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Abstract— From 1992-2014 the breeding migrations of 20 green turtles, Chelonia mydas, 
were satellite tracked either from or to the colonial nesting site of French Frigate Shoals 
(FFS), a geologically ancient mid-point in the 2400 km arc of the Hawaiian Islands. Using 
the Argos System, ocean routes and travel schedules were mapped and the home ranges of 
foraging area destinations were calculated and portrayed by Minimum Convex Polygons. 
None of the turtles migrated outside the Central North Pacific (CNP) region of Hawai‘i. 
Fifteen of the 17 turtles tracked from FFS migrated to the Main Hawaiian Islands (MHI) 
to the southeast, while one turtle went directly south to the foraging site of Johnston Atoll 
within the CNP, and another ceased transmitting midway between FFS and the MHI. 
Transit times from FFS to the MHI ranged from 16-94 days. Distances covered during 
each migration ranged from 830-3936 km with travel rates of 1.2-2.5 km/hr. Upon arrival 
at residential locations transmissions continued for 2-314 days. The post-breeding 
pathways taken by the turtles comprised two general corridors. Thirteen of the turtles 
traveled well offshore south of the island chain. In contrast, two turtles traveled a more 
direct pathway over the banks and reefs of the Hawaiian Islands chain. After arriving in 
the MHI, all but one traveled coastally until crossing the deep channels separating each 
island. Nine widely separated home range foraging destinations were identified. Two of 
the largest bays in the Hawaiian Islands, Kane‘ohe Bay on O‘ahu and Kahului Bay on 
Maui, were the destinations for ~50% of the turtles, thereby emphasizing the conservation 
importance of these two locations for adults in the Hawaiian green turtle population. Our 
study brings together for the first time Hawaiian green turtle tracking data collected over 
the span of 22 years. 

Introduction 
Separation of colonial nesting beaches and disjunct residential foraging pastures is an 

ecological characteristic globally for populations of the herbivorous green turtle, Chelonia mydas 
(Hirth 1997). Distances of separation involve 100s to over 1000 km. The disappearance of green 
turtles following seasonal mating and egg laying at breeding sites prompted early researchers of the 
1950s to devise and attach metal identification tags to nesting turtles (Harrison 1956, Hendrickson 
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1958, Carr 1967). These pioneering steps resulted in tag re-sightings by fishers at an array of 
faraway neritic foraging locations. Also, after gaps of several years, tagged turtles were seen again 
back at the same nesting beaches. The expansive multi-national range of greens turtle stocks - 
breeding within the jurisdiction of one country - and residing as adults and immature life stages 
within one or more other national boundaries - continues to be the greatest complication for 
effective conservation and sustainable use.  

Applying and re-sighting metal tags to green turtles over the years has resulted in a wealth of 
demographic information, e.g. see Hirth 1997 and Balazs et al. 2015. However, starting in the early 
1990s detailed spatial and temporal movement data, often on a daily basis, became possible with 
the advent of Argos satellite-linked transmitters attached to green turtles and other marine turtle 
species. The advancement of this technology to the sophisticated point it now exists has been 
referred to by Hays et al. (2016) as the ‘Golden Age’ of animal movement studies. 

Within the 2400 km linear chain of Hawaiian Islands (Figure 1) metal flipper tags were first 
applied to nesting green turtles in the 1960s thereby showing point-to-point movements mainly 
from the mid-archipelago colonial breeding site of French Frigate Shoals (FFS), to coastal areas of 
the geologically younger islands in the southeast known as the Main Hawaiian Islands (MHI) 
(Balazs 1976, Nurzia Humburg & Balazs 2014). From 1992 - 2014 the movement schedules, routes 
of travel, and home range of foraging destinations of green turtles undertaking these lengthy 
movements were investigated using Argos satellite telemetry. Herein for the first time we report 
detailed results of this comprehensive tracking research conducted over the span of 22 years. 

Materials and Methods 

STUDY AREA 
French Frigate Shoals (FFS), located at 23.7°N 166.1°W, 900 km from Honolulu in the 

Northwestern Hawaiian Islands (NWHI), consists of a 32 km long crescent-shaped reef hosting 
several small sand islets where green turtles seasonally nest (Amerson 1971). One of these sandy 
islets, 5-hectare East Island, historically accounts for about half of the annual nesting at FFS 
(Amerson 1971, Balazs 1980, Balazs & Chaloupka 2004). Nesting by green turtles also occurs in 
the MHI and at other remote NWHI, but in lower numbers than at FFS (Frey et al. 2013, Roberson 
et al. 2016) 

DATA COLLECTION & PROCEDURES 
Twenty green turtles, 17 females and 3 males, were satellite tracked either from or to FFS 

during 1992-2014. Carapace length (cm) was measured for each turtle and flipper tags were applied 
to identify individuals. In addition, unique numbers lasting 1-2 years were etched on the carapace 
for easy visual recognition from a distance (Balazs 1995, Bennett et al. 2002). Telonics, Inc. 
satellite tags (Mesa, Arizona, USA, Table 1) were deployed on 17 turtles at FFS (15 females, 2 
males) and three turtles (2 females, 1 male) at Laniakea, O‘ahu (21.6°N, 158.7°W), a neritic 
foraging site and shoreline area used for terrestrial basking (Rice & Balazs 2008). To test the 
performance of a tag where the external wire antenna was eliminated, experimental satellite 
transmitters with fully imbedded helix antenna were attached to two of the FFS females (Telonics 
GeoBar-14, Table 1). All satellite tags were securely and safely attached using layers of fiberglass 
cloth and polyester resin following the procedure of Balazs et al. (1996). Each satellite tag was 
programmed with a duty cycle specifying the number of transmitting hours on and off (Table 1). 
Location positions for each turtle were calculated by CLS-Argos using the Doppler shift method 
(Service Argos 2008). Kalman filtering of Argos data was not used due to collecting most of the 
data pre-2008; to keep the data standardized, all data were processed by Argos using the Least 
Square Analysis filtering method. To test if an artificial magnetic field would alter turtle swimming 
direction, experimental electromagnetic coils were affixed to the head region of three females at 
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FFS using the Balazs et al. (1996) method. Coils were programmed with a specific on/off duty 
cycle.   

