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ABSTRACT

Understanding distribution ranges and the daily movement patterns of pelagic fishes are key 
aspects for the establishment and planning of protected areas for their conservation.  In this study the 
vertical and horizontal movements of scalloped hammerhead sharks, Sphyrna lewini, were recorded in 
Malpelo and Cocos Island using satellite telemetry. Nine sharks were tagged with satellite transmitters 
during March 2006, 2007 and 2008 at Malpelo Island, and three hammerhead sharks were tagged at 
Cocos Island in June 2008. The sharks moved between islands in the Tropical Eastern Pacific and made 
regional movements from Malpelo to the south of Cocos and around the Malpelo ridge. When away from 
the island, sharks made infrequent nocturnal short dives down to 1000 m where temperatures were as low 
as 4 °C. For a shark that was tracked for five months, results indicated significant differences between the 
time spent at different depth ranges, as well as an interaction between depth, water layers, and the time of 
the day. The shark swam mostly at surface waters (0-10 m) during the cold water season, and spent more 
time at the deepest depth range (>100 m) during nigh time. Further long-term studies on shark movement 
patterns are required for a better management of this highly mobile and vulnerable species. 
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RESUMEN

Movimientos verticales y horizontales del tiburón martillo (Sphyrna lewini) alrededor de 
las islas Malpelo y Cocos (Pacífico Oriental Tropical) usando telemetría satelital. El conocimiento 
de los ámbitos de distribución y los patrones diarios de actividad de peces pelágicos son aspectos clave 
para el establecimiento y planificación de áreas protegidas para su conservación. En este estudio los 
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movimientos verticales y horizontales de los tiburones martillo, Sphyrna lewini, fueron registrados 
utilizando telemetría satelital en las islas de Malpelo y Cocos, en el Pacífico Oriental Tropical. Nueve 
tiburones fueron marcados con transmisores satelitales en marzo de 2006, 2007 y 2008 en la isla Malpelo, 
y tres tiburones martillo fueron marcados en la isla de Cocos en junio de 2008. Los tiburones se movieron 
entre las islas del Pacifico Oriental Tropical y realizaron movimientos regionales desde Malpelo hacia el 
sur de Cocos y sobre la cordillera Dorsal de Malpelo. Lejos de las islas, los tiburones realizaron buceos 
nocturnos poco frecuentes y cortos, hasta 1000 m de profundidad, donde las temperaturas alcanzaron hasta 
4 °C. Para el tiburón que se siguió por cinco meses, los resultados indicaron diferencias significativas 
entre el tiempo que invirtió a diferentes ámbitos de profundidad, como también una interacción entre la 
profundidad, las capas de agua y el momento del día. El tiburón nadó principalmente en aguas someras 
(0-10 m) durante el periodo de aguas frías, e invirtió más tiempo en ámbitos de profundidad mayores 
(>100 m) durante la noche. Futuros estudios a largo plazo son necesarios para un mejor manejo de esta 
especie altamente móvil y vulnerable. 

PALABRAS CLAVES: Telemetría satelital, Movimientos verticales y horizontales, Sphyrna lewini, 
Malpelo, Cocos.

INTRODUCTION

Apex predators have been recognized as key species within a system due to 
their ability to regulate species abundance, distribution and diversity, by controlling 
prey densities (Sergio et al., 2006) and increasing competition (Glen et al., 2007). 
In marine environments, apex predators are of crucial importance to maintain 
oceans healthy (Griffin et al., 2008). Furthermore, some marine apex predators 
such as sharks help maintain the complex ecosystems by providing food sources for 
scavengers (Sergio et al., 2006) and remove weak individuals from prey populations 
(Temple, 1987; Griffin et al., 2008). Thus, efforts to reduce the number of sharks 
captured in commercial fisheries through improved shark management are of crucial 
importance in conservation.

