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South Pacific humpback whales were devastated by commercial whaling in their 

Antarctic feeding areas during the 20th century.  Understanding migratory 

connections and current abundance of these isolated breeding stocks is crucial 

for the allocation of historical Antarctic catches in population dynamic models 

used to assess current recovery.  However, only a small number of migratory 

connections have been documented between Oceania breeding stocks within the 

South Pacific and feeding areas in the Antarctic.  In addition, little is known about 

abundance of these stocks which encompass a vast oceanic region.  For this 

thesis I first used mixed-stock analysis (MSA) to allocate migratory connections 

from four Antarctic feeding areas (n=142) to seven South Pacific breeding stocks 

(n=1,373), including four in Oceania, based on genetic marker frequencies.  The 

use of this method was justified by the breeding stocks showing genetic 

differentiation at the haplotype level with an FST value of 0.027 (p-value <0.001).  

The results showed a relatively strong connection of Western Australia to 

Antarctic Area IV, Tonga to the border of Antarctic Area VI/I, Colombia to the 

Antarctic Peninsula, and a split allocation of Eastern Australia and New 

Caledonia to Antarctic Area V.  This study provides the first population-level 

information supporting previous individual-based studies that humpback whale 

migration may not necessarily be direct north south.  Next, utilizing capture-

recapture methodology of unique humpback whale fluke photographs, I 
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estimated abundance of one of the least studied Oceania breeding stocks, 

French Polynesia, a stock which also showed no significant migratory allocation 

using MSA.  Taking into consideration the possible advantages of using Quality 

Control (QC) photographs to minimize bias in matching, estimates were 

generated using the complete photo catalogue and also using only photographs 

adhering to QC criteria.  I found that the choice of using QC has an effect on the 

abundance generated and discuss the implications of this finding.  Despite the 

photo catalogue used, the French Polynesia stock is estimated to number less 

than 1,900 individuals.  Lastly, to provide additional information on the French 

Polynesia stock I used photo-identification to compare French Polynesia whales 

to whales in the Antarctic Peninsula and Strait of Magellan (Antarctic Area I), a 

possible migratory connection suggested by previous microsatellite genotyping.  

No conclusive matches were found.  Although this does not discount the 

possibility of a few migrants traveling between these regions it does indicate the 

Antarctic Peninsula and the Strait of Magellan are not primary feeding areas of 

French Polynesia.  This new information regarding abundance and migration of 

French Polynesia whales is important for the Comprehensive Assessment of 

Southern Hemisphere humpback whales. This document is currently being 

completed as the International Whaling Commission considers the next critical 

steps in recovery for Oceania humpback whales stocks.  
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Chapter 1 – General Introduction 
 
The highest priority task in international science is to concentrate all efforts on 
the monitoring of large whale populations, especially in the whaling areas. 

-Alfred A. Berzin 
The Truth about Soviet Whaling 
 

1.1 Overview 
The great whales were hunted intensely in the last two centuries for their 

oil, meat and baleen (Reeves 2008).   Humpback whales were often the first 

species to be exploited in an area due to their affinity for coastal waters 

(Clapham et al. 1997; Clapham & Mead 1999).  The invention of the factory ship 

in the early 20th century meant whalers were no longer limited to land-based 

processing stations, and exploitation of the Antarctic waters began (Clapham & 

Baker 2008).  With whaling locations close to shore nearing depletion, Antarctica 

offered a new frontier of abundant whales.  Over the next six decades, more than 

2 million whales were killed in the southern hemisphere alone, most of them 

taken in the Antarctic feeding areas. Of these whales, over 200,000 were 

humpbacks (Clapham & Baker 2008; Berzin 2008).  By 1960 it was apparent that 

the Antarctic whales were in decline.  The number of humpback whales was 

dangerously low, and the amount of effort put into hunting was increased 

significantly to maintain a daily catch rate similar to that in previous years 

(Chittleborough 1965).  By 1966 the International Whaling Commission banned 

the hunting of humpback whales (Reeves 2008).  Despite almost 50 years of 

protection, several humpback populations, or breeding stocks, still remain low in 

abundance, and recovery throughout the southern hemisphere is variable at best 

(Garrigue et al. 2004).  The Eastern Australia humpback whale population 

appears to have rebounded faster (Paterson et al. 2001) than the humpback 

whale populations that breed around several South Pacific islands (Baker et al. 
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2006), referred to here as Oceania.  This thesis investigates humpback whale 

migratory destinations of the winter breeding grounds of Oceania and summer 

feeding areas of Antarctica closest to them.  In addition, the abundance of the 

humpback whale population of French Polynesia, an island group in Oceania, is 

assessed. 