Generic Mapping Tools (GMT, Wessel & Smith 1998) was used to create maps for the 
migration pathways and foraging areas. CLS-Argos provided the positional data specified as 
Location Classes (LC) 3, 2, 1, 0, A, B and Z. LC Z data were not used as these positions are 
considered unacceptable by Argos. Positions were excluded from use if: 1) the location was on 
land – unless the position was reasonable at the FFS nesting area or basking area such as Laniakea, 
2) the speed calculated between two positions was over 5 km/hr, for periods of migration as well as 
within foraging and nesting areas, and 3) for the migration period only - if the angle between three 
positions was greater than 90 degrees when the time between them was less than a 24-hour period. 
All data at foraging areas were plotted using a circle with a radius of 1 km to indicate the average 
error in accuracy for LC 1 positions which have the largest specific bounded accuracy assigned by 
Argos (500-1500 m). The accuracy of other positions was as follow: LC 3 = less than 250 m, LC 2 
= 250-500 m, LC 0 = greater than 1500 m, and LC A and B have no accuracy estimates supplied by 
Argos. Higher accuracy positions (LC 3, LC 2, and LC 1) were plotted as smaller black circles. A 
black line was used to outline the home range areas.  

Home range for foraging and underwater refugia (hence residential areas) was determined 
using the Minimum Convex Polygon (MCP) method (ArcGIS 10.3 2016). We designated foraging-
refugia areas as the near-island neritic location where each satellite tag stopped, if a satellite tag did 
not stop near shore then a foraging-refugia area was not determined. For the three turtles satellite 
tagged at the known foraging area of Laniakea, O‘ahu, Argos positions collected prior to travel to 
FFS were used to estimate home range. At least three positions at the designated destination areas 
were needed to calculate home range estimates. Home ranges were calculated using only LC 1, 2 
and 3 data with all land areas excluded (based on method by MacLeod 2013) and these were 
labeled as “Minimum Home Range”.  There were several tags which did not provide enough LC 1, 
2, and 3 data to calculate a Minimum Home Range, therefore a “Full Home Range” was calculated 
for all tags which included all retained positions (LC 1, 2, 3, 0, A and B). A comparison was done 
between Minimum and Full Home Ranges to indicate difference in the calculated area of both. 
More than one Minimum Home Range area was indicated and calculated for a turtle if the spatial 
and temporal data warranted such designations. 

Results 
An overview of the movements of the 20 turtles tracked in this study is displayed in Figure 2. 

None of the turtles travelled outside of the Central North Pacific region of the Hawaiian Islands as 
defined by Seminoff et al. 2015. All pertinent collected and calculated data for the study are 
summarized in Tables 1 and 2. We describe these results in detail in the following sections. 

 
FFS TO MHI AND JOHNSTON ATOLL  

Fifteen of the 17 turtles tracked from FFS migrated to the MHI, while one turtle went south to 
the foraging site of Johnston Atoll, and another ceased transmitting midway from FFS to the MHI 
in oceanic waters (Figures 3, 4, and 5). Transit times from FFS to the MHI ranged from 16-94 
days; the turtle that traveled to Johnston took 16 days. Distances traveled during each migration 
ranged from 830-3936 km with travel rates of 1.2-2.5 km/hr. Upon arrival at residential locations in 
the MHI transmissions continued for 2-314 days, and 145 days at Johnston (Table 2, Figure 5).  

Four of the female turtles tagged at FFS traveled to Kāne‘ohe Bay, O‘ahu (Figure 6A-D). One 
of these turtles also spent time near Malaekahana, O‘ahu, to the north of Kāne‘ohe Bay (Figure 
6B). Four females and one male traveled from FFS to Kahului Bay, Maui where residency ranged 
coastally from Waihe‘e-Waiehu to Ha‘iku-Pa‘uwele, concentrated between Kahului and 
Spreckelsville (Figure 7A-E). Two other females traveled to ‘Ewa Beach, O‘ahu from FFS. Turtle 
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22132_95 (Figure 8A) moved between areas off of ‘Ewa Beach and Hickam-Honolulu 
International Airport crossing the Pearl Harbor Naval Base entrance channel during transits back 
and forth. Turtle 25694_98 shown in Figure 8B moved between ‘Ewa Beach and the Ko ‘Olina 
Disney Resort on O‘ahu.  

Other foraging destinations turtles migrated to from FFS included individual females to 
Johnston; Keaukaha, island of Hawai‘i; Lahaina, Maui; Mākaha Point, Kaua‘i; and a male to 
Pānahāhā, Moloka‘i  (Figure 9A-E).  

Two females and a male satellite tagged at the Laniakea foraging area on O‘ahu’s North Shore 
migrated to FFS (Figure 4A-B). Travel times were 28 days each for the females and 34 days for the 
male. Distances covered were 1615 km, 1461 km and 1145 km respectively (Tables 1 and 2). The 
most direct ocean route from Laniakea to FFS would be 864 km.  

