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Abstract

To further describe movement patterns and distribution of East Pacific green turtles (Chelo-
nia mydas agassizii) and to determine threat levels for this species within the Eastern Pacif-
ic. In order to do this we combined published data from existing flipper tagging and early
satellite tracking studies with data from an additional 12 satellite tracked green turtles
(1996-2006). Three of these were tracked from their foraging grounds in the Gulf of Califor-
nia along the east coast of the Baja California peninsula to their breeding grounds in Micho-
acan (1337-2928 km). In addition, three post-nesting females were satellite tracked from
Colola beach, Michoacén to their foraging grounds in southern Mexico and Central America
(941.3-3020 km). A further six turtles were tracked in the Gulf of California within their forag-
ing grounds giving insights into the scale of ranging behaviour. Turtles undertaking long-
distance migrations showed a tendency to follow the coastline. Turtles tracked within forag-
ing grounds showed that foraging individuals typically ranged up to 691.6 km (maximum)
from release site location. Additionally, we carried out threat analysis (using the cumulative
global human impact in the Eastern Pacific) clustering pre-existing satellite tracking studies
from Galapagos, Costa Rica, and data obtained from this study; this indicated that turtles
foraging and nesting in Central American waters are subject to the highest anthropogenic
impact. Considering that turtles from all three rookeries were found to migrate towards Cen-
tral America, it is highly important to implement conservation plans in Central American
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coastal areas to ensure the survival of the remaining green turtles in the Eastern Pacific. Fi-
nally, by combining satellite tracking data from this and previous studies, and data of tag re-
turns we created the best available distributional patterns for this particular sea turtle
species, which emphasized that conservation measures in key areas may have positive
consequences on a regional scale.

Introduction

Effective management of large marine vertebrate species is complicated as they often undertake
migrations passing through waters of multiple states with varying legislation, social and reli-
gious customs [1-3] or through international waters where management of fisheries is ineffec-
tive due to logistical complexity [4]. It is evident that anthropogenic impacts remain the major
threat to marine vertebrates. Fishery activities are the main cause of marine vertebrates decline
[5], be it by intentional hunting [4,6] or incidental capture by artisanal and industrial fisheries
[5-9]. Currently, five of the seven sea turtle species are considered endangered or critically en-
dangered [10]. This status is the result of human impacts such as incidental capture by fisheries
[11], poaching of eggs and adults [12,13], habitat loss, and pollution [14,15]. Moreover, climate
change has recently been identified as a possible threat for sea turtles [16,17]. Considering that
this group of marine vertebrates spend the majority of their life at sea, understanding their mi-
gratory strategies and habitat use is therefore necessary to implement effective management
strategies [18,19].

In recent years satellite tracking has been extensively used to study the movements of sea
turtles [20], this has allowed scientists to progress from descriptive movements of turtle migra-
tion to interdisciplinary approaches [21]. Through this research, insights have been gained into
the spatial ecology of sea turtles, including habitat use in foraging grounds [22,23], locating mi-
gration corridors [18,24], identifying strong site fidelity displayed by some species across multi-
ple years [25,26] and their ecological importance within threatened ecosystems [27,28]. These
findings demonstrate the need for international cooperation in sea turtle conservation [29]. Te-
lemetry studies have also highlighted likely interactions between sea turtles and fisheries [30-
32] and have helped to characterise spatial efficacy of marine protected areas (MPAs) [21,33].

The East Pacific green turtle (Chelonia mydas agassizii), also known as the black turtle, is a
distinct group with different characteristics from green turtles elsewhere [34]. They inhabit
tropical and sub-tropical waters within the eastern Pacific [35] spanning from southern Cali-
fornia, USA [36,37] to Chile [38-42] and the Galapagos Islands [38]. Major rookeries in Me-
xico are found in Michoacan [43-46] and Islas Revillagigedo Archipelago [39,47,48]. In
Michoacan, 2362 females are estimated to nest annually at Colola (18° 18’ N; 103° 25°W) and
Maruata (18° 16’ N; 103° 20’ W) beaches [46]. Although intensive monitoring has not been car-
ried out on the Islas Revillagigedo, Holroyd & Trefry [48] recorded 500 nests on Isla Clarion
(18°26’N; 114° 52’W) during a two-week period. Two other major rookeries have been de-
scribed in the eastern Pacific; the Galapagos Islands [38,49,50] where a total of 2756 females
were tagged on 4 nesting beaches during 2002 [49], and the Pacific coast of Costa Rica [51], at
Cabuyal (10° 40°’N; 85° 39°'W) [52] and Isla San José (10°51'N; 85°54°W) beaches [53] and
Nombre de Jestis beach (10° 23" N; 85° 50°W) where approximately 15 turtles nest per night
during peak season [54].

Flipper tag returns [35,38,45,55], and genetic studies [56] have offered preliminary insights
on distribution patterns of east Pacific green turtles (hereafter referred to as green turtles). Tag
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return and genetic studies offer the valuable contribution of distribution and point to point in-
formation but do not explain the migratory paths followed by individual turtles. In recent de-
cades use of satellite telemetry data to describe migratory paths and behaviour at sea during the
post-nesting period has increased greatly. Findings suggest that some turtle populations mi-
grate vast distances as part of their life histories [20,50,57]. However due to the sustained and
combined threat faced from artisanal [58] and industrialised fisheries throughout the eastern
Pacific where lack of regulation and management is widespread [59], more knowledge is need-
ed on the movements between breeding and foraging areas in order to highlight possible mi-
gratory corridors used by turtles. Resources for ocean conservation in this vast region are
generally lacking or limited making obtaining detailed information about the distribution of
endangered species critical to directing available funds and efforts as they become available.
Here, we intended to analyse migration patterns and movements within and between foraging
grounds of East Pacific green turtles and nesting beaches in southern Mexico. Additionally, we
used existing data from other rookeries along the eastern Pacific to contextualise distributional
patterns of turtles during migration and on both foraging and breeding grounds relative to the
threats faced due to human activities. In particular we, (1) assess movements of turtles from
the Michoacdn rookery using satellite telemetry, (2) describe patterns of movement on the
northern foraging grounds of Baja California, (3) analyse movements at a wider spatial scale by
integrating our findings with previous flipper tagging data and information from other satellite
tracking studies.

Materials and Methods

Research was authorized by the Secretaria de Medio Ambiente, Recursos Naturales y Pesca (per-
mit numbers 150496-213-03, 280597-213-03, 190698-213-03, 280499-213-03) and the
Secretaria de Medio Ambiente y Recursos Naturales (permit number SGPA/DGVS/002). All an-
imal handling was in full compliance with IACUC protocol at the University of Florida.

We deployed satellite transmitters (see below) on 12 green turtles (9 female; 3 male) be-
tween 1996 and 2007 (see Table 1 for details). It is important to mention that two of the turtles
had spent time in captivity at Centro Regional de Investigacién Pesqueras-Estacién de Conserva-
cién e Investigacion de Tortugas Marinas (CRIP-ECITM) Baja California (in January 1997 and
November 1998). Nine of the 12 turtles tracked were captured on the foraging grounds off the
coast of Baja California and an additional three turtles were tracked from the Michoacén nest-
ing rookery. From those 12 tracked turtles, three post-nesting adult females were tagged at
Playa Colola in the state of Michoacén during the months of February and March of 2001. An
additional seven adult-sized turtles (3 male and 4 female) were tracked on their foraging
grounds at Bahia de los Angeles (n = 4), Bahia de Loreto (n = 2), and near Isla San Jose (n = 1),
and the remaining two turtles were tagged and released from captivity (Table 1).

