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Residency of the scalloped hammerhead shark (Sphyrna
lewini) at Malpelo Island and evidence of migration
to other islands in the Eastern Tropical Pacific
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Abstract Sixty nine hammerhead sharks, Sphyrna
lewini, were tagged at Malpelo Island (Colombia) with
ultrasonic transmitters during March 2006, 2007 and
2008, as part of a study to understand their residency at
the island and their horizontal and vertical movements.
Five sharks visited Cocos Island, 627 km distant from
Malpelo. One of the sharks that appeared at Cocos Island
also visited the Galapagos Islands, 710 km from Cocos,
a month later. There is connectivity of Sphyrna lewini
between Malpelo, Cocos and the Galapagos Islands, but
the frequency of movements between the islands appears
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to be relatively low (<7% of the tagged sharks). The
most common depth at which the sharks swam coincided
with the thermocline (rs=0.72, p<0.01). The depth of
the thermocline varied depending on the time of the year.
Nocturnal detections of the sharks were more frequent
during the cold season than during the warm season
(W=60, p<0.01). We also found that hammerheads
spent significantly more time on the up-current side of
the island (Kruskal-Wallis=31.1008; p<0.01). This study
contributes to the knowledge of hammerhead sharks not
only in Malpelo Island but also at a regional level in the
Eastern Tropical Pacific.

Keywords Telemetry - Marine protected areas -
Connectivity

Introduction

The Eastern Tropical Pacific Seascape (ETPS) is an area
of more than 2 million hectares, spanning the national
waters of Panama, Costa Rica, Colombia and Ecuador,
and international waters in between. Marine Protected
Areas (MPAs) have been designated around some of the
oceanic islands in the region, most notably the Galapagos
Marine Reserve (138 000 km?), the Cocos Island
National Park (1997 km?), and the Malpelo Flora and
Fauna Sanctuary (9584 km?). Although the marine
reserves were created using the best available knowledge
at the time, little was known about the movement and
residency patterns of key marine creatures which the
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MPAs were designed to protect. Baseline studies were
often implemented after their creation (e.g. Danulat and
Edgar 2002).

As top predators, sharks are an important group
within the ETPS marine ecosystem. In particular, the
scalloped hammerhead shark (Sphyrna lewini) is
known to aggregate in large schools around all these
oceanic MPAs. This species has a world-wide
distribution from warm temperate waters to the
tropics (Ferrari and Ferrari 2001). Its late sexual
maturity, low fecundity and low natural mortality
results in this species having a low intrinsic rate of
population increase (Ferrari and Ferrari 2001).
Hence, it is highly vulnerable to overexploitation
(Camhi 1998; FAO 2000; Newmark and Santos-
Acevedo 2001; Watts 2001; Baum et al. 2003;
Simpfendorfer and Heupel 2004; Chapman et al.
2005; Jennings et al. 2005).

Local and regional agreements to limit the capture
of sharks as well as the creation of new MPAs are key
actions for the protection and conservation of this
species. Sharks are also becoming an important
source of income for dive ecotourism (Orams 1996;
Davis and Banks 1998; Norman 2000; Landmann
2000; Pedersen 2002; Chapman et al. 2005; Dobson
2006; Torres et al. 2007).

Understanding the temporal and spatial scales at
which sharks move is of paramount importance to
ecologists and conservationists since it gives us a
better understanding of habitat use and key sites
occupied by these species (Schneider 1994). The
tagging of sharks using ultrasonic telemetry is a very
useful technique to understand the behavior of these
top marine predators (Sciarrotta and Nelson 1977).

In this paper we present information on the
movements of the scalloped hammerhead shark at
Malpelo Island and evidence of connectivity with
other oceanic islands in the Eastern Tropical Pacific
(ETP) region. Our main questions are: Do hammer-
head sharks display site fidelity at Malpelo Island?
What are the diel and seasonal movement patterns of
hammerhead sharks at Malpelo Island? Are the
populations of hammerhead sharks of Malpelo
connected with those of the Galapagos Archipelago
and Cocos Island? This study is part of a broader,
regional initiative to understand the temporal and
spatial relationship between the shark populations of
the oceanic MPAs of the ETP.
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Material and methods
Study area