All three Laniakea turtles traveled to the west of FFS before looping back for arrival within 
FFS. The male passed FFS to the north reversing course only 10 km to the west before reaching 
FFS. The two females passed to the south of FFS, one moving 88 km and the other a considerable 
220 km to the west before turning eastward back to FFS. Tracking of the male was also 
accomplished for the return trip from FFS to O‘ahu. The turtle arrived first at Laniakea where it 
was observed basking, then moved to Kāne‘ohe Bay (Figure 10C). However, insufficient positions 
were obtained to determine the route taken and related statistics.  

 
HOME RANGE OF FORAGING AREAS 

Figures 6-10 show MCPs for both Full Home Range and Minimum Home Range, when such 
ranges could be computed. Kāne‘ohe female 4801_92 occupied two Minimum Home Ranges 
separated by 16 km (Figure 6B) and the two ‘Ewa females each occupied two Minimum Home 
Ranges 8 and 14 km respectively from one another (Figure 8A-B). Due to a paucity of LC 1, 2, and 
3 positions, Minimum Home Range could not be computed for six turtles arriving at five foraging 
area destinations as shown in Table 2. (Pānahāhā, Moloka‘i ; Lahaina, Maui; Johnston; Mākaha 
Point, Kaua‘i; and two turtles at Kahului Bay, Maui). Minimum Home Range estimates shown in 
Figure 10A-C for the three turtles departing from Laniakea, O‘ahu were 1.2 km2 and 1.4 km2 for 
the females and 0.2 km2 for the male. The calculated Minimum Home Range values presented in 
Table 2 ranged from 0.1-20.4 km2 with a mean of 7.2 ± 7.7 km2; these areas encompassed 1-40% 
of Full Home Range areas. Full Home Range areas ranged from 0.1 - 175 km2. 

Discussion 
PATHWAYS FROM AND TO FFS: 

The post-breeding migratory pathways taken by the turtles from FFS comprised two general 
routes (Figure 2). Fourteen of the turtles, including the two males, moved south of the island chain 
staying over deep oceanic waters until arriving in the MHI. In contrast, two turtles traveled a more 
direct track over the banks and reefs of Necker and Nihoa in the NWHI to approach the MHI. In 
both cases once the turtles reached the MHI, they traveled coastally until crossing the deep 
channels separating the islands. Usually only 1-2 days were spent moving along the coast, 
however, a few cases differed. Female 24192_98 spent 5 days traveling along the coastline of 
Moloka‘i  before moving father east to Kahului, Maui. Female 24196_97 spent 15 days coastally 
on Kaua‘i, then 6 days transiting the northeast shoreline of O‘ahu, then 3 days along Moloka‘i  
before moving to her final foraging destination of Keaukaha, near Hilo on the island of Hawai‘i. 
This turtle migrated 1721 km, the farthest linear distance away from FFS of the 17 turtles tracked. 
The female that migrated from FFS to Johnston traveled only 830 km in a nearly direct open-ocean 
pathway to the atoll.  

The two GeoBar tags with experimental internal helix antennas deployed at FFS in 1998 on 
two females both yielded sufficient data for complete tracking to the MHI; one migrated to 
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Lahaina, Maui and the other to Kahului, Maui. However, less reliable and overall fewer LC 
positions were received for each track, hence the additional manufacturing of these tags was not 
pursued (Schroeder & Balazs 1999). 

Considerable difficulty was experienced attaching the experimental electromagnetic head coils 
to the three females at FFS making it problematic how long they stayed in place after release. 
Female 24192_98 migrated from FFS to Kahului, Maui on a route that appeared similar to the other 
turtles. Female 25694_98 traveled from FFS to ‘Ewa Beach, O‘ahu, again in a manner consistent 
with most other turtles tracked. These negative findings of any electromagnetic effect are in 
agreement with those of Papi et al. (2000) using magnets placed on nesting green turtles at 
Ascension Island. However, the third female with an attached head coil in our study showed 
substantial deviation in her pathway returning from FFS (Figures 2, 3C, Table 2, ID 24195_97). 
This turtle swam in a protracted counter-clockwise route on the high seas considerably south and 
east of the MHI before circling back north and west eventually arriving at Mākaha, Kaua‘i where 
transmissions ceased a few days later (Figure 2). This voyage lasted 94 days covering an amazing 
3936 km. Since there was no discernible change in course for any of the three turtles during on/off 
periods of the artificial magnetic fields, evidence is lacking for any direct influence on the 
pathways they chose. The lengthy circular route of female 24195_97 may have involved a pelagic 
foraging excursion, similar to the natural behavior of some post-nesting green turtles in Japan 
(Hatase et al. 2006) and the Marshall Islands (Parker et al. 2015). 

Three different migration routes were taken by the three turtles tracked from Laniakea, O‘ahu 
to FFS (Figure 4A-B).  The male took the most direct path following the banks and reefs of the 
NWHI. In contrast, one of the females first moved to Kaua‘i following that island's southern coast 
before continuing to FFS on a route south of the NWHI over deep oceanic waters.  The other 
female went considerably north of the NWHI traveling entirely over deep ocean before reaching 
FFS.  