Capture and Tagging Procedure

Turtles in foraging areas were captured using entanglement nets. Nets were 100 m long by 8 m
high with a stretched mesh size of 50 cm and set to capture turtles at foraging locations known
to have been historically productive areas for turtle fisheries. Nets were monitored every 2
hours to ensure the safety of captured turtles [60]. For all turtles, satellite transmitters deployed
were Telonics ST-6 Platform Transponder Terminals (PTTs) (Mesa, Arizona, USA, n = 7) that
weighed 500 g in air; Wildlife Computers SDR-SSC3 PTT that weighed 750 g (n = 3), one
Wildlife Computers Spot-5 with one C-cell that weighed 350 g; (Seattle, Washington, USA),
and one Kiwisat with 2 D cells weighing 825 g (Havelock, New Zealand). Satellite transmitters
were attached to the second vertebral scute of the turtle’s carapace following the methodology
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Table 1. Summary data of morphometrics and tracking details of 12 East Pacific green turtles.

Turtle SCL'
(cm)
A 75.6
B 89.9
C 74.3
D 78
E -
F 66.6
G 89.2
H 91.8
| 72.5
J 88.7
K 77.3
L 80

Period in
Captivity

105y

<1d

23y

<1d

<1d

<1d

<1d
<1d
<1d

<1d

<1d

<1d

SCL: Straight carapace length.

2F: Female; M: Male.

3Release Released Mean speed Locations Distance Final Duration

location (kmh ) <-200m (%) travelled (km) location (d)

BLA 25-Jan-97 1.27 71 2928 Nesting 108

Loreto 28-Aug- 1.40 57 1337 Nesting 57
97

BLA 23-Nov- 1.47 70 1932 Nesting 57
98

Colola 02-Mar- 1.08 85 941.3 Foraging 48
01

Colola 14-Feb- 0.83 64 3020 Foraging 196
01

Colola 27-Feb- 0.94 49 2927 Foraging 153
01

BLA 23-Jul-97  0.54 57 13.7 Foraging 21

BLA 21-Jul-04 0.62 - 691.6 Foraging

Near Isla San  03-May- 1.28 - 206.0 Foraging 53

Jose 07

BLA 04-Aug- 0.04 100 17.4 Foraging ©
97

BLAP 04-Aug- 1.09 67 329.7 Foraging 23
97

Loreto 11-Aug- 0.08 100 51.1 Foraging 15
97

SBLA: Bahia de los Angeles; BLAP: Bahia de los Angeles Park.

doi:10.1371/journal.pone.0116225.t001

described by Balazs et al. [61] with modifications as described by Nichols [60]. Silicone Elasto-
mer was used to attach the transmitter to the carapace, and marine epoxy (Marine-Tex; Mon-
tgomeryville, PA, USA) was used to create a faring as described by Watson & Granger [62], to
improve hydrodynamics and to reduce the impact of tags on the turtles [63] caused by drag
[64].

For the purposes of this study, locations (latitude and longitude) were the only information
utilized from the satellite transmitters.

Movement Analysis

Argos location data were filtered using Satellite Tracking and Analysis Tools STAT [65]. STAT
provided data on seafloor depth at each location received from the PTTs. We plotted turtle
movements using ArcView 9.2 GIS software (Environmental Systems Research Institute, Inc).
To avoid excluding useful data, positions from six valid location classes (3, 2, 1, 0, A, B) were
used. The data were then filtered to remove biologically unrealistic results; speeds greater than
5km h ™', and changes in swimming direction of an angle of <25° [66]. Two pseudo reference
points were inserted into the migration routes of Turtles B and C (see Table 1) so that the track
followed the coast, rather than cross land, in the vicinity of the Bahia de Banderas. To classify
post-nesting movements of adult females, we used a 4 point classification framework described
by Godley et al [20]. Type Al—oceanic and/or coastal movements to neritic foraging grounds:
where migration routes are generally direct, but may include coastal sections that increase mi-
gratory distance; Type A2—coastal shuttling between summer foraging and wintering sites:
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where turtles move towards areas of warmer water temperatures during the winter season;
Type A3—local residence: where turtles remain in the vicinities of the nesting areas migrating
very short distances; or Type B—Pelagic living: Turtles spend most of their time in pelagic wa-
ters with occasional use of neritic environments [20].

Additionally, satellite tracking methods were supplemented with data on sea turtle distribu-
tion from flipper tags obtained from a review of existing literature (detailed in S1 Table). These
data were used to obtain a more complete scenario of the movements and a possible overlap in
the distribution of individuals from different breeding sites in the eastern Pacific, in order to
contextualise the East Pacific green turtle meta-population.

Threat analysis

Data of Halpern et al. [67] detailing the cumulative global human impact (fisheries, pollution,
invasive species, climate change, ocean acidification, nutrient input, human population pressure
and commercial activities (shipping)) on marine ecosystems were used to give insights into the
relative threat faced by East Pacific green turtles during their migrations. To do this, tracks were
interpolated to 1 km distances between locations. Each resulting shapefile was then used to sam-
ple the value of the underlying Halpern et al. [67] data using the extension Hawth’s Tools for
ArcGIS. For each location in the Halpern et al. [67] shapefile the spatial coincident values were
taken for comparison with the overall neritic threat level, which was calculated by sampling the
area of ocean up to 200 km from the Mexican Pacific coastline. The threat faced by turtles while
on their foraging and nesting grounds was also calculated from the Halpern et al. [67] raster.
Each start or end point of a turtle’s track was classified as either foraging or nesting depending
on the area in which it was located. To compare threats faced by Michoacan turtles with those
of the Galapagos and Pacific Costa Rican populations, the end points of were taken from Semin-
off et al. [50] study of the Galapagos population and Blanco et al. [57] study of the Pacific Costa
Rican population. An area, described by a radius of 20 km was then sampled around each point
from the values on the Halpern et al. [67] raster using Hawth’s Tools Zonal Statistics (++). A
median threat index was then calculated. To access threat level at each of the four major green
turtle rookeries (Michoacan, Galapagos, Pacific Coast of Costa Rica and Islas Revillagigedo) a
central location from each rookery was taken and the threat was calculated using the above
methodology except that the area sampled was increased to 100 km radius.

Results
Adult female migration

Adult females A, B and C (see Table 1) were tracked from their foraging grounds on their
southward migrations towards the Michoacan breeding grounds for 108, 57, and 57 days re-
spectively (Fig. 1 a, b, ¢). All turtles performed Type Al migrations, departing from neritic for-
aging grounds following the coast to reach the nesting rookeries. Turtles A (Fig. 1a) and C
(Fig. 1c) departed from the foraging grounds of Bahia de los Angeles, Baja California within
1-4 days after deployment. These two turtles covered a minimum straight-line distance of
2694 km (turtle A) and 1743 km (turtle C) towards the breeding grounds in the state of Micho-
acan. Transmissions continued to be received from turtle A for 36 days after arrival to the vi-
cinities of the nesting beach of Colola, Michoacan, during which time looping behaviour was
displayed, moving up to 29 km offshore. On the contrary, transmissions from turtle C contin-
ued to be received for only 6 days after her arrival to waters off the nesting beaches. Turtle B,
remained in the foraging grounds (Bahia de Loreto) for approximately 24 days before exiting
the bay covering a minimum along-track distance of 1207 km (Fig. 1b). Transmission ceased
in the waters of the state of Colima, approximately 97 km north of the nesting beach of Colola
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Fig 1. Migratory routes taken by female East Pacific green turtles. (a, b, and c) migrating from their foraging grounds in Baja California (BC) and Baja
California Sur to their breeding grounds in Michoacéan. Turtle A and B were tracked during 1997 and turtle C during 1998-1999. White circles indicate the
start point of tracks (d, e, and f). Post-nesting migration from Michoacan during 2001 of three turtles (turtles D, E and F respectively) to the southern foraging

grounds in Central America.

doi:10.1371/journal.pone.0116225.9001

in Michoacan. The routes taken by these turtles were reasonably direct. All kept to the coastal
shelf except for the necessary crossing of the Gulf of California from the Baja California penin-
sula to mainland coast of Mexico (See Fig. 1). Mean travel speed of these pre-nesting turtles
was 1.4 + 0.1 km h ' (range 1.3 to 1.5 km h ') but when crossing the Gulf of California mean
speed increased to 1.7 + 0.7 km h ' (range 1.5to 2.3 km h ).