Malpelo Island (3°58 N and 81°37'W) is located in
the ETP, 490 km from the port of Buenaventura off
the Colombian Pacific coast (Fig. 1). The island, 1.2
km? in area, is surrounded by eleven pinnacles and its
highest point is 300 m above sea level (Lopez-
Victoria and Rozo 2006). The waters surrounding
Malpelo Island are influenced seasonally by four
currents: 1) the North Equatorial Countercurrent, 2) the
South Equatorial Current, 3) the Colombia Current and
4) the Panama Cyclonic Current (Rodriguez-Rubio et al.
2007). The extent of mixing of the water masses
depends on the interannual migration of the Inter-
Tropical Convergence Zone (ITCZ) (Rodriguez-Rubio
et al. 2003), and also upon larger scale cycles such as Fl
Nino Southern Oscillation (ENSO) (Devis-Morales et
al. 2008). The interactions of currents in Malpelo result
in two distinct cold and warm water seasons. During the
cold season, from January to April, the waters surround-
ing the island are high in nutrients and productivity
caused by ocean upwelling, which is produced by the
interaction between winds originating from Panama and
the waters off the Colombian Pacific ocean (Rodriguez-
Rubio and Stuardo 2002; Rodriguez-Rubio et al. 2003).
The sea surface during the cold season ranges from
20°C to as high as 27°C, however the thermocline can
be found relatively shallow (<15 m). Below the
thermocline the water temperature can drop as low as
14°C. The water visibility in the top layer (above the
thermocline) can be as low as 5 meters due to the high
nutrient content water but normally ranges from 10 to
15 m. Below the thermocline the water visibility is up to
50 m. The currents during this period flow from north to
south with an average velocity of 100 cim/s (Rodriguez-
Rubio et al. 2003; Devis-Morales et al. 2008). During
the warm season, from May until the end of December,
the average sea surface temperature is around 27°C
(Rodriguez-Rubio et al. 2007). At this time, the waters
are clear with an average visibility of 25 m, the
thermocline is usually >50 m, the currents flow from
southwest to northeast with an average velocity of
90 cm/s (Devis-Morales et al. 2008), and there is a
higher nutrient and chlorophyll-a content at a depth of
60 m due to the absence of upwelling (Rodriguez-Rubio
et al. 2007).
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Ultrasonic telemetry

The tags were affixed to sharks by free divers by
inserting a stainless steel barb into the dorsal
musculature of the sharks. The tag was attached
with a tether to the barb, which was placed in the
inset of the tip of a spear gun or pole spear. Sixty
nine ultrasonic tags were deployed from 2006-2008
during three expeditions carried out in March; 13,
16 and 40 tags for each of the 3 years, respectively
(Table 1). The ultrasonic tags used were of two
types: coded transmitters (V16-6H, Vemco Ltd.,
Halifax, Canada) and sensor tags (V16TP-6H,
Vemco Ltd.) that were capable of measuring depth

and temperature (16x94 mm, weight in water 14 g,
with battery life of approximately 3010 d). The
transmitters used in 2006 and 2007 were set to be
silent (delay) for a randomized period of 50 to 160 s
and the ones used in 2008 were set to be silent for a
randomized period of 60 to 190 s between each pulse
train and worked in code map R04K and R64K,
respectively. The delay for the 2008 transmitters was
increased to reduce the collisions between signals
since there were 40 tags installed. Both types of tags
conveyed an individually specific code for a partic-
ular shark which periodically emitted a ‘pulse train’
of closely spaced 69 kHz ‘pings’ and were detected
by six tag-detecting ultrasonic receivers (VR2,
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Table 1 Details of tags, serial number, type, accuracy, date implanted, tagging location in the island, sex and size of the 69
hammerhead sharks tagged in Malpelo during March 2006, 2007 and 2008 with ultrasonic transmitters

TAG # Type Range of accuracy Code Date implanted Location
1 V16TP from—>5 to 35°C / 168/169 3/2/2006 Pared del Aguila

0 to 1020 m
2 V16TP from—5 to 35°C / 170/171 3/1/2006 Arrecife

0 to 1020 m
3 V16TP from—>5 to 35°C / 172/173 3/1/2006 Bajo de Junior

0 to 1020 m
4to 13 Vie6 128 to 137 2/28/2006 to Los Gemelos, Nevera,

03/02/2006 Pared del Aguila,
Bajo de Junior
14 to 29 V16 1933 to 1942 and 3/8/2007 Arrecife
3459 to 3464

30 to 69 V16 6922 to 6965 * 03/08/2008 to Arrecife

03/12/2008

?some codes were not used. Sharks ranged in size from 1.3 to 2.5 m

36 females, 23 males and 10 sharks of unknown sex were tagged

Vemco Ltd.) situated around the island at locations
where sharks are normally seen (Fig. 1, Table 2).
Each successfully decoded pulse train was recorded
as a single detection by a VR2 receiver and stored in
the receiver memory as the unique transmitter
number, date and time of detection. The information
of the receivers was downloaded nine times during
the 3 year period (every 4 to 5 months). If a shark
was not registered in any receiver it was assumed
that the shark was absent from the island, the tag was
shed, or the animal was dead. Similar arrays of
receivers were also deployed by other research teams
in the Galapagos Islands (Hearn et al. 2010), and at
Cocos Island (Arauz, personal communication).