In an earlier study of green turtles at Laniakea (Rice & Balazs 2008) time-depth recorders 
placed on two males and a female demonstrated biphasic diving behavior during migrations to and 
from FFS. Shallow dives of 1-4 m occurred during the day and deep dives averaging 35-55 m 
happened at night.  However, the female made several extreme dives to 135 m, and the males to 
depths of 100 m, setting a world record for known green turtle diving depths in the wild (Rice & 
Balazs 2008). Satellite tags were not used in the Rice & Balazs (2008) study so it wasn't possible to 
determine the routes taken and locations of individual dives for these three turtles. Visual sightings 
of etched numbers placed on the carapace were used to verify each turtles’ presence from a 
distance at FFS and back again at Laniakea.  

Notably, the ocean pathways taken by the turtles between FFS and the MHI were within the 
recently expanded Papahānaumokuākea Marine National Monument (Obama 2016) for at least 
30% of their journeys, and entirely within the 200 nm Exclusive Economic Zone of the USA, 
except for portions of turtle 24195_97's circular pelagic route far off shore. 
 

FORAGING AREA DESTINATIONS 
Nine widely separated foraging areas shown in Figure 5 were identified in this study by 

satellite tracking adult green turtles linked to the colonial breeding site of FFS. Home ranges were 
delineated by MCPs, a methodology not previously employed with Hawaiian green turtles. Prior 
studies using acoustic telemetry of juvenile green turtles to estimate foraging range were carried 
out in Kāne‘ohe  Bay, O‘ahu (Brill et al. 1995), and at Kiholo Bay on the west coast of the island 
of Hawai‘i (Laber & Waller 1994). Also, the spatial scope of inter-nesting marine habitat used by 
migrant turtles at FFS was estimated using radio telemetry (Dizon & Balazs 1982), but MCPs were 
not reported for these studies. Discrete home ranges using MCPs in the present study provide a 
powerful starting point for outlining zones of high conservation interest, considering the 
importance of breeding adults to the population.   
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Sixteen of the 17 turtles deployed with satellite tags at FFS migrated to their apparently 
intended end-point destinations at eight discrete locations in the MHI and one at the closest 
neighboring island to the Hawaiian Archipelago of Johnston Atoll. Johnston was known to the 
indigenous people of Hawai‘i as Kalama and the green turtle foraging aggregation at this site has 
been shown to be genetically part of the Hawaiian green turtle population (Balazs 1985, Dutton et 
al. 2008). Transmissions from one of the females (24197_98, Tables 1 and 2) ceased while still at 
sea but clearly heading in the direction of the MHI (Figure 3C). The failure of transmitters and 
satellite reception of signals can result from several causes, as studied and discussed by Parker et 
al. (2014). Death of a turtle due to natural predation and other factors is also a possibility. 

The strong assumption can be made that the end-point destinations in our study are the 
approximate foraging areas of residency prior to the turtles’ reproductive migrations to FFS. Green 
turtle site fixity to residential foraging pastures and proximal underwater resting areas has been 
well-documented in Hawai‘i (Bennett et al. 2002, Bennett & Keuper-Bennett 2008) and elsewhere 
globally (Hirth 1997). In fact, the turtle that migrated from FFS to Johnston had originally been 
flipper-tagged there 9 years previous during ocean-capture studies (Balazs 1985, 1994). 
Furthermore, female 4800_92 tracked to the Kāne‘ohe  Bay foraging location had been flipper-
tagged when found nesting at FFS during the 1989 season and then ocean-captured in Kāne‘ohe  
Bay during March 1992, just 5 months before being encountered again back on the beach at FFS 
where a satellite tag was attached.  

Location data from three of the females in our study gave clear indication of periodic 
protracted occupancy at two separate Minimum Home Range areas (Figures 6B, 8A-B). Forage 
availability, perhaps seasonal in nature, may have been the motivating factor for these modest 
shifts in residency of 8-16 km.  

Of the 16 turtles (14 females, 2 males) recorded making a complete migration from FFS to a 
foraging area, 15 (94%, 13 females, 2 males) involved the MHI to the southeast. O‘ahu and Maui 
accounted for six turtles each (40%) while Kaua‘i, Moloka‘i , and the east side of the island of 
Hawai‘i hosted only one (6.7%) turtle each. None of the satellite tagged turtles traveled to the 
geologically older remnant NWHI to the northwest of FFS (Figure 1). However, historical flipper 
tagging studies at FFS (Nurzia Humburg & Balazs 2014) showed that 15.7% of the breeding 
turtles, 26 of the 166 tag re-sightings away from FFS were at residential foraging sites in this 
remote and ancient segment of the Hawaiian chain. The overwhelming majority of flipper tag re-
sightings were made in the MHI where coastal benthic habitats rich with marine vegetation and 
underwater refugia are expansive for green turtle residency and nutrition (Arthur & Balazs 2008, 
Russell & Balazs 2009). The re-sighting locations of flipper-tagged turtles breeding at FFS are 
therefore congruent with findings using satellite telemetry.  

It is noteworthy that two of the turtles (4800_92 and 4801_92) satellite tagged nesting together 
on 6 August 1992 both departed FFS within 4 days of one another and both took similar oceanic 
routes to reach the same destination of Kāne‘ohe Bay, O‘ahu. The documentation of these 
movements constituted the first successful post-nesting satellite tracking for any green turtle 
globally (Balazs 1994), thereby heralding the beginning of a new technological era for expanded 
species research. 