Arrows indicate direction of tracks. MX: Mexico; GU: Guatemala; ES: El Salvador; HO:
Honduras; NI: Nicaragua

Adult females D, E, and F (see Table 1) were tracked from their nesting beach in Colola, Mi-
choacan southwards to their foraging grounds in Central America (Fig. 1 d, e, f). The three tur-
tles presented “Type A1” migratory patterns: coastal movements to neritic foraging grounds
[20], moving along the coast as they travelled south. Mean travel speed of these turtles was 0.95
+0.1 kmh ' (range 0.8 to 1.1 km h ') which was generally slower than individuals moving to-
wards breeding sites. Turtle D started its journey at Colola beach (Fig. 1d) migrating 902 km
southward. Transmissions ceased in coastal waters in the vicinity of Oaxaca, Mexico (15°35" N
96°32’ W), suggesting transmitter failure or turtle capture. Turtle E (Fig. le) travelled a mini-
mum straight-line distance of 2915 km following the coastline of the Gulf of Tehuantepec, be-
fore heading into deeper waters in front of the Gulf of Tehuantepec where the turtle displayed
looping behaviour for the remaining 99 days of transmission (see Fig. 1e). Turtle F (Fig. 1f)
travelled 2829 km point of origin. During that journey, the turtle deviated from its coastal
movements along the north Oaxaca coast before entering the Gulf of Tehuantepec and then re-
gaining the coast near north Guatemala. Southward movement continued until 153 days after
deployment when transmissions ceased in southern Nicaraguan coastal waters.

Foraging movements

Six turtles tracked from their foraging grounds (G-H, Table 1) remained in the area during the
study period. For the 3 males (G, H, I) and 3 females (J, K, L) that remained on the Baja Califor-
nian foraging grounds (See Table 1, S1 Fig.) tracking durations were short (25 d + 15.3 d, range
=9to 53 d), however data were sufficient to highlight a number of aspects. Although there ap-
peared to be a degree of fidelity to the foraging area, this was not extreme, with animals ranging
a maximum of 13.7 to 691.6 km from point of release at mean speeds of 0.60 h ™' (range 0.04 to
1.28 km h "' see Table 1). All turtles tracked by satellite remained within shallow coastal areas.
Briefly, adult male (G) and female (J) remained in Bahia de los Angeles, Baja California (S1A
Fig.); whereas, foraging female (L) moved within Bahia de Loreto, Baja California Sur (S1B
Fig.). Interestingly, one foraging male (turtle H) moved southwards out of Bahia de los Angeles
before returning to its release location displaying looping behavior (S1C Fig.); one adult female
(turtle K) moved out of Bahia de los Angeles into the north of the Gulf of California (S1D Fig.);
finally, turtle I remained near the foraging areas of Isla San Jose and Isla Partida, Baja Califor-
nia Sur (S1E Fig.).

Contextualising movements within the meta-population

Satellite tracking studies from Michoacén (present study), Galdpagos [50] and Costa Rica [57]
showed a wide distribution of East Pacific green turtles through Central American waters
(Fig. 2a).
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doi:10.1371/journal.pone.0116225.g002

Overall 218 flipper tag recaptures from Mexico and 23 recaptures from Galapagos were ob-
tained from the literature (S1 Table, Fig. 2b). That information suggested that turtles from the
Michoacan population are distributed from the Baja California Peninsula (Mexico) to Colom-
bia. Whereas turtles from the Galapagos population migrate to Central and South American
coastline, with tag return data being collected from Honduras to Peru [38,43,45,50]. Although,
there is insufficient published data on the green turtle population of the Islas Revillagigedo, as a
result of flipper tag studies this population is known to be distributed from the Islas Revillagi-
gedo north to San Diego Bay (USA) [39].

The combination of satellite tracking and tag return studies suggested that there is consider-
able overlap of the Michoacdn, Galapagos and Costa Rican populations foraging areas in Cen-
tral America (Fig. 2 a, b), as tracking studies of the Pacific Coast of Costa Rica green turtle
population (Fig. 2a inset), showed that adult females also remain on the Central America forag-
ing grounds after nesting [57].

Threat assessment

The putative anthropogenic threat faced by East Pacific green turtles was assessed using a data-
set of integrated human impact described by Halpern et al. [67] (S2 Fig.). We assessed the
threat faced by East Pacific green turtles at each of the four major rookeries (Michoacdn, Islas
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Revillagigedo, Galapagos and Costa Rica). Overall, this analysis suggested that the Costa Rican
rookery presented the highest threat level (mean 8.08 + 3.75) when compared to the nesting
grounds in Mexico (Michoacan and Islas Revillagigedo) where the threat level was medium,
and with those in Galapagos which presented the lowest threat level (3.5 + 3.1). Of the two
Mexican rookeries, Michoacdn presented a slightly higher level of threat (6.3 + 5.5) than the
Islas Revillagigedo (6.0 + 1.8).

Migrating turtles from this study (Mexican population) were found to spend a greater
amount of time in areas of higher impact and therefore may be more threatened than would be
expected based on the average threat level within the Mexican Pacific coastal area (200 km
from coast) (Fig. 3). When we considered only foraging locations, turtles from the Costa Rican
population foraged in areas of highest impact (8.6 + 2.8, n = 9). The Michoacén foraging
turtles were found to forage in areas of higher impact (7.2 + 1.8, n = 10); than those from the
Galapagos population (6.0 + 3.43, n = 10); however, the difference was not found to be signifi-
cant (t-test, t13.53 = 0.98, p = > 0.05).

(a} 40
Coastal zone

Percentage (%)

(b)

Migration path

Percentage (%)

2 4 6 8 10 12 14 =14
Human impact level

Fig 3. Threat level faced by East Pacific green turtles. (a) Histogram comparing the percentage of each
threat level faced in the coastal area to the (b) actual average threat level faced by six migrating East Pacific
green turtles (turtles A-F) migrating from Baja Californian foraging grounds to breeding grounds in Michoacéan
(n = 3) and from Michoacan breeding grounds to Central American foraging grounds (n = 3)

doi:10.1371/journal.pone.0116225.9003
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Discussion

Understanding the complex interactions of animals from different reproductive stocks is key to
the implementation of successful regional conservation measures [68]. The present study rep-
resents the first attempt to describe the distribution of East Pacific green turtles (Chelonia
mydas agassizii) throughout their range combining novel and existing data on turtles from
three major rookeries (Michoacan, Galapagos and Pacific coast Costa Rica) including compos-
ite information collected during multiple years of sea turtle monitoring along the coast of the
Eastern Pacific.

Adult female migration

Turtles from the Michoacdn rookery travelled extensive distances (max. 2,694 km) between
breeding and foraging grounds. Those tracked on migrations towards nesting beaches main-
tained a mean travel rate of 0.45 km h " which was faster than individuals leaving nesting sites
towards foraging grounds. This difference in swimming speed may suggest females forage
along their post breeding migration. Swim speeds were similar to rates recorded for other pop-
ulations within the Eastern Pacific: Galapagos Islands (0.8 km h 1 [50]), Pacific Costa Rica
(1.5kmh ' [57]) and green turtles (Chelonia mydas) from other regions: coastal movements
in the Mediterranean (1.6 km h ! [69]) and Brazil (1.0 km h ! [70]).