Table 2 Location of the receivers placed in Malpelo, depth
where they were installed and general configuration of the
surrounding environment

Receiver location Depth (m) Bottom configuaration
Arrecife 28 Sand and ruble
Monstruo 60 Rock

Naufrago 40 Sand and ruble
Nevera 22 Rock

David 40 Sand and ruble
Gemelos 27 Rock
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Range tests

We conducted range tests to determine the maximum
distance of detection of the ultrasonic transmitters by the
receivers. These range tests were conducted in three
different locations (Arrecife, David and Gemelos)
around Malpelo Island, which differ in their general
environmental conditions and water current. These tests
were performed at a maximum distance of 400 m from
the VR2 receivers using an inflatable boat. Five V16
transmitters were lowered to 10 m depth and waited for
at least two pulses or a 10 min interval every 50 m until
the 400 m distance was reached. In the three places
where the range test was performed, the receivers were
able to listen to the transmissions in a range of 300 to
350 m or less, however 50% detections occurred
between 200 to 250 m.

Environmental variables and depth of sharks

Monthly environmental variables (sea surface and
altimetry data) were obtained from the DIVERSITY
Project (Themis) at a resolution of 4 km. At each site,
where ultrasonic receivers were deployed, scuba
divers determined the depth of the thermocline (see
ultrasonic telemetry section). During each dive, two
or more scuba divers recorded abrupt changes in
water temperature at depth using their dive computers
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Fig. 2 Mean (+/—Standard Error) thermocline depth per month
around Malpelo, from March 2006 until March 2007. N=228
was the number of dives where the thermocline was determined

(Fig. 2). This activity was carried out during tagging
cruises and other research cruises to the island. The
thermocline was defined as the depth at which the
rate of temperature change was greatest. The depth
of the sharks was recorded by the ultrasonic
receivers. The correlation depth of sharks vs. depth
of thermocline was compared only for days with
information for both variables. Furthermore, visual
censuses were also conducted and the approximate
depth of the sharks was estimated in relation to the
depth of the divers. During these censuses, experi-
enced divers were asked to record the presence,
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size and depth of individual sharks, and to estimate
the school size where appropriate. Census results
were normalized by dividing the abundance by the
time spent underwater.

Data analysis

We compared the number of days present per shark at
each receiver with the direction and intensity of
currents (DIVERSITY project, Themis) from March
2007 to April 2009. For this comparison, we used 42
sharks for the cold season and 27 sharks for the warm
season, and altimetry measurements from satellite
data sources (JASON-1 and ENVISAT). There were
two predominant current conditions: southerly direc-
tion during the cold season and northeasterly during
the warm season. We used a multiple comparison test
among medians (Fisher—Least Significant Differ-
ence) to determine whether certain sites showed
similarities or differences.

Results

Tagged hammerhead sharks were detected by
receivers at each of the six sites around the island
(Fig. 3). Some of the sharks remained within the
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Malpelo Island with ultrasonic transmitters were
recorded at Cocos Island, 627 km from Malpelo,
during 2006, 2007, 2008 and 2009. Moreover, one of
the sharks (ID 63) detected in April 2008 at Cocos
Island was also recorded at the Galapagos Islands,
710 km from Cocos Island, from the end of May 2008
until March 2009 (Fig. 3).

There were many more transmissions recorded
during daytime than at nighttime throughout the study
period (p<0.05) (Fig. 4; Fig. 5). This was consistent
with the sharks remaining close to the island during
the day and moving into the surrounding waters away
from the detection range of the receivers at nighttime.
The sharks were detected more often at nighttime
during the cold season compared with the warm
season (Fig. 6). For this comparison we used
information from 17 sharks which held their tags for
10 months or longer and we compared 14 months
corresponding to the Cold seasons of 2006 to 2009
vs. 14 months corresponding to the Warm seasons of
2006 to 2008. There were significant differences
between the medians at 99% significance (Mann-
Whitney—Wilcoxon=60.0, p<0.01), suggesting that
the hammerhead sharks stayed closer to the island and
for longer periods at night during the cold part of the
year, and remained away from the island at night
during the warm season.