Two of the eight MHI foraging destinations revealed in this study (Mākaha, Kaua‘i and 
Pānahāhā, Moloka‘i ) were not previously known; the other six, along with Johnston, and 
numerous other green turtle foraging sites in the MHI, had been previously identified by other 
means, including ocean surveys, flipper tagging, and knowledge gleaned from local fishers (Balazs 
1980, Balazs et al. 1987, Brill et al. 1995, Balazs & Chaloupka 2004, Chaloupka & Balazs 2007, 
Chaloupka et al. 2009, Balazs et al. 2015). 

Not surprisingly, two of the largest bays in the Hawaiian Islands, Kāne‘ohe  (41 km2), O‘ahu 
and Kahului (34 km2), Maui, were the destination for more than half (60%) of the 15 turtles 
migrating to home foraging habitats in the MHI, thereby emphasizing the conservation importance 
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of these two residential areas for breeding adults in the Hawaiian green turtle population. Green 
turtles are known to occur in abundance at both locations, undoubtedly due to availability of 
desirable algal forage and benthic terrain providing ideal underwater refugia (Balazs et al. 1987, 
Brill et al. 1995, Russell & Balazs 2009). Additionally, the plume of warm water continually 
discharging from an electric generating plant built in 1947 on the shoreline of Kahului Bay supplies 
a thermal physiological advantage similar to turtles basking ashore (Whittow & Balazs 1982). 
Turtles, mainly adults, crowd together in the plume, usually at night and often in great numbers – 
ranging from approximately 20-200 (Balazs et al. 1987, G. Balazs & M. Rice personal 
observations). Temperatures within the plume are 28-30°C, whereas the surrounding ambient 
seawater ranges 24-27°C depending upon time of year. A greater understanding is needed of the 
contribution made to reproductive readiness and somatic growth from the thermal bonus for green 
turtles utilizing this unique ecological niche in Kahului Bay. 

 
CONCLUSIONS 

The geographically isolated and genetically discrete population of green turtles in the 
Hawaiian Islands is among the best and longest studied globally. Additionally, monitoring of 
nesting trends has demonstrated significant increases over the past four decades giving a vastly 
improved conservation status (Balazs et al. 2015, http://www.iucnredlist.org/details/16285718/0). 
Our present study brings together satellite tracking results conducted over the span of 22 years that 
elucidate breeding migration corridors and home ranges of foraging pastures, thereby contributing 
further to the overall body of knowledge for the Hawaiian green turtle.  Our satellite tracking 
results also raise a number of intriguing and important questions and data gaps helping to point the 
way forward for future studies. Potential avenues of investigation include: tracking of breeding 
males and females to and from FFS using combined GPS/dive-recorder technology; tracking of 
cryptic green turtles breeding in the MHI and in the NWHI to the northwest of FFS to locate their 
home range foraging areas; careful examination of migratory pathways extending outside the 
protected zone of the Marine National Monument to identify possible threats; and conduction of 
systematic marine surveys of home range habitats identified in our study, especially the warm-
water refugia present in Kahului Bay, Maui.  

At this 45-year juncture of continuous research focused on the Hawaiian green turtle, the 
overall goal of conservation investigations should be adjusted to embrace more than the collection, 
archiving, and publishing of scientific findings. A new era should be initiated that encompasses 
cultural integration by and for the indigenous Hawaiian people that are themselves linked for 
millennia to their green turtles. Exactly how this will take place should be left to Hawaiians to 
decide. 

Acknowledgements 
We extend our Appreciation and Aloha to the many colleagues of the NOAA Pacific Islands 

Fisheries Science Center, the Joint Institute of Marine and Atmospheric Research, the Hawaii 
Institute of Marine Biology, the US Fish and Wildlife Service, and the Department of Land and 
Natural Resources of the State of Hawai‘i, for 22 years of partnership in facilitating satellite 
tracking research of Hawaiian green turtles at French Frigate Shoals within the Hawaiian Islands 
National Wildlife Refuge and the Papahānaumokuākea Marine National Monument. Joanne 
Pettigrew, co-founder of the Show Turtles Aloha campaign and Mālama Na Honu organization, 
generously supplied her considerable expertise, time, and good cheer in support of tag deployments 
and re-sightings involving basking turtles at Laniakea on Oahu. The authors acknowledge with 
gratitude the numerous dedicated and professional field assistants that camped at remote French 
Frigate Shoals to gather data on nesting green turtles, especially Joe Spring, Irene Nurzia Humburg, 
Russ Miya, Tammy Summers, Yonat Swimmer, Susan Pultz, Kellie Takimoto and Julie Rocho; we 



Micronesica 2017-04 8 

salute and honor their valuable contributions relevant to satellite tracking. We also thank Sea Life 
Park Hawai‘i's Steve Kaiser and Jeff Pawloski for past and present generosity and expertise in the 
benign use of their captive green turtle breeding colony for testing various aspects of tag 
attachment and other studies.  

For their outstanding and consistent corporate service and technical assistance we thank 
Brenda Burger and Stan Tomkiewicz of Telonics Inc., and Seema Owens, Debbie Stakem and all 
staff of Argos CLS America. We thank Mike Salmon of Florida Atlantic University for the 
professional pleasure of learning from and working with him on the experimental electromagnetic 
coil project, thereby helping to point the way for future studies of this nature. 

During the late 1960s, the first author was inspired by Linda Balazs to improve the 
deteriorating conservation status of Hawaiian green turtles due to over-harvesting for commercial 
purposes. That inspiration continues to the present in efforts to make others aware of the significant 
successes in population restoration (see http://www.iucnredlist.org/details/16285718/0). 

The authors thank Nikki Atkins, Mike McCoy, Shandell Brunson, Stacy Hargrove and two 
anonymous reviewers for providing useful review comments on our paper. 