Green turtles migrating from northern foraging grounds to Michoacan nesting areas dis-
played Type A1 coastal migrations and were only observed leaving coastal waters during the
necessary crossing of the Gulf of California from the Baja California peninsula to the mainland.
The displayed migratory behavior following the coastline was also displayed by post nesting fe-
males migrating to southern foraging grounds, although, when two of three individuals migrat-
ed through the Gulf of Tehauntepec, they moved into oceanic waters. This coastal migratory
behavior is similar to that displayed by some of the post-nesting turtles migrating from Costa
Rica [57]. None of the turtles tracked in this study displayed behaviour suggestive of oceanic for-
aging as seen in most of the Galapagos green turtles [38] and in one Michoacan turtle described
by Byles et al. [71]. Despite of the limited sample size, we believe that for adult females nesting
on the continental mainland, oceanic foraging may be a minority foraging strategy. Seminoff
etal. [50], suggested that oceanic foraging may be more energetically beneficial than neritic for-
aging for turtles nesting on Galapagos Islands. It might be possible that for turtles nesting on the
continental mainland (as the Michoacan rookeries) may be less costly in terms of energy to mi-
grate and forage along the coast. Although telemetry data are lacking at present, it would be in-
teresting to learn and compare if a greater prevalence of offshore foraging is present for green
turtles nesting at the Islas Revillagigedo, the other major offshore archipelago in the region.

Foraging turtles

Despite the relatively short number of days foraging turtles were tracked during this study we
were able to observe local movements of six individuals. As previously shown using satellite te-
lemetry [57,72], the distances travelled within foraging areas suggested that green turtles have
large home ranges. Adult male turtle H tagged in Bahia de los Angeles travelled 691.6 km dis-
playing a typical looping behaviour suggestive of foraging [27,73]. Although traveling a greater
distance than other foraging Chelonia mydas, this male returned to the point of release before
transmission ceased, which implies that the turtle was not beginning migrational movements.
Additionally, that type of movement suggested that this turtle may be resident to Bahia de los
Angeles. Turtle K also travelled a considerable distance of 329.7 km moving into the northern
Gulf of California. Although turtle K did not display typical looping behaviour we considered
movements to be representative of foraging as there are no registered nesting rookeries for
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green turtles in the northern Gulf of California, and the area is well documented as a foraging
area for this species [58,74,75,76]. Large foraging ranges of green turtles may be a result of low
food densities within home ranges and their diverse diet having been found to feed on seagrass,
algae and invertebrates [74,77] compared with turtles from other Chelonia mydas populations
[78]. Their diverse diet allows them not to be limited to environments of shallow sea grass
beds. Large foraging areas have also been shown for green turtles feeding on algae in Brazil [70]
and East Pacific green turtles foraging along the Nicaraguan coast [57].

Contextualising movements within the meta-population and threat
assessment

Green turtles from both the Michoacdn (this study) and Galapagos rookeries [50] have been
shown to migrate to foraging grounds in Central America, and, thus far, the Costa Rica popula-
tion has been shown to remain in this region during non-reproductive life phases as well [57].
Supporting these telemetry studies information obtained from tag recaptures (see S1 Table)
demonstrated that green turtles tagged in Mexico, were recaptured in Central (Guatemala, El
Salvador, Nicaragua, Costa Rica, Panama, and Ecuador) and South American countries (Co-
lombia and Peru), the same occurred with turtles tagged in Galapagos Islands which also were
recaptured in Central and South American countries. This may indicate that green turtles from
this distinctive group along the Eastern Pacific show high interaction between individuals con-
gregating in the same foraging areas despite originating from distant nesting rookeries. For ex-
ample, turtles nesting on Mexican beaches are present in the foraging grounds (i.e.
Nicaraguan) with individuals from Galapagos and Costa Rican nesting beaches. This is also
supported by genetic studies suggesting that the genetic composition of turtles foraging in Gor-
gona National Park, Colombia comprise haplotypes that have been found in turtles from Me-
xico and Galapagos [79]. Recently, Dutton et al. [80] indicated that the Costa Rican rookery is
genetically closely related to the Galapagos rookery while turtles from Michoacan are differen-
tiated from those two rookeries despite of the mixing in the foraging grounds. Several studies
focused their attention on the origins of sea turtle migration [81]. As suggested by Blanco [82],
foraging areas of green turtles nesting on Costa Rican beaches are the result of hatchling dis-
persal with ocean currents. This is supported by Scott et al. [81], where authors indicate that
the diverse migration routes of adult sea turtles reflect the variety in neritic and oceanic areas
they may have known during their pelagic phase as drifting hatchlings. Therefore, we could
suggest that the major foraging areas for this species located along the coast of Central America
are a result of hatchlings from Mexico, Galapagos, and Costa Rica being transported by oceanic
currents to those areas. Green turtles were found to be at risk from anthropogenic threats
throughout their breeding migrations and feeding ranges. Turtles from all three rookeries were
found to migrate towards Central America whereas only turtles from the Michoacan rookery
were seen to move further north into the Gulf of California. This considerable overlap of forag-
ing areas added to the fact that Costa Rican populations (foraging in Central America) are at
higher risk because of human activities (see results), highlights the importance of the Central
American coastal areas to the survival of these remaining major East Pacific green turtle popu-
lations. Green turtle density in the Central American region is supported by findings of high
levels of green turtle bycatch by Costa Rican shrimp trawlers [83,84]. In addition there are sev-
eral artisanal long line fisheries operating along the coast of Costa Rica. These fisheries are not
controlled when fishing outside a protected area; therefore those fishing vessels are not ac-
counted for by any agency (Blanco personal observation). As a consequence, sea turtle bycatch
may be much higher than official reports suggest as some artisanal fisheries have been shown
to have bycatch levels similar to that of industrial fisheries [85].
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Although not demonstrated extensively by our data, green turtle populations may be threat-
ened by fishing activity due to the pelagic foraging habits of some individuals as shown by
Seminoff et al. [50] for the Galapagos population and Byles et al. [71] for the Michoacan popu-
lation. These pelagic habits, though not represented in turtles satellite tracked in this study, are
further supported by reports from observers on tuna purse seiners sighting a total of 2736
green turtles between 1993-2001, 54 of which were dead making this species second only to
Lepidochelys olivacea for observed abundance [40,84,87]. This supports the call for bycatch
mitigation to be focussed in the eastern Pacific as an area of high bycatch [59,86].

Our results also highlight the fact that migrating green turtles from Mexican nesting beaches
occupy for the most part areas of no specific conservation status (see http://www.conabio.gob.
mx/). In 1998 a Mexican government initiative highlighted 70 areas within Mexico’s Exclusive
Economic Zone (EEZ) to be known as Marine Priority Areas. This designation was given to
highlight areas of high biodiversity, important resources or as a result of a need for research
into their biodiversity. (http://www.conabio.gob.mx/). We suggest that by using these Priority
Areas as a guide, MPAs could be quickly implemented or seasonal fisheries closures could be
applied along the coastline depending on the time of the year when green turtle migrations
are taking place. If these Priority Areas were designated MPAs East Pacific green turtles would
be fully protected in the Baja Californian foraging areas and in many areas south of the Gulf
of California including the Gulf of Techautepec, a possible green turtle foraging ground. How-
ever until this happens, the status of these areas as Priority Areas affords no
effective protection.