1.2 Taxonomy and morphology 

Whales are of the order Cetacea encompassing whales, dolphins and 

porpoises all of which belong to one of two sub-orders, Odontoceti with teeth, or 

the Mysticeti-the baleen or whalebone whales (Mackintosh 1965).  Whales, 

including dolphins and porpoises, have been defined as a monophyletic group 

having evolved from a common ancestor in the last 50 million years when whales 

made the transition from a terrestrial to a fully aquatic medium (Berta et al. 2006).  

Early mysticetes were thought to have had teeth and some modern species 

include vestigial teeth that are reabsorbed before birth (Fitzgerald 2006). All 

mysticetes have comb-like baleen plates to filter small crustaceans as well as 

small fish out of the sea water.  The mysticetes are divided into four families 

including Balaenidae (right and bowhead whales), Neobalaenidae (Pygmy Right 

whale), Eschrichtiidae (gray whales) and Balaenopteridae (rorquals including 

humpback, blue, fin, sei, Bryde’s and minke).  The highly specialized feeding 

technique of the rorqual whales depends on the unique structure of their skull 

and grooved ventral pouch (Rice 1984a).  The humpback whale, Megaptera 

novaeangliae (Borowski 1781), is the only member of the genus Megaptera; 

“Mega” meaning large, and ptera referring to wing, so named because humpback 

whales have large pectoral flippers, about a third the length of their body 

(Clapham 1997).  The head of the humpback whale is covered in tubercles, large 

bumps each containing a sensory hair (Clapham 1997) (Figure 1.1).   
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Humpback whales are the fifth largest whale and are slightly reverse 

dimorphic, with the females, averaging 14m, larger than the males (13m-14m) 

(Evans 1987).  Southern hemisphere whales are slightly larger than their 

northern counterparts (Clapham 2002).  Northern hemisphere humpback whales 

feed on krill and small fish, while southern hemisphere whales feed almost 

exclusively on the largest species of krill (Euphasia superba) endemic to the 

Antarctic waters (Mackintosh 1965).  Although their dorsal side is black, their 

coloration varies on their ventral side.  The northern hemisphere humpback 

whales have a black ventral side while in certain regions of the southern 

hemisphere, including Western Australia, Eastern Australia and Oceania, 

humpbacks show a large extent of white coloration (Rice 1998).  These 

differences in morphology however are not enough to warrant different 

subspecies status, and throughout the world only one species of humpback 

whale is recognized (Clapham & Mead 1999).   

Humpback whales have one of the longest migrations of any whale and 

have been known to travel up to 8,000 km between their high-latitude summer 

feeding areas and their winter breeding grounds in tropical regions; (Clapham 

1997) penetrating much farther in tropical waters than other species (Mackintosh 

1942) (Figure 1.2).   Humpback whales have been downlisted from endangered 

to least concern by both the US Endangered Species Act and the International 

Union for the Conservation of Nature with the exception of Oceania (Clapham 

and Mead 1999; NOAA 2009).   

1.3 The International Whaling Commission 

The International Whaling Commission (IWC) was established in 1946 to 

‘provide for conservation of whale stocks and make possible the orderly 

development of the whaling industry’ (Bromley 2006).  In principle this was to 
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investigate sufficiently the life history of great whales to allow the commission to 

set realistic quotas on whale catches (Clapham & Baker 2008).  These quotas in 

the early years, however, were established without regard to life history 

parameters of individual species with whale catches being measured in Blue 

Whale Units (i.e. 1 blue whale is equal to 2.5 humpback whales).  This 

accomplished little to help recovering whale stocks, and several species 

continued to decline (Clapham & Baker 2008).  The Scientific Committee was 

established to ensure that any amendments to whaling regulations were based 

on scientific findings.  The composition of the IWC began to change in the late 

1970’s as non-whaling nations joined, concerned about the conservation of great 

whales.  A moratorium on whaling was proposed in 1974, but was rejected by the 

IWC.  In 1982 enough non-whaling nations had joined, providing the necessary 

votes to pass the moratorium (Clapham & Baker 2008).  In 1986 a zero catch 

quota for whaling went into affect.  By this time, however, most great whale 

stocks were commercially extinct.  Although this moratorium is still in effect, 

Japan engages in a loophole labeled ‘scientific whaling’, killing a quota of Minke 