The depths registered by the ultrasonic tags near
the receivers show that there is a relationship between
the depth at which the sharks swam and the depth of
the thermocline as measured by divers near the
receivers (rs=0.72, R*=0.44, p<0.01). For example,

Warm m—{ =

0 200 400 600 800 1000
Number of night detections

N =17 -

W= 60
p<0.01

Fig. 6 Comparison of number of detections at night for the 3
year period for 17 sharks (Sphyrna lewini) which held their tags
for 10 months or longer. In order to make this comparison 14
months of the cold season (January to April) were compared
against 14 months of the warm season (May to December) for
the 3 years of study. As seen the number of night detections
during the cold season were significantly greater than the night
detections during the warm season

the recorded depths of the sharks ranged from five to
15 m when the thermocline was at 10 m; conversely,
their depths varied from 10 to 50 m when the
thermocline was at a depth of 30 m (Fig. 7a). Thus,
when the thermocline was shallow, hammerhead
sharks swam mainly near the surface, and when the
thermocline was deeper the sharks swam not only at
the surface, but also at greater depth within the mixed
layer. This same trend was observed by visual census
conducted by divers with significant relationship
between the depth of the hammerhead sharks and
the thermocline (Fig. 7b).

The depth of sharks did not always correlate with a
particular temperature. For example, a particular shark
(code 172/173) swam at greater depths as the
temperature decreased from August to September,
but continued to swim at similar depths as the
temperatures rose from October to November. We
used this shark (172/173) as an example since it was
one out of three sharks carrying temperature and
depth sensors, which remained affixed to the sharks
for over 15 months. The deepest average depth
registered by this shark carrying an ultrasonic
transmitter was 49 m during December when the
mixed layer was at its deepest (50 m) as measured by
a dive computer (Fig. 2). The depths at which the
shark swam near Malpelo were relatively shallow,
ranging from 14 to 50 m, depending on the time of
the year. However, the maximum depth recorded
might be an artifact of the range of detections of the
receivers (£300 m), determined from range tests
performed and the depth of the island shelf at that
distance (<100 m). Hammerhead shark schools
sighted by divers were found fairly deep during the
warm water season (around 25 m), and shallower
during the cold season, around 18 m (W=5533.5,
p<0.01) (Fig. 8).

Significant differences were found between the
number of days present per shark at each site
(Kruskal-Wallis=31.101 p<0.0001). Using a multi-
ple comparison test among medians (Fisher LSD) of
number of sharks detected per day during the cold
season with south current at the six receivers showed
that Arrecife, Monstruo and Naufrago (receiver
stations in the northern part of the island) formed a
separate group, whereas David, Nevera and Gemelos
(stations in the opposite side of the island) consti-
tuted a second group (see upper graph —a- and map,
Fig. 9 and Table 3).
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Fig. 7 a Linear regression
of depth of the three
hammerhead sharks (168/
169, 170/171, 172/173),
equipped with VI6TP
(Temperature depth
sensors), determined by
ultrasonic transmitters and
depth of thermocline.

In N=85 cases there was
comparable information for
thermocline and depth of
the three sharks with depth
temperature transmitters.
The information presented
is from March 2006 until
July 2007 period in which
these three tags were active.
b Linear regression of depth
of sharks estimated by
divers vs depth of
thermocline. N=Number of
independent dives where
sharks were sighted and
thermocline determined.
The information presented
is from January 2007 until
November 2009

Similarly, using a multiple comparison test among
medians (Fisher LSD) of number of sharks detected
per day during the warm season with northeasterly
current at the six receivers, hammerheads spent more
days at the receivers situated at David, Nevera,
Naufrago on the southwestern side and Monstruo
located on the northwestern side of the island (see
lower graph —-b- and map, Fig. 9 and Table 4).
Although, Naufrago and Monstruo are located at the
northern end of the island, both of these places were
subject to strong currents, which correlates with the

45
40.® Depthof sharks Nei84
35" Thermocline - \

30

254
20 ‘

Depth (m)

Cold Warm
Season

Fig. 8 Depth of hammerhead schools vs thermocline in Malpelo
Island determine by visual census during the cold and warm
season, from January 2007 until November 2009. N=Number of
dives where sharks were sighted
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higher number of days per shark detected at these
sites. Nevertheless, the only significant difference in
the number of days per shark between sites was with
Gemelos located in the southeastern side of the island.
Gemelos is only exposed to weaker current conditions
during the warm water period presumably being the
cause for fewer numbers of days detected per shark.