This paper is dedicated to the memory of Dr. Archie Carr, a global inspiration to many who 
knew him either in person or through his magnificent writings both in scientific journals and 
popular literature. Years ago Dr. Carr recognized that earth-orbiting satellites would one day be 
used to unlock the mysteries of green turtle migrations and other hidden aspects of sea turtle life 
history.  We are confident that Dr. Carr would now marvel at the Golden Age of sea turtle research 
that is upon us. The challenge is that we use the results of these technological wonders to the best 
advantage of sustainability for both sea turtles and the human cultures historically linked to them. 

References 
Amerson, A.B. 1971. The natural history of French Frigate Shoals, Northwestern Hawaiian Islands. 

Smithsonian Institution, Washington D.C. Atoll Research Bulletin. No. 150. 383p. 
ArcGIS 10.3. 2016. Minimum Bounding Geometry in Data Management Tools, Transverse 

Mercator projection. www.esri.com. Accessed June 10, 2016.  
Arthur, K.E. & G.H. Balazs. 2008. A comparison of immature green turtles (Chelonia mydas) diets 

among seven sites in the Main Hawaiian Islands. Pacific Science 62(2):205-217 
Balazs, G.H. 1976. Green turtle migrations in the Hawaiian Archipelago. Biological Conservation 

(9):125-140. 
Balazs, G.H. 1980. Synopsis of biological data of the green turtle in the Hawaiian Islands. NOAA-

Technical Memo, NOAA-TM-NMFS-SWFC-7, 141 pp. 
Balazs, G.H. 1985. Status and ecology of marine turtles at Johnston atoll. Atoll Research Bulletin. 

285:1-46. 
Balazs, G.H. 1994. Homeward bound: satellite tracking of Hawaiian green turtles from nesting 

beaches to foraging pastures. In Schroeder, B.A.& B.E. Witherington (Comps.). Proceedings 
of the Thirteenth Annual Symposium on Sea Turtle Biology and Conservation. U.S. Dept. 
Commerce, NOAA Tech Memo NOAA-TM-NMFS-SEFSC-341, p. 205-208. 

Balazs, G.H. 1995. Innovative techniques to facilitate field studies of the green turtle, Chelonia 
mydas. In Richardson, J.I. & T.H. Richardson (Comps.). Proceedings on the Twelfth Annual 
Workshop on Sea Turtle Biology and Conservation. U.S. Dept. Commerce., NOAA Tech 
Memo NOAA-TM-NMFS-SEFSC-361, p. 158-161. 

Balazs, G.H. & M. Chaloupka. 2004.  Thirty-year recovery trend in the once depleted Hawaiian 
green sea turtle stock. Biological Conservation 117(2004):491-498. 

Balazs, G.H., R.G. Forsyth & A.K.H. Kam. 1987. Preliminary assessment of habitat utilization by 
Hawaiian green turtles in their resident foraging pastures.  U.S. Dept. Commerce NOAA Tech 
Memo NMFS-SWFSC-71, 107 p. 



Balazs et al.: Ocean pathways and residential foraging for satellite tracked green turtles in Hawaii 9 

Balazs, G.H., R.K. Miya & S.C. Beavers. 1996. Procedures to attach a satellite transmitter to the 
carapace of an adult green turtle, Chelonia mydas. In Keinath, J.A., D.E. Barnard, J.A. 
Musick, & B.A. Bell (Comps.), Proceedings of the 15th Annual Symposium on Sea Turtle 
Biology and Conservation. U.S. Dept. Commerce., NOAA Tech Memo NMFS-SEFSC-387. 
pp. 21-26. 

Balazs, G.H., K.S. Van Houtan, S.A. Hargrove, S.M. Brunson & S.K.K. Murakawa. 2015. A 
review of the demographic features of Hawaiian green turtles (Chelonia mydas). Chelonian 
Conservation and Biology 14(2):119-129. 

Bennett, P. & U. Keuper-Bennett. 2008. The Book of Honu: Enjoying and learning about Hawai‘i 
sea turtles. University of Hawai‘i Press.  

Bennett, P., U. Keuper-Bennett & G.H. Balazs. 2002. Remigration and residency of Hawaiian 
green turtles in coastal waters of Honokowai, West Maui, Hawaii. In Mosier, A., A. Foley & 
B. Brost (Comps). Proceedings of the Twentieth Annual Symposium on Sea Turtle Biology 
and Conservation. U.S. Dept. Commerce, NOAA Tech Memo NMFS-SEFSC-477, pp. 289-
290. 

Brill, R.W., G.H. Balazs, K.N. Holland, R.K.C. Chang, S. Sullivan & J.C. George. 1995. Daily 
movements, habitat use, and submergence intervals of normal and tumor-bearing juveniles 
green turtles (Chelonia mydas L.) within a foraging area in the Hawaiian islands. Journal of 
Experimental Marine Biology and Ecology 185:203-218.  

Carr, A. 1967. So Excellent a Fishe: A Natural History of Sea Turtles. University of Texas Press, 
Austin, TX. 

Chaloupka, M. & G. Balazs. 2007. Using Bayesian state-space modeling to assess the recovery and 
harvest potential of the Hawaiian green sea turtle stock. Ecological Modelling 205:93-109. 

Chaloupka, M, G.H. Balazs & T.M. Work. 2009. Rise and fall over 26 years of a marine epizootic 
in Hawaiian green sea turtles. Journal of Wildlife Diseases 45(4):1138-1142. 