whales annually during the Austral summer months in the Antarctic waters.  It 

has been proposed that 50 humpback whales be taken by Japan as part of this 

same loophole in the areas where several of these small stocks of Oceania 

humpback whales are thought to feed in mixed aggregations (Gales et al. 2007). 

1.4 Southern Hemisphere Feeding Regions, Antarctic Areas I-VI 

The southern hemisphere humpback whales have a summer feeding 

range comprising the entire Antarctic Zone (Rice 1998). Humpback whales are 

said to have a circumpolar distribution in Antarctica that is not necessarily 

continuous, as they can be found in high concentration in some areas and scarce 

in other regions (Mackintosh 1942).  The Antarctic feeding grounds for humpback 
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whales are considered to be south of 60oS latitude, and were originally divided 

into five areas based on the distribution of the whaling fleet (Mackintosh 1942).   

Later, using data from the abundance of whales in the feeding season, Antarctica 

was divided into Areas I-VI (Figure 1.3) (Mackintosh 1942).   

Until recently the only data on the humpback whale’s migration came 

from whaling records (Townsend 1935, Mackintosh 1942).  The original link of 

migration destinations were ‘Discovery’ tags (stainless steel tags shot into the 

whale’s blubber and later recovered when the whale was killed and flensed). 

These provided the first information on the humpback whale’s previously 

unknown migration in the Southern Hemisphere (Mackintosh 1942; Dawbin 

1966).  This established relationships between 3 areas in the Antarctic and the 

northern breeding grounds closest to them (Dawbin 1966).  Humpback whales 

from the South Pacific breeding grounds are thought to feed in Areas IV, V, VI, 

and possibly the Antarctic Peninsula, but information of connections is still limited 

(Figure 1.4) (IWC report SC-58-Rep 5 2006).   

1.5 Exploitation and stock depletion 

South Pacific humpback whale stocks were subject to hunting throughout 

the 19th and 20th centuries resulting in severe decline of the species (Dawbin 

1966).  They were first taken by open-boat whalers in their tropical breeding 

grounds in the 19th century (Smith et al. 2006; Townsend 1935).  These takes 

peaked in Western Australia, the South Pacific and western South America 

breeding grounds (IWC stocks D-G) (Figure 1.4) between 1850 and 1880 with 

almost 9,000 whales killed (Smith et al. 2006).  In the South Pacific these takes 

were largely from Tonga, with a smaller number of whales (n = 42) taken from 

New Caledonia (Smith et al. 2006).  In the 20th century, Southern Hemisphere 

humpback whales were exploited in their Antarctic feeding grounds (Clapham & 
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Baker 2008).  This large scale commercial exploitation was responsible for the 

population hovering near the brink of extinction by 1966 when the IWC banned 

hunting of humpback whales.  Despite the protection status, the Soviet Union 

continued hunting humpback whales illegally until 1973 (Mikhalev 2000).  This 

illegal hunting involved taking as many whales as were seen with complete 

disregard to location and regulation of open season (Berzin 2008).  In addition, 

the numbers that were reported by the Soviet Union were blatantly wrong (e.g. 

7,500 killed and 450 reported, more than 4,000 killed and fewer than 100 

reported) (Berzin 2008).  The effect of this hunting left over 37,000 humpback 

whales dead in just under a five year period (Table 1.1).  Over 25,000 of these 

whales were killed in Areas V and VI during the 1959/1960 and 1960/1961 

seasons (Clapham et al. 2009).   

“In the case of whales, the Soviet Union pillaged and destroyed foreign 
and international natural resources, and the leaders behind these acts thus 
became malicious domestic and international criminals” (Berzin 2008).   

