) and decreased for pelagic stingray (Pteroplatytrygon violacea). The
average number caught per set was also higher closer to seamounts for silky sharks. We did not detect an effect of seamount
on the probability of being caught for blue shark (Prionace
glauca), but observed that in sets that caught the taxa the average
number caught was higher closer to seamounts. For the billﬁshes
and tunas the probability of catching the species increased closer
to seamounts for yellowﬁn tuna (Thunnus albacares), blue marlin
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The identiﬁcation of biodiversity hotspots and their management
for conservation have been hypothesized as effective ways to
protect many species. There has been a signiﬁcant effort to
identify and map these areas at a global scale, but the coarse
resolution of most datasets masks the small-scale patterns associated with coastal habitats or seamounts. Here we used tuna
longline observer data to investigate the role of seamounts in
aggregating large pelagic biodiversity and to identify which
pelagic species are associated with seamounts. Our analysis
indicates that seamounts are hotspots of pelagic biodiversity.
Higher species richness was detected in association with seamounts than with coastal or oceanic areas. Seamounts were found
to have higher species diversity within 30–40 km of the summit,
whereas for sets close to coastal habitat the diversity was lower
and fairly constant with distance. Higher probability of capture
and higher number of ﬁsh caught were detected for some shark,
billﬁsh, tuna, and other by-catch species. The study supports hypotheses that seamounts may be areas of special interest for management for marine pelagic predators.

B

A
7.0
6.9
Species Diversity
sity (Ŝ40)

C

8.0
7.8
7.6
7.4
7.2
7.0
6.8
6.6
6.4
6.2
6.0

6.8
6.7
6.6
66
6.5
6.4
6.3
6.2
6.1
SM

Shore
Habitat

Oceanic

8.5
8.0
7.5
7.0
6.5
6.0
5.5
R² = 0
81
0.81
0
20
40
60
80
100
Distance to seamount summit (km)

5.0
4.5
-55 -45 -35 -25 -15 -5
Latude

5

15

Fig. 1. Mean expected species diversity (±95% conﬁdence limits) rareﬁed from 40 individuals (S^40) as a function of (A) the main habitat [seamount (SM),
shore and oceanic] where all means are signiﬁcantly different at α = 0.01 (ANOVA and Tukey’s honestly signiﬁcant difference test), (B) distance to seamount
summit where the ﬁtted logarithmic regression is also shown (shaded line), and (C) 5 ° latitude.

(Makaira nigricans), and swordﬁsh (Xiphias gladius) and decreased for albacore (Thunnus alalunga) and shortbill spearﬁsh
(Tetrapturus angustirostris). For the other pelagic teleost ﬁsh the
probability of catching the species increased closer to seamounts
for ribbon ﬁsh (Trachipterus trachypterus), butterﬂy kingﬁsh
(Gasterochisma melampus), big-scaled pomfret (Taractichthys
longipinnis), Atlantic pomfret (Brama brama), and long-snouted
lancetﬁsh (Alepisaurus ferox). The average number caught per
successful set was also higher closer to seamounts for butterﬂy
kingﬁsh but lower for ribbon ﬁsh and big-scaled pomfret. We did
not detect an effect of seamount on the probability of being
caught for short-snouted lancetﬁsh (Alepisaurus brevirostris) and
moonﬁsh (Lampris guttatus), but observed that the average
numbers caught per successful set were higher closer to seamounts for both species. For the other 19 species, statistically
signiﬁcant trends were not detected (Table S2). Seamount ag-

gregation effects on both probability of capture and number
caught were also observed for the unidentiﬁed species category.
Discussion
Our analyses suggest that seamounts are hotspots of pelagic
biodiversity, because they show consistently higher species richness than do shore or oceanic areas. Moreover, our study indicates that higher species diversity is likely to occur within 30–40
km of seamount summits. This study also demonstrates that
many marine predators and other visitors are associated with
seamounts. The GLM model did not take into account the
species being targeted or the depth and time of sets as information on these variables was not contained within the database. These factors may inﬂuence the results but are unlikely to
affect the overall patterns, which are robust.
Associations with seamounts have been previously described
for a few species of tuna (20, 23, 25, 26), sharks (22, 27), billﬁshes