Discussion

The results obtained during this study cast new light on
the understanding of the behavior and local and regional
movements of hammerhead sharks at Malpelo Island.
The sharks tagged at Malpelo and detected in Cocos and
Galapagos support our hypothesis that the local popu-
lation of hammerheads present in Malpelo are not
exclusive of this island but move widely within the
region. Some individuals left the area for long periods of
time, for over a month, and some did not return.
However, it is very possible that some of the tags were
shed or that several sharks were fished, accounting for
the diminishing of detections in time (Fig. 3). This was
the case for the 3 years of study.
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Our results show that many of the tagged sharks
left the area between March and beginning of April in
the 3 years of study (Fig. 3). Many individuals were
seen apparently pregnant during the first months of

Table 3 Multiple comparison test among medians (Fisher LSD) of
number of sharks detected per day during the Cold season with
south current at the six receivers. Arrecife, Monstruo, Naufrago
(located in the north part of the island) and Nevera grouped homo-
geneously while David, Nevera, Gemelos (located in the south part
of the island) and Naufrago form a second homogeneous group
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typical current condition for each period, the arrows show
where the current was coming from. The asterisk denotes
similarity (cold) or difference (warm) within each group

the year. This was determined by the size of the
abdominal area compared to other females in the
schools and females observed with well developed
pups in their wombs fished illegally inside the marine

Table 4 Multiple comparison test among medians (Fisher LSD)
of number of sharks detected per day during the Warm season with
northeasterly current at the six receivers. Gemelos, Arrecife and
Monstruo grouped together while Arrrecife, Monstruo, David,
Nevera and Naufrago formed a second group. The only significant
difference was Gemelos against David, Naufrago and Nevera

Freq. Mean Homogeneous groups Freq. Mean Homogeneous groups
David 42 12.4048 X Gemelos 27 34.7037 X
Gemelos 41 15.5366 X Arrecife 27 48.7037 X X
Nevera 42 17.8333 X X Monstruo 27 55 X X
Naufrago 42 26.5476 X X Naufrago 27 66.7407 X
Arrecife 42 28.5952 X David 27 67.1852 X
Monstruo 42 30.5 X Nevera 27 67.4444 X
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protected area during the same period in previous
years. Out of 125 female hammerhead sharks fished
illegally in February 2002 inside the Malpelo’s
Marine Protected Area, 84 were pregnant (Bessudo
personal observation). These observations and our
results support the idea that sharks are leaving the
island in March and April to move to pupping areas
away from Malpelo and returning to the island at a
later time. Hearn et al. (2010) also found that the
abundance of hammerheads at the Galapagos Islands
declined from March to June. Other studies in
different areas found that sharks move widely. Kohler
and Turner (2001) summarize maximum known travel
distances for a number of shark species, based on
tagging studies. They found that the maximum
recorded distance moved by a scalloped hammerhead
shark was 1671 km. Our results show that the total
distance covered by a hammerhead that travelled from
Malpelo through Cocos to Galapagos, and around
Galapagos was at least 1941 km. Extensive move-
ments have also been reported in other species, such as
tiger sharks (Galeocerdo cuvier) in Hawaii (Holland et
al. 1999; Meyer et al. 2010), white sharks (Bonfil et al.
2005), and whale sharks, Rhincodon typus (Eckert and
Stewart 2001).

Sharks were found to school around the island,
but they displayed a specific diel pattern, a seasonal
signal, and spent more time in particular sites at the
island—mainly those facing the impinging current.
Hammerhead sharks at Malpelo spent significantly
more time near the receivers during daytime than at
nighttime. This same pattern has been reported by
Klimley and Nelson (1984) in Bajo de Espiritu
Santo and by Hearn et al. (2010) in the Galapagos
Islands. A higher proportion of nighttime detections
were observed at Malpelo for the first months of the
year compared with the second half of the year. This
could be related with the high nutrient and
clorophyll-a content (Rodriguez-Rubio et al. 2007)
and, consequently, the high abundance of food at the
island during this period of the year, based on fish
census (Malpelo Foundation unpubl.). Increased
food abundance close to the island would imply that
sharks need to spend less time foraging in search of
food and would probably move away for lesser
distances and spend more time schooling at the
island. From May to December hammerhead sharks
apparently moved away from the island at night,
perhaps to forage in the pelagic environment, which
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may explain why there were less detections—during
the night for this period.