 
The Soviet Union was not the only country hunting illegally.  During the 

summer of 1954-1955 a Panamanian whaling ship slaughtered humpback 

whales in the Antarctic without regard for time of open season or minimum length 

and then falsified their statistics.  The records showed 170 humpbacks were 

killed when actually 1,125 humpback whales were taken from Area IV and V that 

season (Chittleborough 1965).  The effects of this cumulative deceitful hunting 

left biologist baffled, thinking perhaps a biological agent of some sort was 

responsible for the huge loss of humpback whales (Berzin 2008).   

Despite official protection from the IWC beginning in 1966, the 

implications of such intense hunting in the Antarctic areas south of the Oceania 

breeding stocks are still apparent today.  These breeding stocks have been slow 

to recover, with a current abundance estimate of all four Oceania regions (New 
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Caledonia, Tonga, Cook Islands and French Polynesia) to be 3,827 (C.V. 0.12) 

(Baker et al. 2006). For comparison, the breeding grounds of Oceania are 

thought to have a carrying capacity of 17,800-20,600 (based on median posterior 

estimates from Jackson et al. 2008).  In addition, the recovery estimates for 

Oceania are substantially lower than Eastern Australia (Breeding Stock E1) 

which also is thought to use Antarctic Area V.  The median recovery estimates 

for a two-stock model show Oceania was 23-30% compared to 44-46% for 

Eastern Australia (Jackson et al. 2008), and models run of the population 

trajectory illustrate that Oceania is recovering more slowly than Eastern Australia 

(Figure 1.5).  This indicates that Antarctic catches have had a long term impact 

on these small breeding stocks of Oceania (Clapham et al. 2009).  To ensure 

proper recovery and management regarding catch allocations in the future it is 

important to monitor the abundance and migratory allocation of these breeding 

stocks. 

1.6 The Comprehensive Assessment and South Pacific Stock Structure 
 

After the moratorium on whaling began the IWC devised a 

Comprehensive Assessment to provide the scientific committee with information 

on whale stocks in light of management objectives (Donovan 1989).  This 

assessment addressed what conceptual approaches might be used to provide 

the Commission with ‘more effective scientific advice and recommendations for 

management; to determine the studies required to implement these approaches; 

and to establish a time-table for the in-depth assessment of whale stocks’ 

(Donovan 1989). Although this has now been accomplished for several whale 

species including Bowhead and western Pacific Gray whales it is still in progress 

for the Southern Hemisphere humpback whales.  Key to this assessment is 

defining the breeding stocks and any knowledge regarding movement patterns of 
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these stocks.  Comparisons of distinct fluke photos of individual humpback 

whales in South Pacific breeding grounds have suggested that these populations 

may be somewhat isolated, with limited movement between regions (Figure 1.6) 

(Garrigue et al. 2004; Garrigue et al. 2007).  In a photo-identification comparison 

study across Oceania and Eastern Australia for the years 1999-2006 only a 

limited number of matches were made (Figure 1.6) despite the fact that the 

number of comparisons was large (East Australia catalogue n = 1,292, Oceania n 

= 692; Garrigue et al. 2007).  French Polynesia matches included American 

Samoa (n = 4) and Tonga (n = 7).    Genotype matches have also been found 

between breeding regions for the years 1991-2007.  Specific to French Polynesia 

are matches to New Caledonia (n = 1), Cook Islands (n = 1), American Samoa (n 

= 6), Tonga (n = 7) and Colombia (n = 1).  In addition, using genetic analyses, 

the population structure of these stocks was investigated (Olavarría et al. 2007) 

suggesting significant segregation for breeding stocks D (Western Australia), E1 

(Eastern Australia), E2 (New Caledonia), E3 (Tonga), Fi (Cook Islands) and F2 

(French Polynesia) (Figure 1.4) (IWC report 2006; Olavarría et al. 2007).    

1.7 Molecular Markers- a technique to study whale populations 

Many of the ‘classical’ methods of estimating abundance and other 

biological parameters depended on information from dead whales (Donovan 

1989).  Over the last decade, genetic analysis has been widely used to enhance 

our understanding of cetacean phylogeography and population dynamics 

(Lambertson et al. 1987).  Biopsy sampling is used to collect skin samples of 

wild-ranging cetaceans in the field.  These skin samples are extracted for DNA 

and amplified in order to sequence a specific region to use as a genetic marker 

(Sambrook et al. 1989; Baker et al. 1994).  Genetic analyses and fluke photo-
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identification allow less invasive ways to study populations of whales using non-

lethal study techniques.   