The scalloped hammerhead shark (Sphyrna lewini) is a top marine predator 
with a worldwide distribution. However, populations are estimated to have declined 
by more than 75 percent in the past few decades (Baum et al., 2003; IUCN, 2007; 
Camhi et al., 2008). Scalloped hammerhead sharks are frequently captured in large 
numbers in the bycatch of industrial as well as small-scale commercial fisheries in all 
three major oceans (Stevens, 2000; IUCN, 2007). Their meat, liver oil, skin and fins 
are well commercialized in the international trade market (Rose, 1996; FAO, 2000; 
Simpfendorfer and Heupel, 2004; Chapman et al., 2005; IUCN, 2007). Its late onset 
of sexual maturity, low fecundity and low natural mortality, result in a low intrinsic 
rate of population increase (Ferrari and Ferrari, 2001), making it more vulnerable to 
overexploitation (Camhi, 1998; Watts, 2001; Newmark and Santos-Acevedo, 2002; 
Baum et al., 2003; Jennings et al., 2005). For these reasons, S. lewini has been 
designated as globally Endangered by the IUCN Red List (IUCN, 2010).
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Large aggregations of hammerhead sharks around Malpelo Island and Cocos 
Island have been documented during some months of the year, followed by a period (April-
May) with a reduction of their densities, possibly due to extensive migrations (Sibajo-
Cordero, 2008; Bessudo et al., 2011). Long-distance migrations of oceanic species have 
been difficult to study. However, in the last decades satellite telemetry has become a very 
useful technique to understand the behavior and movement patterns of some pelagic fish 
species (Sedberry and Loefer, 2001; Wilson et al., 2005), including sharks (Sciarrotta and 
Nelson, 1977; Heithaus et al., 2007; Pade et al., 2009).

A better understanding of the temporal and spatial scales at which shark 
species move is of paramount importance to ecologists and conservationists. This 
information could give insights on habitat use, key sites occupied (Schneider, 1994), 
as well as other essential information for the effective management and design of 
marine reserves that could be used to optimize the conservation of these highly 
mobile predators (Garla et al., 2006). Furthermore, shark movement patterns could 
be linked to their potential effect on prey and to the possibility that they encounter 
fisheries outside protected areas (Heithaus et al., 2007). In this paper we present 
information on the long distance movements of scalloped hammerhead sharks 
tagged at Malpelo Island and at Cocos Island using satellite tags. 

STUDY AREA

Malpelo Island (4°00’ N and 81°36’30” W) is located in the Eastern Pacific 

Ocean, 500 km from the port of Buenaventura in the Colombian Pacific coast (Figure 

1). This 1.2 km2 island is surrounded by eleven pinnacles with its highest point at 300 m 

above sea level (López-Victoria and Rozo, 2006). Oceanic waters surrounding Malpelo 

Island are influenced seasonally by four currents: the North Equatorial Countercurrent, the 

South Equatorial Countercurrent, the Colombia Current, and the Panama Cyclonic Current 

(Rodríguez-Rubio et al., 2007). The annual mixing period of these currents depends on the 

migration of the Intertropical Convergence Zone (Rodríguez-Rubio et al., 2003) and the 

degree of mixing depends upon longer term cycles such as El-Niño Southern Oscillation 

(ENSO) (Devis-Morales et al., 2008). Interactions between these currents result in two 

distinct seasons: a cold and a warm water season. During the cold water season, when 

temperatures are typically of 25 °C on the surface and below the thermocline as low as 

14 °C, from January through April, waters surrounding the island are full of nutrients, 

therefore highly productive (Rodríguez-Rubio et al., 2003). Furthermore, during this cold 

water season the thermocline is found fairly shallow between 10-20 m. During the warm 

water season, from May until the end of December, average water temperature is around 