Dizon, A.E. & G.H. Balazs. 1982. Radio telemetry of Hawaiian green turtles at their breeding 
colony. Marine Fisheries Review 44(5):13-20. 

Dutton, P.H., G.H. Balazs, R.A. LeRoux, S.K.K. Murakawa, P. Zarate & L.S. Martinez. 2008. 
Composition of Hawaiian green turtle foraging aggregations: mtDNA evidence for a distinct 
regional population. Endangered Species Research 5:37-44. 

Frey, A., P.H. Dutton & G.H. Balazs. 2013. Insights on the demography of cryptic nesting by green 
turtles (Chelonia mydas) in the main Hawaiian Islands from genetic relatedness analysis. 
Journal of Experimental Marine Biology and Ecology 442:80-87.  
Online: http://dx.doi.org/10.1016/j.jembe.2013.01.030. 

Harrison, T. 1956. Tagging green turtles 1951-56. Nature. 178:1479. 
Hatase, H., K. Sato, M. Yamaguchi, K. Takahashi & K. Tsukamoto. 2006. Individual variation in 

feeding habitat use by adult female green sea turtles (Chelonia mydas): are they obligately 
neritic herbivores? Oecologia (2006) 149:52-64, DOI 10.1007/s00442-006-0431-2. 

Hays, G.C., L.C. Ferreira, A.M.M. Sequeira, M.G. Meekan, C.M. Duarte, H. Bailey, F. Bailleul, 
W.D. Bowen, M.J. Caley, D.P. Costa, V.M. Eguíluz, S. Fossette, A.S. Friedlaender, N. Gales, 
A.C. Gleiss, J. Gunn, R. Harcourt, E.L. Hazen, M.R. Heithaus, M. Heupel, K. Holland, M. 
Horning, I. Jonsen, G.L. Kooyman, C.G. Lowe, P.T. Madsen, H. Marsh, R.A. Phillips, D. 
Righton, Y. Ropert-Coudert, K. Sato, S.A. Shaffer, C.A. Simpfendorfer, D.W. Sims, G. 
Skomal, A. Takahashi, P.N. Trathan, M. Wikelski, J.N. Womble & M. Thums. 2016. Key 
questions in marine megafauna movement ecology. Trends in Ecology and Evolution 
31(6):463-475. doi:10.1016/j.tree.2016.02.015. 

Hendrickson, J.R. 1958. The green sea turtle Chelonia mydas (Linn.) in Malaya and Sarawak. 
Proceedings Zoology Society of London. 130 p.455-535. 

Hirth, H.F. 1997. Synopsis of the biological data on green turtle, Chelonia mydas (Linnaeus 1758). 
Biological Report 97(1): 120 p. 



Micronesica 2017-04 10 

Laber, M. & C. Waller. 1994. Diel movement patterns of green turtles (Chelonia mydas) at Kiholo 
Bay, Hawaii. In Proceedings of the Nineteenth Annual Student Symposium on Marine Affairs. 
The Hawaiian Academy of Science, p.36-45. 

MacLeod, C.D. 2013. An Introduction to using GIS in Marine Biology. Pictish Beast Publications, 
Glasgow, UK.  

Nurzia Humburg, I. & G.H. Balazs. 2014. Forty years of research: recovery records of green turtles 
observed or originally tagged at French Frigate Shoals in the Northwestern Hawaiian Islands, 
1973-2013. U.S. Dept. Commerce, NOAA Tech Memo, NOAA-TM-NMFS-PIFSC-40, 13 p. 

Obama, B. 2016. Presidential Proclamation -- Papahānaumokuākea Marine National Monument 
Expansion. The White House, Office of the Press Secretary. https://www.whitehouse.gov/the-
press-office/2016/08/26/presidential-proclamation-Papahānaumokuākea-marine-national-
monument. Accessed 27 August 2016. 

Papi, F., P. Luschi, S. Åkesson, S. Capogrossi & G.C. Hays. 2000. Open-sea migration of 
magnetically disturbed sea turtles. The Journal of Experimental Biology 203:3435-3443. 
Parker, D.M., G.H. Balazs, M.R. Rice & S.M. Tomkeiwicz. 2014. Variability in reception 
duration of dual satellite tags on sea turtles tracked in the Pacific Ocean. Micronesica 2014-
03:1-8, Online: http://micronesica.org/volumes/2014. 

Parker, D.M., G.H. Balazs, K. Frutchey, E. Kabua, M. Langridrik & K. Boktok. 2015. 
Conservation considerations revealed by the movements of post-nesting green turtles from the 
Republic of the Marshall Islands, Micronesica 2015-03:1-9.  
Online: http://micronesica.org/volumes/2015. 

Rice, M.R. & G.H. Balazs. 2008. Diving behavior of the Hawaiian green turtle (Chelonia mydas) 
during oceanic migrations. Journal of Experimental Marine Biology and Ecology 356:121-
127. 

Roberson, K., M. Kendall, D. Parker & S. Murakawa. 2016. Chapter 5: Sea Turtles. In Costa, B.M. 
& M.S. Kendall (eds.). Marine Biogeographic Assessment of the Main Hawaiian Islands. 
Bureau of Ocean Energy Management and National Oceanic and Atmospheric Administration. 
OCS Study BOEM 2016-035 and NOAA Technical Memorandum NOS NCCOS 214. 359 pp. 

Russell, D.J. & G.H. Balazs. 2009. Dietary shifts by green turtles (Chelonia mydas) in the 
Kāne‘ohe Bay region of the Hawaiian Islands: A 28-year study. Pacific Science 63(2):181-
192. doi: 10.2984/049.063.0202. 