The use of genetic markers represents a viable alternative to traditional 

methods of individual and stock identification (Figure 1.7), because they are 

permanent and exist in all individuals (Palsboll et al. 1997).  From nuclear and 

mitochondrial (mt) DNA analyses information can be obtained on sex, individual 

identification, migratory connections, population size and stock identity which are 

used to identify critical conservation needs for whales.    MtDNA is a maternally 

inherited genetic marker powerful for describing population structure in maternal 

lineages, and sensitive to demographic changes in the population (Baker et al. 

1993).  An FST index is used to measure population differentiation of mtDNA.  

This statistic compares the genetic variability within and between populations 

using a quantitative value ranging from 0 to 1 based on the proportion of 

haplotypes found in each population (Wright 1969).  A value of 0 indicates there 

is no differentiation and all haplotypes are shared in equal proportions between 

the populations.  A value of 1 indicates the populations are completely 

differentiated sharing no haplotypes.   

Specific to this project, mtDNA is used to clarify stock identity and infer 

migratory allocations of feeding areas to breeding grounds of humpback whales 

in the South Pacific.  This work builds on the previous study of Olavarría et al. 

(2007) who identified 110 unique haplotypes by 71 variable sites based on a 470 

base pair portion of the mitochondrial DNA control region of the southern 

hemisphere humpback whales from the eastern Indian and South Pacific 

Oceans.  In addition, 392 samples have been added from the breeding grounds 

in Oceania and 142 samples from Areas IV, V, VI and I from the Antarctic feeding 

areas (Steel et al. unpublished).   
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1.8 Mixed Stock Analysis 

The knowledge of migratory connections of humpback whales in the 

South Pacific is still limited.  Molecular genetic markers have proven useful for 

inferring migration patterns by matching start and end point observations with 

population identity (Bowen et al. 2007).  Since the Oceania breeding stocks are 

considered genetically differentiated (Overall FST value = 0.027; p-value < 0.001), 

genetic markers can be used to assess migratory allocation from whales in the 

feeding area to the breeding ground.  Mixed-stock analysis, commonly used in 

salmon populations to allocate runs to natal breeding grounds (Grant et al. 1980), 

has the ability to apportion components among individuals in a mixture to one or 

several breeding populations based on the proportion of haplotype frequencies 

from each population.    

1.9 Photo Identification – a method for individual identification of cetaceans 
 

Natural markings have been successfully used to individually identify 

many cetacean species (Hammond et al. 1990).  The ventral side of the 

humpback whale fluke in most cases provides a unique pattern and pigmentation 

allowing for individual identification (Katona et al. 1979).  Despite the fact that 

scarring can sometimes alter the humpback fluke it is still a reliable method for 

matching to previous years (Perry et al. 1990).  For several regions in the South 

Pacific and Antarctica humpback whale fluke photographs are taken each 

season and the best photograph of each individual whale is catalogued by the 

principal investigator of the region after annual within region reconciliation to be 

used for comparison with other regions.   

1.10 Capture-Recapture Analysis  

The Scientific Committee of the International Whaling Commission has 

agreed that the examination of marked whales for the purpose of capture-
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recapture analysis can provide valuable information on questions of location of 

boundaries and rates of mixing across boundaries (Donovan 1989).  Capture-

recapture data originally collected using ultimately lethal Discovery tags (Dawbin 

1964), are now obtained using non-lethal genetic markers (a skin biopsy taken of 

a whale) or photo-identification markers (a photograph taken of the unique 

ventral side of the humpback whale fluke).  In both instances the original biopsy 

skin sample or fluke photograph acts as the first capture of the whale and 

subsequent biopsies or photographs act as the recapture.  Once the data are 

collected over a period of capture occasions, or breeding seasons in the case of 

French Polynesia humpback whales, a capture probability is calculated as 

described in Otis et al. (1978).  