Four of the twelve satellite tracked turtles showed early loss of satellite transmitters. Al-
though we are unable to definitively attribute this to a particular factor, previous studies have
suggested reasons for early transmitter loss. Hays et al. [88] identified exhaustion of batteries,
salt-water switch failure, antenna breakage, animal mortality and premature detachment of
tags as reasons for early loss of transmission. Further Hays et al. [88] attributed loss of trans-
missions from four olive ridley turtles (Lepidochelys olivacea) to their habit of lodging them-
selves between rocks and corals to rest resulting in damage or loss of the transmitter. This habit
of using coral reefs and rocky areas for resting has been documented for green turtles [77,79].
However the main reason for low retention times for satellite telemetry studies on green turtles
([51] Arauz unpublished data, Amorocho unpublished data), is the turtle’s oily carapace and
thin keratin layer which may affect tag attachment.

Despite this early transmitter loss we suggest that satellite tracking of foraging green turtles
is extremely important in terms of studying the spatial ecology of this species. Other methodol-
ogies such as radio telemetry, though highly effective while tracking within bays and lagoons,
does not allow tracking of turtle movements with such large home range as the ones described
in this study. In addition, the use of flipper tags on sea turtles offers point to point information,
but does not describe movements within a foraging area. The use of these techniques may lead
to foraging strategies and areas, such as the ones described here, to be overlooked when plan-
ning conservation schemes and designing effective MPAs.

We have shown how satellite tags demonstrate a major advantage over flipper tags as they
can provide us with information on how individual turtles move between their foraging and
nesting grounds allowing us to identify key migratory routes and new foraging areas. We also
draw attention to the benefits of satellite tracking of green turtles on their foraging grounds
due to the large area of their home ranges. We have also highlighted how traditional flipper tag
studies have and continue to contribute to our knowledge of sea turtle movements, can rein-
force satellite telemetry and have the added benefit of being economically accessible to many
researchers. By combining all data available we can begin to understand the biogeography of
widely distributed species.
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Additional research and monitoring is necessary to clarify threats faced by green turtles
along their migrational routes, such as fisheries interactions and direct illegal harvest. Knowl-
edge of the Michoacén turtles’ movements from the rookeries to foraging areas in Baja Califor-
nia also needs further attention and pelagic movements of this population have yet to be
described in detail. Research on the Michoacan green turtle population is not proportional to
its regional importance nor to the threat that it continues to face on foraging grounds. We rec-
ommend an increase in research into the green turtle on their southern foraging grounds and
tracking of turtles leaving Islas Revillagigedo as a complement to existing telemetry studies
from the three rookeries presented here. This is the first study to highlight how turtles from
three major green turtle rookeries mix on foraging grounds in Central America and we suggest
that these Central American foraging grounds should be priority areas for protection and re-
search. This study highlights the importance of expanded conservation efforts in the coastal
area of Central America as protection of foraging green turtles at these locations would have
positive consequences at a regional scale.

Supporting Information

S1 Fig. Movements of six East Pacific green turtles in the foraging grounds of the Baja Cali-
fornian peninsula. (a) movements of adult male Turtle G (Solid line) and an adult female
(Dashed line) Turtle ] in Bahia de los Angeles, Baja California. (b) Adult female Turtle L moving
within the Bahia de Loreto, Baja California Sur. (c) Movements of adult male Turtle H moving
out of Bahia de los Angeles to the south before returning to the area of its release. (d) Adult fe-
male Turtle K moving out of Bahia de los Angeles into the north of the Gulf of California and
(e) adult male Turtle I foraging in the area of Isla San Jose and Isla Partida, Baja California Sur.
(TIE)

S2 Fig. Map of data from Halpern et al. (2008) detailing the cumulative global human im-
pact on marine ecosystems. Black circles represent major green turtle rookeries in the East Pa-
cific.

Cumulative impacts: fisheries, pollution, invasive species, climate change, ocean acidification,
nutrient input, human population pressure and commercial activities (shipping).

(TTF)

S1 Table. Summary table of flipper tag returns by region. Flipper tag returns for turtles from
the Michoacan, Alvarado & Figueroa [43]; Marquez & Carrasco [45] and Galapagos, Green
[38] populations.

(DOC)

Acknowledgments

We thank the many people who contributed to this research including Antonio and Beatris
Resendiz, Anthony Galvan, Rick Brusca, Dana Nichols, Jennifer Gilmore, Travis Smith, Lucy
Yarnell, Alexis McDermott, Lynn Huff, Roger Roth and Rodrigo Rangel. We also thank two
anonymous reviewers for their helpful comments.

Author Contributions

Conceived and designed the experiments: BJG TT] AR JAS MJW W]N. Performed the experi-
ments: CEH GSB MSC CDT BJG TTJ AR JAS MJW W]N. Analyzed the data: CEH MSC BJG
MJW WIN. Contributed reagents/materials/analysis tools: GSB MSC BJG TTJ JAS MJW W]N.
Wrote the paper: CEH GSB MSC CDT BJG TTJ JAS MJW W]N.

PLOS ONE | DOI:10.1371/journal.pone.0116225 February 3, 2015 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116225.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116225.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116225.s003

@' PLOS ‘ ONE

Migrations and Movements of East Pacific Green Turtles

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

Southall EJ, Sims DW, Witt MJ, Metcalfe JD (2006) Seasonal space-use estimates of basking sharks in
relation to protection and political-economic zones in the north-east Atlantic. Biol Conserv 132:33-39

Hueter R, Cailliet G, Musick J, Burgess G (2007) Highly migratory shark fisheries research by the Na-
tional Shark Research Consortium, 2002—2007. NSRC. 91-122.

Block BA, Jonsen ID, Jorgensen SJ, Winship AJ, Shaffer SA et al. (2011) Tracking apex marine preda-
tor movements in a dynamic ocean. Nature 475:86-90 doi: 10.1038/nature10082 PMID: 21697831

Baum JK, Myers RA, Kehler DG, Worm B, Harley SJ et al. (2003) Collapse and Conservation of Shark
Populations in the Northwest Atlantic. Science 299: 389-392 PMID: 12532016

Lewison RL, Freeman SA, Crowder LB (2004) Quantifying the effects of fisheries on threatened spe-
cies: the impact of pelagic longlines on loggerhead and leatherback sea turtles. Ecol Lett 7:221-231

Hutchings JA, Reynolds JD (2004) Marine Fish Population Collapses: Consequences for Recovery
and Extinction Risk. Bio Science 54: 4:297-309

Hall MA, Alverson DL, Metuzals Kl (2000) By-Catch: Problems and Solutions. Mar Pollut Bull. 41.
1-6:204-219

Finkelstein M, Bakker V, Doak DF, Sullivan B, Lewison R et al. (2008) Evaluating the Potential Effec-
tiveness of Compensatory Mitigation Strategies for Marine Bycatch. PLoS ONE 3:6. €2480. 1-11 doi:
10.1371/journal.pone.0002480 PMID: 18560568

Koch V, Peckham H, Mancini A, Eguchi T (2013) Estimating at-sea mortality of marine turtles from
stranding frequencies and drifter experiments. PLoSOne 8:56776 doi: 10.1371/journal.pone.0056776
PMID: 23483880

The IUCN Red List of Threatened Species. Version 2014.2. <www.iucnredlist.org>. Downloaded on
28 August 2014

Wallace BP, Lewison RL, McDonald SL, McDonald RK, Kot CY et al. (2010) Global patterns of marine
turtle bycatch. Conserv Lett 3:131-142

Santidrian Tomillo P, Saba VS, Piedra R, Paladino FV, Spotila JR (2008) Effects of illegal harvest of
eggs on the population decline of leatherback turtles in Las Baulas Marine National Park, Costa Rica.
Conserv Biol 22:1216-1224 doi: 10.1111/j.1523-1739.2008.00987.x PMID: 18637915

Hart KA, Gray T, Steada SM (2013) Consumptive versus non-consumptive use of sea turtles? Stake-
holder perceptions about sustainable use in three communities near Cahuita National Park, Costa
Rica. Mar Policy 42:236—244