27 °C (Rodríguez-Rubio et al., 2003). 
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Cocos Island (5°31’ N and 87°04’ W), located 500 km southwest of the 
Costa Rican coast and 627 km northeast of Malpelo Island in the Eastern Tropical 
Pacific, has a total perimeter of 23.3 km and an area of 47 km2 (Castillo et al., 1988). 
This volcanic island is the only summit of the submerged Cocos Range that reaches 
the surface and it is associated with the Galápagos hotspot (Castillo et al., 1988). 
The North Equatorial Countercurrent does not reach the island until around May. 
Because of this, an anticyclonic circulation is observed during the first trimester of 
the year at the southern part of the island. Then, during the second semester of the 
year when the North Equatorial Countercurrent appears, the same turns are observed 
but with different levels of current intensity. During the third and fourth trimesters of 
the year, current direction and intensity are similar, given that the North Equatorial 
Countercurrent is fully established, with its maximum flow to the east. Mean water 
temperature range between 26.8 and 28.4 °C, water being warmer during January to 
June and cooler during July to December (Lizano, 2008). 

Figure 1. Approximate location and general shape of Malpelo and Cocos islands in the Tropical Eastern 
Pacific. For geographical coordinates refer to text.
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MATERIALS AND METHODS

Satellite telemetry
Satellite tags were affixed to sharks by free divers and SCUBA divers by 

inserting a stainless steel barb into the dorsal musculature of the sharks. Each tag 
was attached with a tether to the barb, which was placed in the inset of the tip of a 
spear gun. Satellite tags used in this study were pop-up archival transmitting (PAT2, 
PAT4 and Mk10 Wildlife Computers, Inc, Redmond, Washington, USA; Table 
1) that release at a preset interval and transmit to the Argos satellites. The PATs 
included a battery, a microprocessor, a Random Access Memory for data storage, 
various environmental sensors, and a radio transmitter. Sensors measure blue-
green irradiance (~490 nm), depth, and water temperature. Each channel records 
measurements at regular intervals, and these measurements are stored in the tag’s 
onboard memory. We programmed our PAT tags with a two minute interval, which 
permits a time-at-liberty of 12 months before filling up the memory. These tags are 
externally attached to the animal, using a monofilament tether severed by a cutting 
mechanism if the animal dives below 1500 m, which will result in the implosion of 
the tag’s housing. After a predefined interval, current flows through a pin causing it 
to corrode, and the tag releases from the shark and floats to the surface.

Table 1.  Satellite tag specifications and tagging data of hammerhead sharks Sphyrna lewini tagged in 
Malpelo and Cocos Island in March 2006 and June 2008 (N.D.: Not determined).

Type Code Sex Deployment 
Date

Deployment 
Site

Deployment 
Coordinates

Dettachment 
Date

Number of
days attached

Distance 
(km)