The largest schools of hammerhead sharks in
Malpelo were found from January to March, and
these groups started to diminish in size by April and
once more peaked in size in May and diminishing
towards the end of the year. A similar trend but for
different times of the year has been observed in Cocos
Island, with peaks of abundance during May to July,
and for Wolf and Darwin islands in the Galapagos,
with a peak from January to February and a second
peak in August to October (Randall and Gherinich,
pers. comm.; Hearn et al. 2010). In El Bajo de
Espiritu Santo, large schools of hammerhead sharks
were seen during the summer (July to October) and
fish assemblages changed depending on the season
(summer or winter; Klimley et al. 2005).

In Malpelo, hammerheads were found below, but
also within and above the thermocline, thus not
restricted to thermal gradients. The correlation be-
tween the depth at which the sharks swim and the
depth of the thermocline has also been observed for
hammerheads in the Galapagos Islands (Ketchum,
pers. comm.) and on other species of sharks like
Galeocerdo cuvier (Holland et al. 1999). It was
suggested by Holland et al. (1999) that tiger sharks
could be using the thermocline as a reference point,
and Klimley et al. (1993) found that the hammerhead
sharks around El Bajo de Espiritu Santo swam most
of the time below the thermocline; however their
vertical movements were not restricted by strong
thermal gradients (Klimley 1993), similar to the
hammerheads at Malpelo and Galapagos (Ketchum
et al. in prep).

Our results indicate that the scalloped hammerhead
sharks around Malpelo Island were more common on
the side of the island where the current was strongest.
However, Klimley and Nelson (1984) found that the
hammerhead sharks at El Bajo de Espiritu Santo,
Mexico, did not change their position in relation to
tidal currents. These differences in behavior in
relation to the current can probably be related with
the disparity in the bottom topography and oceano-
graphic dynamics of each site. El Bajo de Espiritu
Santo is a seamount relatively near—shore bound by
the oceanographic conditions of the Gulf of California
(Trasvina et al. 2003), while Malpelo Island is an
oceanic island of larger size subject to the oceanog-
raphy of the equatorial ETP (Rodriguez-Rubio et al.
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2007). In the Galapagos Archipelago, particularly in
Wolf and Darwin islands, hammerhead sharks seem to
show a similar behavior as in Malpelo, with the
largest aggregations of hammerhead sharks found
up-current in the side of the island where the current
flows into (Hearn et al. 2010).

Most hammerhead sharks are present at Malpelo for
extended periods of time throughout the year, then
leaving and returning to the island after a couple of days
or several months. Sharks moved in and out of the island
during the three study seasons, and some of them
coinciding in their movements by leaving the island
with some days of difference and being away for similar
periods (see Fig. 3). This could suggest that hammer-
head seasonal movements in Malpelo are linked to the
different oceanographic conditions present at the
island. Thus, seasonal environmental signals may
trigger migratory movements from Malpelo to pupping
areas near the coast and homing back to the island
several months later. Individuals tagged with color-
coded spaghetti tags were observed at the Espiritu
Santo Seamount one and 2 years after tagging
(Klimley and Nelson 1984) a clear example of homing
as observed in Malpelo, but in a different time scale.

Our work demonstrates the importance of telemet-
ric studies for the management and conservation of
hammerhead sharks in Malpelo and other islands of
the ETP. We showed that hammerheads move widely
in the ETP, therefore multinational efforts are crucial
for their conservation. Similar studies should be
conducted in potential Marine Protected Areas to
gather information on the behavior of this and other
species of sharks. Furthermore, stock assessments
need to be carried out at a national level and then
integrated by taking into account the connectivity
between islands. Also, periods of open ocean move-
ments need to be defined; perhaps special fishing
restrictions might operate during these times through-
out the region. This needs to be addressed within a
framework of international cooperation. Currently a
joint effort between regional scientists in the ETP is
underway known as Migramar (Www.migramar.org).
This group should work in the near future to answer
questions still remaining such as the where, spatial
patterns of movements throughout the ETP, why, the
causes underlying their movement (e.g., reproduction,
feeding), and how, the environmental cues that control
movement (e.g., temperature, geomagnetism, sensu
Klimley 1993). Finally, protected areas need to take

into account shark movements in full diel cycles to be
able to protect the total expanse of their habitat, and
future work aimed at defining nightly foraging areas as
well as nursery and pupping will be of great priority.