Different programs can then be used to estimate the abundance of a 

population depending on biological parameters.  Open population models allow 

for births and deaths, immigration and emigration (Jolly 1965) while closed 

population models allow for variations in individual capture probabilities in a 

population (White et al 1982).  Using these genetic and photo-identification 

techniques it is possible to assess the abundance, survival rates or movement 

patterns to monitor the recovery of populations (Hammond et al. 1990).  This 

type of capture-recapture method using natural markings or skin samples has 

been successful for measuring abundance in whale sharks (Meekan et al. 2006) 

and several cetacean species including humpback whales and Hector’s dolphins 

(Hammond et al. 1990; Calambokidis et al. 1990; Perry et al. 1990; Mizroch et al. 

2004; Gormley et al. 2007).  For this project photo-identification is used to 

estimate abundance of the French Polynesia humpback whales (Stock F2) to 

monitor the population as part of the IWC’s Comprehensive Assessment of 

southern hemisphere humpback whales.   



 

                                                                                                                                                                              

13 

1.11 French Polynesia humpback whales breeding stock F 

French Polynesia encompasses over 5,000,000 square km and lies 

almost directly north of the Antarctic Area VI (Figure 1.4).  There is little known 

about migratory feeding ground destinations for French Polynesia.    Though it is 

thought that these whales feed in Antarctic Area VI (IWC report 2006), no 

connections have yet been established.   

Humpback whales have been observed in almost all island groups in 

French Polynesia, with the island of Rurutu in the Austral Islands and Moorea in 

the Society Islands appearing to be the most populated with humpback whales 

(Gannier 2004; Poole 2006). The field work for this study was carried out in 

Rurutu and Moorea generally within 500 meters of the coral reef.  French 

Polynesia had been considered to be a transitory location, but the high 

percentage of young calves (~10%) and singers observed during the breeding 

season over the last decade suggest French Polynesia is now a breeding ground 

destination (Poole 2006).  Analysis of mtDNA shows significant segregation 

within Breeding Stock F, suggesting French Polynesia is a discrete breeding 

ground (Olavarría et al. 2003, 2007).  An abundance estimate using photo 

identification with a limited number of photos has shown that French Polynesia’s 

humpback whale population remains low despite the moratorium on whaling 

(Baker et al. 2006).   

1.12 Scope of thesis 

This thesis examines the little known humpback whale breeding ground of 

French Polynesia.   Chapter 2 considers migratory connections between 

breeding grounds in Oceania, including French Polynesia and feeding areas in 

the Antarctic Areas IV, V, VI and I.  Chapter 3 provides information on the current 

population abundance of French Polynesia humpback whales.  To explore 
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migratory connections using a different method chapter 4 considers a 

comparison using fluke identification photographs between French Polynesia and 

the Antarctic Peninsula to investigate if the Antarctic Peninsula may be a primary 

feeding area of the French Polynesia breeding ground.  

This work provides new information on the French Polynesia breeding 

stock F2 and possible feeding area connections of South Pacific humpback 

whales.  Since whaling activities in the feeding areas are to be a future 

consideration this data is imperative to the sustainability of South Pacific 

humpback whales. 

Data collection for genetic analyses of humpback whales has been an 

ongoing collaborative effort in multiple areas throughout the South Pacific.  I 

benefitted by using published and unpublished data from the South Pacific Whale 

Research Consortium (SPWRC), Instituto Antártico Chileno (INACH) and Centro 

de Estudios del Cuaternario (CEQUA).  The SPWRC is widely recognized as the 

lead forum for exchange of scientific information and coordination of research 

throughout the South Pacific region.  It is through this organization that I obtained 

genetic data from Colombia, French Polynesia, Cook Islands, Tonga, New 

Caledonia, Eastern Australia and Western Australia for the period of 1991-2007.  

The SPWRC also assembles fluke photographs of humpbacks taken by 

scientists in the field.  These photographs are verified through a Quality Control 

process arranged by breeding region, and updated annually.  The principal 

investigator is Dr. Rochelle Constantine.  The French Polynesia photo 

identification catalogue has been compiled by Dr. Michael Poole of SPWRC 

since 1990.  The Antarctic Peninsula catalogue was collected by Carlos 

Olavarria, Jorge Acevedo and Anelio Aguayo-Lobo.  For complete information on 

co-authors see the section ‘Contribution of Authors’.    
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Table 1.1 Known total post-war catches (USSR and other nations) of humpback 
whales from Areas IV, V and VI, and migratory corridors directly north of these 
areas (e.g. Australia and New Zealand). There were an additional 7,177 Soviet 
catches that were not assignable to Area. (Source: Clapham et al. 2009). 
 