Fig. 2. Expected species diversity rareﬁed from 40 (S^40) individuals as a function of 1 × 1 degree cells. Stars denote locations of seamounts with longline sets
close to their summits.
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Year
Moon
Month
Lat5
Long5
Flag_Fleet
EEZ
Hooks (ns, df = 10)
log(dist.) × feature

df

Deviance

AIC

P

22
7
11
12
26
29
21
10
2

49,748
50,977
49,792
49,939
52,747
50,793
51,295
50,848
56,736
49,807

54,383
54,654
54,380
54,410
55,115
54,599
54,720
54,623
56,061
54,394

<0.001
0.133
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

AIC, Akaike’s information criterion; df, degrees of freedom; EEZ, Exclusive
Economic Zone; ns, natural cubic splines.

(28, 29), some seabirds (23, 30), and some marine mammals (23,
31), mostly at an individual seamount scale. Our study suggests,
however, that seamount associations are probably more common
and widespread than previously anticipated. The resolution of
the data collected does not provide any opportunity to identify
the mechanistic explanations for why seamounts aggregate biodiversity. However, seamounts generate conditions such as increased vertical nutrient ﬂuxes and material retention that
promote productivity and fuel higher trophic levels (32–34).
Seamounts also have unique “magnetic signatures” that may
contribute to their use as rest stops or feeding grounds for many
pelagic species such as sharks, whales, and other migrants (35,
36). It is likely that the mechanistic explanation is a combination
of factors that make seamounts suitable mating, feeding, and
nursery grounds for highly migratory pelagic species as well as
benthic organisms (37).
Higher pelagic biodiversity has previously been noted in intermediate latitudes (11) and our analyses support this hypothesis. However, we also noted high diversity in some tropical
latitudes. In previous studies, data have been scarce for the
tropical latitudes between 10 °N and 10 °S, whereas the observer
data used in this study provided more comprehensive coverage.
Further development of observer programs to ensure comprehensive spatial and temporal coverage is encouraged.
Conserving biodiversity hotspots has been demonstrated to
yield signiﬁcant conservation beneﬁts (11). Therefore, our
analyses support the utility of seamounts as potential locations
for offshore marine reserves. Seamount habitats are easier to
conserve than ephemeral areas because they are easier to map,