Santos RG, Martins AS, Farias JDN, Horta PA, Pinheiro HT et al. (2011) Coastal habitat degradation
and green sea turtle diets in Southeastern Brazil. Mar Pollut Bull 62:1297-1302 doi: 10.1016/j.
marpolbul.2011.03.004 PMID: 21450314

Keller JM, Balazs GH, Nilsen F, Rice M, Work TM et al. (2014) Investigating the potential role of persis-
tent organic pollutants in Hawaiian green sea turtle fibropapillomatosis. Environ Sci Technol 48:7807—
7816 doi: 10.1021/es5014054 PMID: 24963745

Fuentes MMPB Limpus CJ, Hamann M (2011) Vulnerability of sea turtle nesting grounds to climate
change. Glob Change Biol 17:140-153

Santidrian Tomillo P, Saba VS, Blanco GS, Stock CA, Paladino FV et al. (2012) Climate driven egg and
hatchling mortality threatens survival of Eastern Pacific leatherback turtles. PLoS ONE 7:€37602. DOI:
10.1371/journal.pone.0037602 PMID: 22649544

Shillinger GL, Palacios DM, Bailey H, Bograd SJ, Swithenbank AM et al. (2008) Persistent leatherback
turtle migrations present opportunities for conservation. PLoS Biology 6:e171 doi: 10.1371/journal.
pbio.0060171 PMID: 18630987

Hamann M, Godfrey MH, Seminoff JA, Arthur K, Barata PCR et al. (2010) Global research priorities for
sea turtles: informing management and conservation in the 21st century. Endanger Species Res
11:245-269

Godley BJ, Blumenthal J, Broderick AC, Coyne MS, Godfrey MH et al. (2008) Satellite tracking of sea
turtles: where have we been and where do we go next? Endanger Species Res 3:3-22

Scott R, Hodgson DJ, Witt MJ, Coyne MS, Adnyana W et al. (2012) Global analysis of satellite tracking
data shows that adult green turtles are significantly aggregated in Marine Protected Areas. Glob Ecol
Biogeogr DOI: 10.1111/j.1466-8238.2011.00757.x PMID: 25071413

James MC, Myers RA, Ottensmeyer CA (2005) Behaviour of leatherback sea turtles, Dermochelys cor-
iacea, during the migratory cycle. Proc R Soc Lond B Biol Sci 272:1547-1555

McCarthy AL, Heppell S, Royer F, Freitas C, Dellinger T (2010) Identification of likely foraging habitat of
pelagic loggerhead sea turtles (Caretta caretta) in the North Atlantic through analysis of telemetry track
sinuosity. Prog Oceanogr 86:224-231

PLOS ONE | DOI:10.1371/journal.pone.0116225 February 3, 2015 14/17


http://dx.doi.org/10.1038/nature10082
http://www.ncbi.nlm.nih.gov/pubmed/21697831
http://www.ncbi.nlm.nih.gov/pubmed/12532016
http://dx.doi.org/10.1371/journal.pone.0002480
http://www.ncbi.nlm.nih.gov/pubmed/18560568
http://dx.doi.org/10.1371/journal.pone.0056776
http://www.ncbi.nlm.nih.gov/pubmed/23483880
http://www.iucnredlist.org
http://dx.doi.org/10.1111/j.1523-1739.2008.00987.x
http://www.ncbi.nlm.nih.gov/pubmed/18637915
http://dx.doi.org/10.1016/j.marpolbul.2011.03.004
http://dx.doi.org/10.1016/j.marpolbul.2011.03.004
http://www.ncbi.nlm.nih.gov/pubmed/21450314
http://dx.doi.org/10.1021/es5014054
http://www.ncbi.nlm.nih.gov/pubmed/24963745
http://dx.doi.org/10.1371/journal.pone.0037602
http://www.ncbi.nlm.nih.gov/pubmed/22649544
http://dx.doi.org/10.1371/journal.pbio.0060171
http://dx.doi.org/10.1371/journal.pbio.0060171
http://www.ncbi.nlm.nih.gov/pubmed/18630987
http://dx.doi.org/10.1111/j.1466&ndash;8238.2011.00757.x
http://www.ncbi.nlm.nih.gov/pubmed/25071413

@'PLOS ‘ ONE

Migrations and Movements of East Pacific Green Turtles

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

Hays GC, Broderick AC, Godley BJ, Lovell P, Martin C et al. (2002) Biphasal long-distance migration in
green turtles. Anim Behav 64:895-898

Benson SR, Dutton PH, Hitipeuw C, Samber B, Bakarbessy J et al. (2007) Post-Nesting Migrations of
Leatherback Turtles Dermochelys coriacea from Jamursba-Medi, Bird’s Head Peninsula, Indonesia.
Chel Conserv Biol 6:150-154

Broderick AC, Coyne MS, Fuller WJ, Glen F, Godley BJ (2007) Fidelity and over-wintering of sea tur-
tles. Proc R Soc B 274:1533—-1538 PMID: 17456456

Troéng S, Rankin E (2005) Long-term conservation efforts contribute to positive green turtle Chelonia
mydas nesting trend at Tortuguero, Costa Rica. Biol Conserv 121: 111-116

Bjorndal K and Jackson JBC (2003) Roles of sea turtles in marine ecosystems: reconstructing the past.
In: Lutz PL, Musick JA, and Wyneken J (Eds). The biology of sea turtles, volume 2. Boca Raton, FL:
CRC Press.

Blumenthal JM, Solomon JL, Bell CD, Austin TJ, Ebanks-Petrie SG et al. (2006) Satellite tracking high-
lights the need for international cooperation in marine turtle management. Endanger Species Res 7:1-11

Ferraroli S, Georges J, Gaspar P, Le Maho Y (2004) Where leatherback turtles meet fisheries. Nature
429: 521-522 PMID: 15175741

Peckham SH, Diaz DM, Walli A, Ruiz G, Crowder LB et al. (2007) Small-scale fisheries bycatch jeopar-
dizes endangered Pacific loggerhead turtles. PLoSOne 2:e1041 1-6 PMID: 17940605

Cardona L, Revelles M, Parga ML, Tomas J, Aguilar Aet al. (2009) Habitat use by Loggerhead sea tur-
tles Caretta caretta off the coast of eastern Spain results in a high vulnerability to neritic fishing gear.
Mar Biol 156: 2621-2630

Witt MJ, Broderick AC, Coyne M, Formia A, Nguessono S et al. (2008) Satellite tracking highlights diffi-
culties in the design of effective protected areas for Critically Endangered leatherback turtles Dermo-
chelys coriacea during the inter-nesting period. Oryx 42:296-300

Pritchard PCH (1999) Status of the Black Turtle. Conserv Biol 13:1000-1003

Seminoff JA, Alvarado J, Delgado C, Lopez JL, Hoeffer G (2002) First direct evidence of migration by
an East Pacific green sea turtle from Michoacan, México, to a foraging ground on the Sonoran Coast of
the Gulf of California. Southwest Nat 47:314-316

Eguchi T, Seminoff JA, LeRoux RA, Dutton PH, Dutton DL (2010) Abundance and survival rates of
green turtles in an urban environment: coexistence of humans and an endangered species. Mar Biol
157:1869-1877

MacDonald BD, Lewison RL, Madrak SV, Seminoff JA, Eguchi T (2012) Home ranges of East Pacific
green turtles Chelonia mydas in a highly urbanized temperate foraging ground. Mar Ecol Prog Ser
461:211-221

Green D (1984) Long-Distance Movements of Galapagos Green Turtles. J Herpetol 18: 2:121-130

Juarez-Ceron JA, Sarti-Martinez AL, Dutton PH (2002) First study of the green/black turtles of the Revil-
lagigedo Archipelago: a unique nesting stock in the Eastern Pacific. In: Seminoff J.A. (Ed). Proceedings
of the 22" Annual Symposium on Sea Turtle Biology and Conservation, NOAA Technical Memoran-
dum NMFS-SEFSC- 503:70

Quifiones J, Gonzalez Carman V, Zeballos J, Purca S, Hermes M (2010) Effects of El Nifio-driven envi-
ronmental variability on black turtle migration to Peruvian foraging grounds. Hydrobiologia 345:69-79

Guerra-Correa C (2007) Sea turtles situation is critical in Mejillones Del Sur Bay in Northern Chile. Let-
ter to Marman Listserve. August 2, 2007. MS. Universidad De Antofagasta, Chile.