Year/Source Area IV Area V Area VI Total 

USSR 

1959/60 

- 11,778 1,167 12,945 

USSR 

1960/61 

242 8,630 3,617 12,489 

Other 
USSR, 
1949-73 

8,779 2,161 2,411 13,351 

Australia/NZ 
1949-62 

18,180 15,577 - 33,757 

Total 27,201 38,146 7,195 72,542 

 

 
 
 
 

 

Figure 1.1. Morphological characteristics of humpback whales.   
Photo left: the unique markings of the ventral side of the humpback whale fluke. 
Photo top right:  the tubercles can be seen on the dorsal side of the rostrum. 
Photo lower right: the long flipper unique to humpback whales. 
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Figure 1.2 Humpback whale southern hemisphere geographic distribution.  Solid 
sections represent winter breeding stocks or populations including IWC stock 
designations A-G.  Circles represent what are thought to be feeding Area 
designations.  IWC Area designations I-VI are sections with a dashed line.  
Arrows represent migratory connections, dashed is inferred and solid is known 
connection (IWC SC-58-Rep 5 2006). 

 
 

Figure 1.3. Antarctic management areas as currently designated by the IWC. 
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Figure 1.4 South Pacific humpback whale breeding stocks and feeding areas.  
IWC breeding stock designation are shown as ovals representing stocks D, E, F, 
and G.  Smaller ovals represent the further stock segregation found after mtDNA 
analysis (Olavarría et al. 2007). 

  
 

 

Area I 
 Area VI Area V Area IV 

120°
130° 170

D E F G 

  

 

    
  

  

Western 
Australia 

New  
Caledonia 

 

Tonga 
Cook  
Islands 

 

French 

Polynesia Colombia 

Eastern 

Australia 



 

                                                                                                                                                                              

21 

Figure 1.5. Population trajectories for Oceania as compared to east Australia 
showing changes in population abundance (N) over time. Median trajectory (solid 
line) and 95% posterior probability intervals (dashed lines) are shown in bold for 
Oceania and East Australia (Source: Jackson et al. 2008). 
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Figure 1.6 - Summary of Photo ID matches 1999-2006 between catalogues from 
Eastern Australia (n = 1242) and Oceania (n = 692).  Specific to French 
Polynesia there are only matches between Tonga and French Polynesia and 
American Samoa and French Polynesia.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

5 

5 

7 

American 
Samoa 

4 

Total photos1999-2006 
Oceania 692 
East Australia 1,242 
Garrigue et al 2007 
IWC SC/59/SH15 

Matches with East 
Australia are only  
updated through 2004 



 

                                                                                                                                                                              

23 

Figure 7a – The use of mitochondrial DNA in cetacean research.  MtDNA is 
extracted from skin samples, and copied many times in a polymerase chain 
reaction (PCR).  The copies are then sequenced and aligned in order to compare 
to other individuals.  Unique sequences are assigned a haplotype. 7b - These 
haplotypes are then compared between populations to determine how closely 
related stocks are quantitatively (the FST diversity index) and qualitatively (pie 
charts). 
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Chapter 2 - Using Mixed-Stock Analysis of Humpback Whales (Megaptera 
novaeangliae) to estimate migratory allocation from Antarctic Feeding Areas to 
South Pacific Breeding Grounds 
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ABSTRACT  

     Very few migratory connections have been documented between humpback 

whale (Megaptera novaeangliae) breeding grounds and feeding areas in the 

South Pacific Ocean.  Understanding these migratory connections is crucial to 

management strategies especially for the allocation of historical Antarctic catches 

in population dynamic models used to assess the current recovery of these 

small, isolated breeding stocks.  Here we use mixed-stock analysis of mtDNA 

haplotypes as described in Olavarría et al. (2007) to apportion samples from four 

Antarctic feeding areas (IWC Areas IV, V, VI* and I*) (n = 142) to seven breeding 

grounds, including: Western Australia; Eastern Australia; New Caledonia; Tonga; 