Schroeder, B.A. & G.H. Balazs. 1999. Design and field testing of an internal helix antenna satellite 
transmitter for sea turtles. In Kalb, H. & T. Wibbles (comps.). Proceedings of the Nineteenth 
Annual Symposium on sea turtle conservation and biology. U.S. Dept. Commerce, NOAA 
Tech Memo NMFS-SEFSC-443. pp.30-31. 

Seminoff, J.A., C.D. Allen, G.H. Balazs, P.H. Dutton, T. Eguchi, H.L. Haas, S.A. Hargrove, M.P. 
Jensen, D.L. Klemm, A.M. Lauritsen, S.L. MacPherson, P. Opay, E.E. Possardt, S.L. Pultz, 
E.E. Seney, K.S. Van Houtan & R.S. Waples. 2015. Status review of the green turtle 
(Chelonia mydas) under the U.S. Endangered Species Act. NOAA Technical Memorandum, 
NOAA-TM-NMFS-SWFSC-539. 571pp. 

Service Argos 2008. www.argos-system.org/manual/ 1441 McCormick Drive, Suite 1050, Largo, 
Maryland 20774. Argos system data sent via CD and Email. Information can be found at: 
http://www.argos-system.org  

Wessel, P. & W.H.F. Smith. 1998. New, improved version of the Generic Mapping Tools released. 
EOS Trans. AGU 79(47):579. 

Whittow, C.G. & G.H. Balazs. 1982. Basking behavior of the Hawaiian green turtle (Chelonia 
mydas). Pacific Science 36(2):129-139. 
  
 
Received 10 Apr. 2017, revised 16 Oct. 2017.  



Balazs et al.: Ocean pathways and residential foraging for satellite tracked green turtles in Hawaii 11 

 

Figure 1. Hawaiian Archipelago located in an isolated region of the Central North Pacific. 
Colonial breeding by green turtles in abundance occurs at the mid-point location of French Frigate 
Shoals (Balazs et al 2015) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Composite view of the ocean pathways by the 20 green turtles tracked during their 
breeding migrations linked to the colonial nesting site of French Frigate Shoals. Turtles were 
randomly selected for satellite tagging between 1992-2014. 
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Figure 3A-F. Migration pathways from French Frigate Shoals breeding site for 15 females and 2 
males. The release location is shown with an open star and final tracking position is indicated by a 
colored circle. Year of tracking is indicated on the map. 
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Figure 4A-B. Migration pathways from the Laniakea, O‘ahu foraging site to French Frigate Shoals 
for two females and one male. The male tracking documented a round-trip migration with the 
return to Laniakea followed by a move to Kāne‘ohe  Bay, O‘ahu. Year of tracking is indicated on 
the map. 
 

 
 
 
 
 
 

Figure 5. Foraging areas destinations/origins for 19 of the 20 green turtles tracked from 1992-
2014. Transmissions from one turtle stopped midway between French Frigate Shoals and the Main 
Hawaiian Islands. 

 
  



Micronesica 2017-04 14 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6A-D. Home ranges for four female green turtles that migrated to Kāne‘ohe , O‘ahu from 
French Frigate Shoals. Large colored circles indicate 1 km radius around each position. Black 
circles indicate positions with LC 1, 2 or 3 data. Black lines outline the Minimum Convex 
Polygons for Minimum Home Range and Full Home Range areas. Two Minimum Home Ranges 
are indicated for female 4801_92 in Figure 6B. 
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Figure 7 A-E. Home ranges for four females and one male green turtle that migrated to Kahului, 
Maui from French Frigate Shoals. Large colored circles indicate 1 km radius around each position. 
Black circles indicate positions with LC 1, 2 or 3 data. Black lines outline the Minimum Convex 
Polygons for Minimum Home Range and Full Home Range areas. 
 
 

 
Figure 8 A-B. Home range for two female green turtles that migrated to ‘Ewa Beach, O‘ahu from 
French Frigate Shoals. Large colored circles indicate 1 km radius around each position. Black 
circles indicate positions with LC 1, 2 or 3 data. Black lines outline the Minimum Convex 
Polygons for Minimum Home Range and Full Home Range areas. Both ‘Ewa turtles occupied two 
Minimum Home Range areas. 
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Figure 9 A-E. Home ranges for four females and one male green turtle that migrated from French 
Frigate Shoals to five other neritic foraging areas. Large colored circles indicate 1 km radius 
around each position. Black circles indicate positions with LC 1, 2 or 3 data. Black lines outline 
the Minimum Convex Polygons for Minimum Home Range and Full Home Range areas. 
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Figure 10 A-C. Home ranges for two females and one male green turtle at the Laniakea, O‘ahu 
foraging area prior to their migration to French Frigate Shoals. Large colored circles indicate 1 km 
radius around each position. Black circles indicate positions with LC 1, 2 or 3 data. Black lines 
outline the Minimum Convex Polygons for Minimum Home Range areas. Male 23474 moved to 
Kāne‘ohe Bay after initially returning to Laniakea. 
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Table 1. 1992-2014 Satellite tagging specifics, turtle size, sex, and dates and locations of release. SC
L = straight carapace length, C

C
L = curved 

carapace length. FFS = French Frigate Shoals. 
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Table 2. 1992-2014 Sum
m

ary of satellite tracking, foraging pasture locations and their estim
ated hom

e ranges. M
issing data are specified by a hyphen. 

FFS = French Frigate Shoals. 
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