Guerra-Correa GCM, Bolados PD, Silva A, Garfias P (2008) Sea turtle congregations in discrete tem-
perate shoreline areas in cold Northern Chilean coastal waters. In Proceedings of the Twenty-Seventh
Annual Symposium on Sea Turtle Biology and Conservation, compilers Rees A. F., Frick M., Panago-
poulou A., and Willams K., 211-212. Washington, DC: NOAA Technical Memorandum NMFS-
SEFSC-569, 262 p.

Alvarado J, Figueroa A (1992) Recapturas post-anidatorias de hembras de tortuga marina negra Che-
lonia agassizii marcadas en Michoacan, Mexico. Biotropica 24:560-566

Alvarado-Diaz J, Delgado-Trejo C, Suazo-Ortufio | (2001) Evaluation of black turtle project in Michoa-
can, México. Mar Turt Newsl| 92:4—7

Marquez-Millan and Carrasco (2002) The investigation and conservation of the black turtle in Mexico:
the first years. In: Proceedings of the 22nd Annual Symposium on Sea Turtle Biology and Conserva-
tion, Miami FL 80-81

Raygadas-Torres BS, Delgado-Trejo C (2008) Estado de conservacion de la poblacién de Tortuga
negra (Chelonia agassizii) en Michoacan. Tesis. Universidad Michoacana de San Nicolas de Hidalgo.
Mexico doi: 10.1038/tp.2014.91 PMID: 25536318

PLOS ONE | DOI:10.1371/journal.pone.0116225 February 3, 2015 15/17


http://www.ncbi.nlm.nih.gov/pubmed/17456456
http://www.ncbi.nlm.nih.gov/pubmed/15175741
http://www.ncbi.nlm.nih.gov/pubmed/17940605
http://dx.doi.org/10.1038/tp.2014.91
http://www.ncbi.nlm.nih.gov/pubmed/25536318

@' PLOS ‘ ONE

Migrations and Movements of East Pacific Green Turtles

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Awbrey FT, Leatherwood S, Mitchell ED, Rogers W (1984) Nesting green sea turtles (Chelonia mydas)
on Isla Clarién, Islas Revillagigedos, Mexico. Bull South Calif Acad Sci 83:69-75

Holroyd GL, Trefry HE (2010) The importance of Isla Clarion, Archipelago Revillagigedo, Mexico, for
green turtle (Chelonia mydas) nesting. Chelon Conserv Biol 9:305-309

Zarate P, Fernie A, Dutton P (2002) First results of the East Pacific green turtle, Chelonia mydas, nest-
ing population assessment in the Galapagos Islands. In: Proceedings of the 22nd Annual Symposium
on Sea Turtle Biology and Conservation, Miami FL 70-73

Seminoff JA, Zarate P, Coyne M, Foley DG, Parker D et al. (2008) Post-nesting migrations of Galapa-
gos green turtles Chelonia mydas in relation to oceanographic conditions: integrating satellite telemetry
with remotely sensed ocean data. Endanger Species Res 4:57-72

Seminoff JA, Schroeder B, MacPherson S, Possardt E, Bibb K (2007) Green sea turtle (Chelonia
mydas) 5-year review: summary and evaluation. Silver Spring, MD: National Marine Fisheries Service,
and Jacksonville, FL: US Fish and Wildlife Service.

Santidrian Tomillo P, Roberts SA, Hernandez R, Spotila JR, Paladino FV (2014) Nesting ecology of
East Pacific green turtles at Playa Cabuyal, Gulf of Papagayo, Costa Rica. Mar Ecol doi: 10.1111/
maec.12159

Fonseca LG, Quirés W, Villachica WN, Heidemeyer M, Argiiello Y et al. (2014) Anidacion de tortugas
marinas en la Isla San Joseé, Area de Conservacion Guanacaste, Costa Rica (Temporada 2013-2014).
Informe Técnico. Area de Conservacién Guanacaste.

Blanco GS, Morreale SJ, Vélez E, Piedra R, Montes WM et al. (2012) Reproductive output and ultraso-
nography of an endangered population of East Pacific green turtles. J Wildl Manag 76: 841-846

Alvarado-Diaz J and Delgado Trejo C (2003) Reproductive biology and current status of the black turtle
in Michoacan, Mexico. Pages 69 in Proceedings of the 22nd Annual Symposium on Sea Turtle Biology
and Conservation, Miami, 2002

Amorocho DF, Abreu-Grobois FA, Dutton PH, Reina RD (2012) Multiple distant origins for green sea
turtles aggregating off Gorgona Island in the Colombian Eastern Pacific. PLoSOne 7:€31486 doi: 10.
1371/journal.pone.0031486 PMID: 22319635

Blanco GS, Morreale SJ, Bailey H, Seminoff JA, Paladino FV et al. (2012) Post-nesting movements
and feeding grounds of a resident East Pacific green turtle Chelonia mydas population from Costa Rica.
Endanger Species Res 18:233-245

Koch V, Nichols WJ, Peckham H, de la Tobae V (2006) Estimates of sea turtle mortality from poaching
and bycatch in Bahia Magdalena, Baja California Sur, Mexico. Biol Conserv 2 8:327-334

Wallace BP, Lewison RL, McDonald SL, McDonald RK, Kot CY et al. (2010) Global patterns of marine
turtle bycatch. Conserv Lett 3:131-142

Nichols WJ (2003) Biology and Conservation of sea turtles in Baja California, Mexico. PhD Thesis Uni-
versity of Arizona.

Balazs GH, Miya RK, Beaver SC (1996) Procedures to attach a satellite transmitter to the carapace of
an adult green turtle, Chelonia mydas. In: J.A. Keinath, D.E.Barnard, J.A. Musick & B.A. Bell (Compil-
ers). Proceedings of the 15th Annual Symposium on Sea Turtle Biology and Conservation, Feb. 20-25,
1995, Hilton Head, SC. NMFS-SEFSC-387 pp. 21-26.

Watson KP, Granger RA (1998) Hydrodynamic effect of a satellite transmitter on a juvenile green turtle
(Chelonia mydas). J Exp Biol 201:2497-2505 PMID: 9698584

Jones TT, Bostrom B, Carey M, Imlach B, Mikkelsen J et al. (2011) Determining transmitter drag and
best-practice attachment procedures for sea turtle biotelemetry studies. NOAA Technical Memoran-
dum NMFS-SWFSC-480. http://swfsc.noaa.gov/publications/TM/SWFSC/NOAA-TM-NMFS-SWFSC-
480.pdf

Jones TT, Van Houtan KS, Bostrom BL, Ostafichuk P, Mikkelsen J et al. (2013) Calculating the ecologi-
cal impacts of animal-borne instruments on aquatic organisms. Methods Ecol Evol 4(12):1178—-1186.
DOI: 10.1111/2041-210X.12109

Coyne MS, Godley BJ (2005) Satellite Tracking and Analysis Tool (STAT): an integrated system for ar-
chiving, analyzing and mapping animal tracking data. Mar Ecol Prog Ser 127:1-7

Witt MJ, Akesson S, Broderick AC, Coyne MS, Ellick J et al. (2010) Assessing accuracy and utility of
satellite-tracking data using Argos-linked Fastloc-GPS. Anim Behav 80:571-581