survey, and enforce. The establishment of a network of marine
reserves on seamounts may help to conserve pelagic biodiversity
and achieve sustainability of marine predator species, such as
porbeagle shark, short-ﬁnned mako shark, silky shark, blue
shark, yellowﬁn tuna, blue marlin, swordﬁsh, ribbon ﬁsh, butterﬂy kingﬁsh, big-scaled pomfret, Atlantic pomfret, longsnouted lancetﬁsh, short-snouted lancetﬁsh, and moonﬁsh.
Materials and Methods
Fisheries and Seamount Data. The Western and Central Paciﬁc Ocean (WCPO)
is by far the most important tuna ﬁshing ground in the world, contributing
≈50% (2.4 million tons in 2007) of the global tuna catches (38) at an economic value of US$3.8 billion. The longline ﬁshery in the WCPO has a smaller
catch (∼10% of the total), but its value is relatively high (30% of the total
value). It targets adult bigeye (Thunnus obesus), yellowﬁn (T. albacares), and
albacore tuna (T. alalunga), and in some cases sharks or swordﬁsh (X. gladius), and operates with fairly standard gear conﬁgurations that comprise
a main line, branch lines between ﬂoats, and ﬂoat lines. The Secretariat of
the Paciﬁc Community (SPC) maintains the regional database for ﬁsheries
observer programs in the WCPO, which commenced in 1980. The study area
extends from 35 °N to 50 °S in latitude and from 130 °E to 120 °W in longitude (Fig. S1). All longline sets from the period 1980–2007 were extracted
from the SPC’s observer dataset, which include trips conducted onboard
industrial and semi-industrial vessels from the Paciﬁc Island Countries and
Territories and from distance-water ﬁshing nations. Depth of ﬁshing was not
recorded but is known to vary according to setting strategies. The database
contains 23,546 longline sets with the number of hooks per set ranging from
a few hundred to several thousand, averaging ∼2,000 hooks per set. Observer quality was assumed to be consistent across all sets. The dataset
contains catch data for 352 taxa, but only 50 taxa were recorded in >500
longline sets (Table S3). The number of recorded species as a function of
ﬁshing effort reached an asymptote (at ≈10–20 million hooks), indicating
that the sample size obtained from the observer programs was sufﬁcient to
perform the biodiversity analyses (Fig. S2).
Catch by species was returned as number, size, and weight. Date and
geographic location of the set, number of hooks, and ﬂag and ﬂeet of the
ﬁshing boat were also extracted. The distance of each longline set to the
closest seamount was estimated using the simple spherical law of cosines and
a Paciﬁc seamount dataset containing 7,741 features (24, 39). Additionally,
distances of longline sets to the closest shore were estimated using a land
shapeﬁle (including atolls). Longline sets were then categorized by habitat
as seamount sets (distance to seamount < distance to shore and < 100 km),
coastal sets (distance to shore < distance to seamount and < 100 km), or
oceanic sets (distance to shore and distance to seamount >100 km). The
longline dataset contained 10,602 seamount sets, 5,164 coastal sets, and
7,780 oceanic sets.
Biodiversity Analyses. Species richness is known to increase with sample size,
and differences in richness may be caused by differences in sample size. To
solve this problem, we used rarefaction techniques to account for differences
in ﬁshing effort (number of hooks) among longline sets (40, 41). The
expected number of species (S^40), standardized to 1,000 hooks per longline
set, was rareﬁed for subsamples of 40 individuals from the total number of

Fig. 3. The effect of the variables distance × feature on species diversity rareﬁed from 40 individuals (S^40). One variable was predicted at a time from the
results of the GLM by ﬁxing the other variables.
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Table 1. Summary statistics for the GLM single-variable
elimination analyses relating species diversity with habitat and
other variables

Table 2. Statistics for all by-catch species that were observed in >500 of 10,602 sets (n > 500),
for both the binary and the lognormal components of the GLM
Binary
N

ΔAIC

LogdistSM

Sharks and Rays
Blue shark
Porbeagle shark
Silky shark
Pelagic stingray
Short-ﬁnned mako shark

7,115
1,572
1,890
2,116
2,207

1.84
−5.40
−1.20
−5.18
−4.62

Billﬁshes and similar
Swordﬁsh
Blue marlin
Shortbill Spearﬁsh

3,973
1,977
1,451

Tuna, bonito and mackerel
Albacore
Yellowﬁn
Pelagic ﬁsh and others
Longsnouted lancetﬁsh
Atlantic pomfret
Moonﬁsh
Big-scaled pomfret
Butterﬂy kingﬁsh
Ribbon ﬁsh
Short-snouted lancetﬁsh
Unidentiﬁed taxa