Acknowledgments We want to especially thank Julia Miranda,
Director of the Colombian National Parks, Admiral Barrera and
Admiral Soto, commanders of the Colombian Navy for the inter-
institutional work done in Malpelo FFS, to Jose Luis Gomez,
Director of the Environmental Action Fund and the Whitley Fund
for Nature, the SEASCAPE project finance by Global Conserva-
tion Fund/UNESCO and Conservation International for financing
this project. We also like to thank Fabio Arjona and Maria Claudia
Diazgranados from Conservation International Colombia for their
great support in this and other projects, Fred Buyle and William
Winram for helping us with their great free diving capability to tag
the sharks. Yves Lefévre for his great knowledge and perseverance
to make the documentary of this project in alliance with Christian
Petron from CINEMARINE. To the University of Stanford and
the TOPP program, especially to Barbara Block and Donald
Kohrs. To Philippe Gaspar, Francois Royer and Beatriz Calmettes
from CLS, France, for the support with the DIVERSITY project.
To Efrain Rodriguez- Rubio for his support in describing the
oceanography surrounding Malpelo Island. Finally to the crew
from the Asturias boat and to anybody else that in one way or
another helped made this project possible.

References

Baum JK, Myers RA, Kehler DG, Worm B, Harley SJ, Doherty
PA (2003) Collapse and conservation of shark populations
in the Northwest Atlantic. Science 299:389-392

Bonfil R, Meyer M, Scholl MC, Johnson R, O’Brien S,
Oosthuizen H, Swanson S, Kotze D, Paterson M (2005)
Transoceanic Migration, Spatial Dynamics, and Popula-
tion Linkages of White Sharks. Science 310:100-103

Camhi M (1998) Sharks on the Line: a state by state analysis of
sharks and their fisheries. National Audubon Society.
Living Oceans Program, New York

Chapman DD, Pikitch EK, Babcock E, Shivji MS (2005)
Marine reserve design and evaluation using automated
acoustic telemetry: A case-study involving coral reef-
associated sharks in the mesoamerican Caribbean. Mar
Technol Soc J 39:42-55

Danulat E, Edgar GJ (2002) Reserva Marina de Galapagos.
Linea Base de la Biodiversidad. Fundacion Charles
Darwin/Servicio Parque Nacional Galapagos, Santa Cruz,
Galépagos, Ecuador, 484 pp

Davis D, Banks S (1998) Whale-sharks in Ningaloo Marine
Park: managing tourism in an Australian marine protected
area. Tourism Management 18:259-271

Devis-Morales A, Schneider W, Montoya-Sanchez RA, Rodriguez-
Rubio E (2008) Monsoon-like winds reverse oceanic circu-
lation in the Panama Bight. Geophys Res Lett 35:1.20607.
doi:10.1029/2008GL035172

@ Springer


http://www.migramar.org
http://dx.doi.org/10.1029/2008GL035172

Environ Biol Fish

Dobson J (2006) Sharks, wildlife tourism, and state regulation. In:
Higham J, Liick M (eds) Tourism in marine environments 3
(1). Cognizant Communication Corporation, New York, pp
15-23

Eckert SA, Stewart BS (2001) Telemetry and satellite tracking
of whale sharks, Rhincodon typus, in the Sea of Cortez,
Mexico, and the north Pacific Ocean. Environ Biol Fish
60:299-308

FAO (2000) Fisheries Management 1. Conservation and
management of sharks. FAO Technical Guidelines for
Responsible Fisheries. No. 4. Suppl. 1. FAO 37, Rome

Ferrari A, Ferrari A (2001) Guide des Requins. Plus de 120
especes de monde entier. Delachux et Niestlé, Paris

Hearn A, Klimley KJ, AP EE, Pefiaherrera C (2010) Hotspots
within hotspots? Hammerhead shark movements around
Wolf Island. Galapagos Marine Reserve. Mar Biol.
doi:10.1007/500227-010-1460-2

Holland KN, Wetherbee BM, Lowe CG, Meyer CG (1999)
Movements of tiger sharks (Galeocerdo cuvier) in costal
Hawaiian waters. Mar Biol 134:665-673

Jennings S, Kaiser MJ, Reynolds JD (2005) Marine fisheries
ecology. Blackwell Science, Oxford

Klimley AP (1993) Highly directional swimming by scalloped
hammerhead sharks, Sphyrna lewini, and subsurface
irradiance, temperature, bathymetry, and geomagnetic
field. Mar Biol 117:1-22

Klimley AP, Nelson DR (1984) Diel movement patterns of the
scalloped hammerhead shark (Sphyrna lewini) in relation
to El Bajo Espiritu Santo: a refuging central-position
social system. Behav Ecol Sociobiol 15:45-54

Klimley AP, Mancilla IC, Castillo JL (1993) Descripcion de los
movimientos horizontales y verticales del tiburén martillo
Sphyrna lewini, del sur del Golfo de California, México.
Cienc Mar 19:95-115