PAT2 2717 Female 2-Mar-06 Malpelo 81.610 W 3.999 N 9-Mar-06 7 202

PAT2 2718 Female 3-Mar-06 Malpelo 81.610 W 3.999 N Non active   

PAT2 3001 Female 3-Mar-06 Malpelo 81.610 W 3.999 N Non active   

PAT2 3355 Female 2-Mar-06 Malpelo 81.610 W 3.999 N Non active   

PAT4 63999 Female 3-Mar-06 Malpelo 81.610 W 3.999 N 14-Mar-06 11 755

PAT4 64000 Female 3-Mar-06 Malpelo 81.610 W 3.999 N 7-Mar-06 5 141

PAT4 64001 Female 3-Mar-06 Malpelo 81.610 W 3.999 N 29-Jul-06 148 1123

PAT4 64002 Male 3-Mar-06 Malpelo 81.610 W 3.999 N 18-Mar-06 15 389

MK10 79780 Female 14-Mar-08 Malpelo 81.610 W 3.999 N 28-Mar-08 14 136

MK10 84656 Female 12-Jun-08 Cocos 87.086 W 5.5477 N 13-Jun-08 1 ND

MK10 84657 Male 13-Jun-08 Cocos 87.086 W 5.5477 N 18-Jun-08 5 130

MK10 84658 Female 13-Jun-08 Cocos 87.086 W 5.5477 N 20-Jun-08 7 20

 Upon retrieval of the data, through detachment of the tag, positioning the 
fish was done a posteriori using records of light levels at depth. The simplest method, 
used early in the field of marine wildlife tracking, relies on light thresholding to detect 
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timings of sunrise and sunset events (Welch and Eveson, 1999). Alternatively, when 
all the light records are available, a fish can be located by finding the coordinates that 
best predict the observed light curve (Ekstrom, 2004). This is often called “direct 
light-based geolocation”, in that it only uses light levels or sunrise/sunset times to 
estimate a daily position. Manufacturers usually provide these position estimates. 
For instance, Wildlife Computers, Inc. provides the software suite to decode Argos 
transmitted data and infer positions from the light curves. This has the advantage of 
simplicity, but can be error-prone, especially around the equinoxes where latitude 
becomes indeterminate. This well known error pattern occurs as the duration of the 
day does not vary much with latitude, and thus locations are highly inaccurate at this 
time of the year. Longitude however is not affected. To solve for this and improve 
geolocation accuracy, one can include additional data. This can take the form of 
a movement model (i.e. knowledge that the animal moves at a certain speed), or 
oceanographic information (e.g., satellite-derived sea surface temperature to be 
matched with in situ, tag-derived temperature records). To improve the geolocation 
quality, we applied a Kalman filter based procedure (Royer and Lutcavage, 2009). 
This model considers the animal behavior (mean speed by day) and oceanographic 
data: sea surface temperature measured by satellite compared to the sea surface 
temperature measured by the tag and bathymetry compared to the maximum depth 
measured by the tag. Instead of using the full irradiance model, we use the following 
astronomical equations relating longitude and latitude to a sunrise and sunset times, 
in minutes after 0:00 GMT.

 

Where φ is the animal’s latitude and δsr,ss  and RAsr,ss are the solar 
declination and right angle at sunrise and sunset. ε is the sun’s altitude at twilight 
and UT Universal Time. The function relating locations to sunrise and sunset is 
given by:
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Where λ is the animal longitude and T means transpose operation. The 
model propagating the fish’s position at time t is assumed to be a random walk, 
parameterized by a diffusion matrix and a bias: 

Where A is an identity matrix, U = [u, v] contains the meridional and zonal 
mean movement and Q is a diffusion matrix (see Royer and Lutcavage, 2009 for a 
complete description of the method)

Statistical analysis
In order to test whether the shark identified with the code 64001 preferred 

certain swimming depths (<10 m, 10-50 m, 50-100 m, >100 m), between water 
season (cold, warm) and time of the day (day= 06:00 to 18:00, night= 18:00 to 
06:00), a three-way analysis of variance (ANOVA) with Tukey-Kramer post hoc 
tests (α= 0.05) was performed (JMP program, version 3.0). These analyses were 
only made for shark 64001 because it was the individual that retained the tag for the 
longest time (148 days; for sharks's codes and abbreviations refer to Table 1). 

RESULTS

We tagged nine hammerhead sharks at Malpelo Island and three at Cocos 
Island. Three of the tags failed to communicate with the satellite. The remaining 
tags all released prematurely from the sharks between one and 148 days of being 
implanted (mean retention time= 23.6 days; SD= 46.9; N= 9) (Table 1). It is worth 
noting that for the shark that was tracked for 148 days, not all records from the tag 
were received, presumably due to transmission problems with the ARGOS satellite. 
Hence, we do not have continuous data on location, dive profiles, time spent at the 
different depths, or temperature bins for this individual. For the tag that remained 
on the shark for a day, distance traveled could not be estimated. Most of the tagged 
sharks at Malpelo moved in a linear fashion, although in different directions (2717, 
63999, 64000 and 79780; Figure 2). The other two sharks tagged at Malpelo (64001 
and 64002) did not display a clear pattern, moving east, north and west, indistinctly 
(Figure 2). Of the sharks tagged at Cocos, one shark (84657) moved west along a 
seamount around Cocos Island during five days, while the other (84658) remained 
near the vicinity of Cocos Island for seven days (Figure 2). 
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Figure 2. Kalman filtered trajectories (light tracks) for nine Sphyrna lewini tags ID number: 2717, 63999, 
64000, 64001, 64002, 79780, 84656, 84657 and 84658. X-axis indicates Longitude and Y-axis indicates 
Latitude. Grey ellipses indicate the 50 and 95 % confidence intervals. The trajectories after the tags 
detached are the estimate trajectories while the tag drifted.
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Hammerhead sharks tagged during this study showed broadly similar 
patterns of vertical movements, swimming primarily within the mixed layer (<100 
m, >18 °C) and making short yo-yo like dives below the thermocline to depths 
between 100-1000 m, where water temperatures were as low as 4 °C (Figure 3). 