Species

Lognormal
SM effect

ΔAIC

LogdistSM

0.0153
−0.1976
−0.0954
0.1149
−0.1111

Higher
Higher
Lower
Higher

−4.34
1.28
−1.92
0.82
0.69

−0.0431
0.0262
−0.0591
0.0241
0.0199

−1.21
−2.36
−4.75

−0.0668
−0.0936
0.1405

Higher
Higher
Lower

0.76
0.63
2.00

−0.0178
0.0214
−0.0013

6,898
6,420

−2.64
−3.12

0.1164
−0.1095

Lower
Higher

−12.50
1.88

0.0662
0.0068

3,268
2,365
3,065
892
1,013
577
741
1,603

−2.46
−2.22
0.49
−5.62
−5.46
−5.85
1.34
−0.77

−0.0859
−0.1077
−0.0465
−0.1694
−0.1848
−0.3128
−0.0511
−0.0810

Higher
Higher

1.53
0.95
−0.24
−2.46
−8.94
−0.94
−0.37
−0.53

0.0143
−0.0322
−0.0258
0.0678
−0.0980
0.0956
−0.0575
−0.0504

Higher
Higher
Higher
Higher

SM effect
Higher
Higher

Lower

Higher
Lower
Higher
Lower
Higher
Higher

For each component we present the effect of including the term for distance to seamount on the AIC (ΔAIC),
the parameter estimate for the relationship with log(distance to seamount), and whether the effect represents
a signiﬁcantly higher or lower catch rate close to seamounts (SM). Only those taxa with statistically signiﬁcant
trends are shown here. The complete table is shown in Table S2.

individuals in the sample. This methodology has been extensively used to
compare the species richness obtained from longline ﬁshing ﬂeets (11, 14,
42). The effects of habitat type and distance to habitat feature were analyzed for the estimated rareﬁed richness.
GLM techniques were used to standardize rareﬁed richness and to evaluate whether the presence of habitat features and the distance to the feature
were signiﬁcant explanatory variables. The explanatory variables included in
the model were year as a proxy for temporal variability, moon phase as the
relationship between lunar periodicity and catch rates as has been demonstrated for a wide variety of commercially exploited species (e.g., ref. 43),
geographical area, ﬂeet type, distance to the closest feature, and ﬁshing
effort. Akaike’s information criterion (AIC) was used to compare the model
ﬁts using different relationships with distance to feature, with log-transformed having the better ﬁt. The model used was
S^40 ~ Year þ moon phase þ month þ lat5 þ long5
þ flagfleet þ Logðdistance to featureÞ· feature
þ nsðhooks; df ¼ 10Þ:
Years included in the standardization were 1982 and 1987–2007 because S^40
estimates were not available for other years. Moon phase was divided into
eight categories from new to full. The geographical areas used in the
standardization were squares of 5 ° latitude and longitude because they
originate better ﬁt than many other approaches. Vessels were categorized
on the basis of a combination of their ﬂag and ﬂeet type. Effort was measured as the natural cubic splines (ns) of the number of hooks in each
longline set. The species being targeted and the depth and time of a set can
inﬂuence the nontarget species caught. Information on these variables was
not contained within the database and ﬂeet type and number of hooks
were used as a proxy measures for these variables.
Analyses of the GLMs for Each Highly Migratory Pelagic Species. We used GLM
techniques to standardize catch data for each by-catch species caught in at
least 500 sets of the 10,602 sets for which a seamount was the closest feature
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and was within 100 km (Fig. S3). We modeled the data in two parts using a δlognormal GLM (44). In the ﬁrst (binomial) part we modeled the probability
of catching any of the species in a set. In the second (lognormal) part we
modeled the number caught in sets where at least one animal was caught.
We used AIC to test for effects of distance to seamount by modeling the
data with and without a seamount term. The explanatory variables included
in the models were the same as in the biodiversity analyses. The models
adopted to standardize data were
Logit½pðspeciesn ≠ 0Þ ∼ year þ moon phase þ month þ lat5 þ long5
þ flagfleet þ hooks þ LogðdistSMÞ;

where speciesn ≠ 0, and
speciesn ∼ year þ moon phase þ month þ lat5 þ long5 þ flagfleet
þ hooks þ LogðdistSMÞ:

We examined the residuals to check that the assumptions were not violated for each model. By-catch species were considered to be associated
with seamounts if the seamount distance effect was statistically signiﬁcant and negative (i.e., higher catch rate when closer to seamount summits).
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