Halpern BS, Walbridge S, Selkoe KA, Kappel CV, Micheli F et al. (2008) A global map of human impact
on marine ecosystems. Science 319: 5865. 948—952

Martin TG, Chadeés I, Arcese P, Marra PP, Possingham HP et al. (2007) Optimal conservation of migra-
tory species. PLoS ONE 2(8):e751. DOI: 10.1371/journal.pone.0000751 PMID: 17710150

PLOS ONE | DOI:10.1371/journal.pone.0116225 February 3, 2015 16/17


http://dx.doi.org/10.1111/maec.12159
http://dx.doi.org/10.1111/maec.12159
http://dx.doi.org/10.1371/journal.pone.0031486
http://dx.doi.org/10.1371/journal.pone.0031486
http://www.ncbi.nlm.nih.gov/pubmed/22319635
http://www.ncbi.nlm.nih.gov/pubmed/9698584
http://swfsc.noaa.gov/publications/TM/SWFSC/NOAA-TM-NMFS-SWFSC-480.pdf
http://swfsc.noaa.gov/publications/TM/SWFSC/NOAA-TM-NMFS-SWFSC-480.pdf
http://dx.doi.org/10.1111/2041&ndash;210X.12109
http://dx.doi.org/10.1371/journal.pone.0000751
http://www.ncbi.nlm.nih.gov/pubmed/17710150

@' PLOS ‘ ONE

Migrations and Movements of East Pacific Green Turtles

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Godley BJ, Richardson S, Broderick AC, Coyne MS, Glen F et al. (2002) Long-term satellite telemetry
of the movements and habitat utilisation by green turtles in the Mediterranean. Ecography 25
(3):352-362.

Godley BJ, Lima EHSM, Akesson S, Broderick AC, Glen F et al. (2003) Movement patterns of green tur-
tles in Brazilian coastal waters described by satellite tracking and flipper tagging. Mar Ecol Prog Ser
253:279-288

Byles R, Alvarado J, Rostal D (1995) Preliminary analysis of post-nesting movements of the Black Tur-
tle (Chelonia agassizi) from Michoacén, México. Pp. 12-13 In Richardson, J.I., and T.H. Richardson
(Comps.). Proceedings of the Twelfth Annual Workshop on Sea Turtle Biology and Conservation
NOAA Tech. Memo. NMFS-SEFSC-361

Seminoff JA, Resendiz A, Nichols WJ (2002) Home range of green turtles Chelonia mydas at a coastal
foraging area in the Gulf of California, Mexico. Mar Ecol Prog Ser 242: 253-265

Cheng IJ (2000) Post-nesting migrations of green turtles (Chelonia mydas) at Wan-An Island, Penghu
Archipelago, Taiwan. Mar Biol 137:747-754

Seminoff JA, Resendiz A, Nichols WJ (2002) Diet of east Pacific green turtles (Chelonia mydas) in the
central Gulf of California, Mexico. J Herpetol 36:447-453

Seminoff JA, Jones TT (2006) Diel movements and activity ranges of Green turtle (Chelonia mydas) at
a temperate foraging area in the Gulf of California, Mexico. Herpetol Conserv Biol 1(2):81-86

Brooks LB, Harvey JT, Nichols WJ (2009) Tidal movements of East Pacific green turtle Chelonia mydas
at a foraging area in Baja California Sur, Mexico. Mar Ecol Prog Ser 386:263-274

Amorocho DF, Reina RD (2007) Feeding ecology of the East Pacific green sea turtle Chelonia mydas
agassizii at Gorgona National Park, Colombia. Endanger Species Res 3:43-51

Arthur KE, Balazs GH (2008) A comparison of immature green turtles (Chelonia mydas) diets among
seven sites in the Main Hawaiian Islands. Pac Sci 62:205-217

Amorocho DF, Abreu-Grobois FA, Dutton PH, Reina RD (2012) Multiple Distant Origins for Green Sea
Turtles Aggregating off Gorgona Island in the Colombian Eastern Pacific. PLoS ONE 7:€31486 doi: 10.
1371/journal.pone.0031486 PMID: 22319635

Dutton PH, Jensen MP, Frey A, LaCasella E, Balazs GH et al. (2014) Population structure and phylo-
geography reveal pathways of colonization by a migratory marine reptile (Chelonia mydas) in the cen-
tral and eastern Pacific. Ecol Evol DOI: 10.1002/ece3.1269 doi: 10.1002/ece3.818 PMID: 25558371

Scott R, Marsh R, Hays G (2014) Ontogeny of long distance migration. Ecology 95:2840-2850.http://
dx.doi.org/10.1890/13-2164.1

Blanco GS (2010) Movements and behavior of the East Pacific green turtle (Chelonia mydas) from
Costa Rica. PhD Dissertation, Drexel University, Philadelphia. Available: https://idea.library.drexel.
edu/.../Blanco_Gabriela.pdf. Accessed 2014 August.

Lopez E, Arauz R (2002) Nesting records of East Pacific green turtles (Chelonia mydas agassizii) in
south Pacific Costa Rica, including notes on incidental capture by shrimping and longline activities. In:
Proceedings of the 22nd Annual Symposium on Sea Turtle Biology and Conservation, Miami FL 84-85

Kelez S (2011) Bycatch and Foraging Ecology of Sea Turtles in the Eastern Pacific. PhD Dissertation,
Duke University. Available: http://dukespace.lib.duke.edu/dspace/bitstream/handle/10161/5642/
KelezSara_duke_0066D_10996.pdf?sequence=1

Peckham SH, Diaz DM, Walli A, Ruiz G, Crowder LB et al. (2007) Small-scale fisheries bycatch jeopar-
dizes endangered Pacific loggerhead turtles. PLoS One 2:e1041 PMID: 17940605

Lewison RL, Crowder LB, Wallace BP, Moore JE, Cox T et al. (2014) Global patterns of marine mam-
mal, seabird, and sea turtle bycatch reveal taxa-specific and cumulative megafauna hotspots. Proceed-
ings of the National Academy of Sciences, doi: 10.1073/pnas.131896011

Inter-American Tropical Tuna Commission (2003) Review of the status of sea turtle stocks in the East-
ern Pacific. Working Group on Bycatch; Fourth Meeting, Kobe, Japan, January 14—16, 2004. Document
BYC-4-04.

Hays GC, Bradshaw CJA, James MC, Lovell P, Sims DW (2007) Why do Argos satellite tags deployed
on marine animals stop transmitting? J Exp Mar Biol Ecol 349:52—-60

PLOS ONE | DOI:10.1371/journal.pone.0116225 February 3, 2015 17/17


http://dx.doi.org/10.1371/journal.pone.0031486
http://dx.doi.org/10.1371/journal.pone.0031486
http://www.ncbi.nlm.nih.gov/pubmed/22319635
http://dx.doi.org/10.1002/ece3.1269
http://dx.doi.org/10.1002/ece3.818
http://www.ncbi.nlm.nih.gov/pubmed/25558371
http://dx.doi.org/10.1890/13&ndash;2164.1
http://dx.doi.org/10.1890/13&ndash;2164.1
https://idea.library.drexel.edu/.../Blanco_Gabriela.pdf
https://idea.library.drexel.edu/.../Blanco_Gabriela.pdf
http://dukespace.lib.duke.edu/dspace/bitstream/handle/10161/5642/KelezSara_duke_0066D_10996.pdf?sequence=1
http://dukespace.lib.duke.edu/dspace/bitstream/handle/10161/5642/KelezSara_duke_0066D_10996.pdf?sequence=1
http://www.ncbi.nlm.nih.gov/pubmed/17940605
http://dx.doi.org/10.1073/pnas.131896011