Figure 3. Pop-up satellite archival tag (PAT) depth-temperature histograms for sharks with Tag ID 
number: 2717, 64001, 63999, 64000, 64002, 79780, 84656, 84657, and 84658. Note that after the 
estimated pop off date (detachment) for sharks 64000 and 64002 there are register dives, however we 
assumed they were the cause of an unknown animal grabbing the tag and diving with it after detachment 
while still recording.

The analysis of variance (ANOVA) for data obtained from shark 64001 
showed highly significant differences between the time spent at different depth 
ranges (p <0.001, F= 91.9, df= 3), as well as between the time spent at different 
depths and the water season (p <0.001, F= 20.5, df= 3), the time spent at different 
depths and the time of the day (p <0.001, F= 5.9, df =3), and the time spent at 
different depths, water season, and time of the day (p= 0.016, F= 3.5, df= 3). Tukey-
Kramer test indicated significant differences in the time spent at all depth ranges 
comparing water seasons: this shark swam mostly at surface waters (0-10 m) during 
the cold water season compared to the warm water season (55 and 26 % of the 
time, respectively). During the later season the shark swam deeper (Figure 5), when 
the thermocline was deeper at Malpelo Island and the sea surface temperature was 
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higher (around 28 °C). Significant differences were also found between the time 
spent at the deepest depth range (>100 m), when comparing day time with night time 
(Figure 4). Most of the dives registered below 100 m were almost exclusively done 
by the shark at night, presumably away from Malpelo Island, taken in consideration 
that depths below 150 m are found only further away from the island.
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Figure 4. Time spent at different depth ranges during the night (N= 24) and day (N= 27) for shark number 
64001. Bars indicate standard error. Letters (A, B, and C) indicate the Tukey-Kramer post-hoc test; levels 
not connected by the same letter are significantly different.

Figure 5. Time spent at different depth ranges during the cold season (N= 16) and during the warm 
season (N= 35) for shark number 64001. Bars indicate standard error. Letters (A, B, C, and D) indicate the 
Tukey-Kramer post-hoc test; levels not connected by the same letter are significantly different.
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DISCUSSION

No clear movement patterns were observed from the tagged sharks, possibly 
due to the small sample size of this study and the low mean retention time (23.6 
days). While sharks that were tracked for more than 11 days made round trips and 
remained close to the site where they were tagged, sharks tracked between five to 
11 days moved with directionality suggesting high individual variability. Complex 
shark movements similar to those found by this study have also been observed by 
tagged hammerhead sharks at Galapagos Islands (Ketchum et al., 2009) and by tiger 
sharks in Australia (Heithaus et al., 2007). Possible explanations for this movement 
complexity could be the diverse habitats present, oceanographic dynamics or 
particular movements of sharks following prey (Heithaus et al., 2007; Ketchum et 
al., 2009). Therefore, tracked sharks in this study could have been either exploring 
the diverse seamounts found around Malpelo or Cocos Island, in the middle of a 
round trip following preys, or migrating to other sectors in the Tropical Eastern 
Pacific (Bessudo et al., 2011). 