Klimley AP, Richert JE, Jorgensen SJ (2005) The Home of
Blue Water Fish. Am Sci 93:42-49

Kohler NE, Turner PA (2001) Shark tagging: a review of
conventional methods and studies. Environ Biol Fish
60:191-223

Landmann G (2000) Evaluacion de los sitios de turismo marino
en la Reserva Marina de Galapagos. Estacion Cientifica
Charles Darwin, Galapagos, Ecuador

Lopez-Victoria M, Rozo D (2006) Model-based geomorphology
of Malpelo Island and spatial distribution of breeding
seabirds. Bol Invest Mar Cost 35:111-131

Meyer CG, Papastamatiou YP, Holland KN (2010) A multiple
instrument approach to quantifying the movement patterns
and habitat use of tiger (Galeocerdo cuvier) and Galapagos
sharks (Carcharhinus galapagensis) at French Frigate
Shoals, Hawaii. Mar Biol. doi:10.1007/s00227-010-1457-x

@ Springer

Newmark FU, Santos- Acevedo M (2001) Valoracion de los
recursos marinos y costeros en Colombia. In: Ospina- Salazar
GH, Acero A (eds) Informe del estado de los ambientes
marinos y costeros en Colombia: aio 2001, INVEMAR,
Santa Marta, pp 83-99

Norman B (2000) Rhincodon typus. In: IUCN Red List of
Threatened Species. ITUCN. http://www.iucnredlist.org.
Accessed 23 Sep 2007

Orams M (1996) Using interpretation to manage nature-based
tourism. J Sust Tour 42:81-94

Pedersen B (2002) Population trends and their impact on
western Australian beach use. Coast to Coast, Sydney

Rodriguez-Rubio E, Ortiz-Galviz J, Rueda-Bayona J (2007)
Aspectos Oceanograficos, Capitulo II. In: DIMAR-CCCP,
UAESPNN-DTSO 2007 (eds) Santuario de Fauna y Flora
Malpelo: descubrimiento en marcha. Direccion General
Maritima-Centro Control Contaminacion del Pacifico y
Unidad Administrativa Especial del Sistema de Parques
Nacionales Naturales-Direccién Territorial Suroccidente.
DIMAR, Serie Publicaciones Especiales CCCP Vol. 5,
Bogota

Rodriguez-Rubio E, Schneider A, del Rio R (2003) On the
seasonal circulation within the Panama Bight derived by
satellite observations of wind altimetry and sea surface
temperature. Geophys Res Lett 30:1410. doi:10.1029/
2002GL016794

Rodriguez-Rubio E, Stuardo J (2002) Variability of photosynthetic
pigments in the Colombian Pacific Ocean and its relationship
with the wind field using ADEOS-I data. Proc Indian Acad
Sci (Earth Planet Sci) 111:227-236

Schneider DC (1994) Quantitative ecology: spatial and temporal
scaling. Academic, San Diego

Sciarrotta TC, Nelson DR (1977) Diel behavior of the blue
shark, Prionace glauca, near Santa Catalina Island,
California. US Fish Bull 75:519-528

Simpfendorfer CA, Heupel MR (2004) Assessing habitat use
and movement. In: Carrier JC, Musick JA, Heithaus MR
(eds) Biology of sharks and their relatives. CRC Press,
Boca Raton, pp 553-572

Torres N, Andrade R, Rodriguez N (2007) Community-based
management through ecotourism in Bahia de los Angeles,
Mexico. Fish Res 84:114-118

Trasvifia A, Gutierrez de Velasco G, Valle-Levinson A, Gonzalez-
Armas R, Muhlia A, Cosio MA (2003) Hydrographic
observations of the flow in the vicinity of a shallow
seamount top in the Gulf of California. Est Coast Sh Sci
56:1-14

Watts S (2001) The end of the line? In: WildAid Report. Wendy
P. McCaw Foundation. http//www.wildaid.org. Accessed
Oct 2004


http://dx.doi.org/10.1007/s00227-010-1460-2
http://dx.doi.org/10.1007/s00227-010-1457-x
http://www.iucnredlist.org
http://dx.doi.org/10.1029/2002GL016794
http://dx.doi.org/10.1029/2002GL016794
http://http//www.wildaid.org.

	Residency...
	Abstract
	Introduction
	Material and methods
	Study area
	Ultrasonic telemetry
	Range tests
	Environmental variables and depth of sharks
	Data analysis

	Results
	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