Tags in this study were inserted by expert free divers, however tag loss was 
considerably high due to the difficulty of the tagging operation. Other studies using 
PAT tags on Galapagos (C. galapagensis) and tiger sharks (G. cuvier), such as in 
Meyer et al. (2010), also experienced a short retention of PAT tags compared with 
other tagging methods (e.g., SPOT and internal implanted ultrasonic tags). Even 
thought Meyer et al. (2010) captured the animals and implanted the tags by the side of 
the boat, PAT retention times for Meyer et al. (2010) study were all less than one-third 
of the programmed 100-day deployment time. Apparently, tag shedding is an inherent 
problem of using PAT tags.  

Our findings showed that depth ranges at which hammerhead sharks 
swam depended mostly on the season, possibly due to differences in primary 
productivity. For example, at Malpelo Island, during the cold water season primary 
productivity is higher in surface waters, principally due to the upwelling of nutrients 
and chlorophyll-a content (Rodríguez-Rubio et al., 2007). Consequently, during 
this period there is a significant increase in food availability, possibly influencing 
indirectly (higher primary productivity correlates with higher shark prey abundance) 
hammerhead sharks swimming preferences, making them spend more time at 
surface waters near the island. Conversely, due to the absence of upwelling during 
the warm water season, nutrient contents are found at around 60 m deep (Rodríguez-
Rubio et al., 2007). The overall lower food availably during this period could be 
triggering sharks to move away from the island, swimming into deeper depths in 
search of other food resources. Another possible factor influencing the observed 
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pattern is the reproduction cycle: during the cold water season large aggregations of 
hammerhead sharks have been observed schooling at surface waters around Malpelo 
Island, and then leaving the island in large groups (Bessudo et al., 2011), possibly 
for reproductive purposes (Hazin et al., 2001).

When sharks swam offshore, they made several short deep dives in a yo-
yo manner, to at least 1000 m where water temperatures reached 4 °C. These are 
the deepest dives reported in the literature so far for this species. Klimley (1993) 
and Klimley et al. (2002) also registered yo-yo dives for hammerhead sharks, using 
acoustic telemetry in the Bajo de Espíritu Santo, Mexico. This same behavior has 
also been observed for other species of sharks like the thresher shark (Nakano et al., 
2003) and the white shark (Bonfil et al., 2005). Possible explanations for these deep 
dives into the bathypelagic zone, where there are low levels of dissolved oxygen, are 
to access special preys, such as deep water squids, or to avoid prey competition with 
other pelagic predators (Jorgensen et al., 2009). 

The large amount of time spent at deep depths (>100 m) during night time 
found by this study is consistent with Bessudo et al. (2011) results using acoustic 
telemetry. It is possible that hammerhead sharks remain close to Malpelo Island 
during the day using it as a resting station, and during the night swim into deeper 
waters in search for preys.

This sharks’ high mobility in and out of marine protected areas makes 
them extremely vulnerable to domestic fisheries as well as multinational fisheries 
on the high seas. Thus, future long-term monitoring of this species is required to 
better understand their spatial and temporal movement patterns, especially for 
populations inhabiting the Pacific Ocean, were the world’s largest industrial tuna 
fleet operates (Joseph, 2003). This information is essential to provide sustainable 
management tools to reduce fisheries shark capture rates. Furthermore, this study 
confirmed the expanded vertical niche of S. lewini, which can tolerate extremely low 
levels of dissolved oxygen (Jorgensen et al., 2009). However, our results indicated 
that hammerhead sharks spent most of their time near surface waters (<100 m), a 
behavior that makes them very vulnerable to the fishing industry. Local and regional 
agreements to limit shark capture and to regulate and monitor all shark parts trade, 
as well as the creation of new marine protected areas, are key actions not only to 
enhance the protection and conservation of this species, but also because they are an 
important source of income for ecotourism (Orams, 1996; Davis and Banks, 1998; 
Landman, 2000; Norman, 2000; Pedersen, 2002; Chapman et al., 2005; Dobson, 
2006; Torres et al., 2007).
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