Cook Islands; French Polynesia; and Colombia (n = 1,504).  Assuming that the 

breeding grounds represent ‘source stocks’ and that each feeding area 

represents ‘mixed-stocks’, results showed Area IV apportioned primarily to 
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Western Australia (71.6%, SE 1.1%), Area VI* apportioned primarily to Tonga 

(78.4%, SE 24.5%), and Area I* whales apportioned primarily to Colombia 

(76.5%, SE 8.1%).  Although limited by small sample size, Area V apportionment 

was close to evenly split between New Caledonia (44.4%, SE 28.4%) and 

Eastern Australia (51.0%, SE 26.4%).  These results agree with previous 

Discovery marking, photo-identification and genetic studies of individuals 

suggesting that mixed-stock analysis could prove to be a useful tool for modeling 

the apportionment of feeding areas to breeding stocks for the purpose of 

assessing recovery and evaluating the impact of any future Antarctic catches.  

KEY WORDS: GENETICS; HUMPBACK WHALE; MIGRATION; SOUTHERN 
HEMISPHERE; BREEDING GROUNDS; FEEDING AREAS; MOVEMENTS 
 

 
2.1 INTRODUCTION 

Humpback whales in the Southern Hemisphere undertake the annual 

migration from tropical breeding grounds to Antarctic feeding areas (Mackintosh 

1942).  These breeding stocks experienced severe population declines due to 

commercial whaling in their associated Antarctic feeding areas that occurred 

legally and illegally until the mid-1960’s (Clapham 2009).  The number of 

humpback whales killed in the Southern Hemisphere was more than 200,000 in 

the 20th century (Clapham & Baker 2008).  The small breeding regions in 

Oceania have been slow to recover from this hunting.  In the South Pacific 

Ocean very few connections have been documented for humpback whale 

migratory connections.  Describing connections between their breeding grounds 

and feeding areas is crucial for management strategies, especially for historical 

catches and modeling of current population dynamics (e.g., Jackson et al. 2008).     

The International Whaling Commission (IWC) has divided the tropical 

breeding grounds into several stocks for management purposes based on 
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distribution and Discovery tag returns, and divided Antarctica into feeding Areas 

I-VI based on summer catch distributions in the feeding season (Mackintosh 

1942; Mackintosh 1965; IWC 2006).  In the South Pacific and eastern Indian 

Ocean, these breeding regions were assigned stock designation D, E, F and G 

(Figure 2.1).  Severe reduction in most Southern Hemisphere whale populations 

prompted the IWC to offer protection for humpback whales from whaling in 1966, 

and a moratorium was put into place in 1986.  Recovery of stocks has been 

variable, and some stocks remain small despite decades of protection (Clapham 

& Baker 2008).  The Eastern Australia humpbacks appear to have recovered 

more quickly (Paterson et al. 2006) than humpbacks in most of Oceania (Baker 

et al. 2006).   

Genetic markers have been informative for estimating population 

differentiation and designation of subpopulation status.  Recent analyses of 

mtDNA suggest that the sub-stocks within E and F are genetically differentiated, 

separating New Caledonia (Stock E2) and Tonga (E3) from Eastern Australia 

(Stock E1); and Cook Islands (Stock F1) from French Polynesia (Stock F2) 

(Garrigue et al. 2006; Olavarría et al. 2007).  This sub-stock designation is 

summarized in an IWC Report (2006).  Comparison of photo-identification 

catalogues between breeding sub-stocks E1, E2, E3, F1 and F2 has also 

confirmed that these populations are somewhat isolated, with limited movement 

between regions (Garrigue et al. 2004; 2008).  Although the breeding stocks 

have shown significant genetic differentiation of mtDNA there still remains 

uncertainty in the feeding areas about genetic differentiation (Loo et al. 2006).   

Despite the known history of humpback whales in the South Pacific, very 

few direct connections between breeding stocks and their Antarctic feeding areas 

have been documented.  Limited migratory information comes from early 
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Discovery tag records (Dawbin 1966), photo-identification matches (Stone et al. 

2000; Franklin et al. 2008) and recent genotype matches (Steel et al. 2008).  In 

the absence of direct observations of migratory pathways, molecular genetic 

markers have proven useful for inferring migration patterns by matching start and 

end point observations with population identity (Bowen et al. 2007).  Mixed-stock 

analysis (MSA), originally developed for salmon management programs (Grant et 

al. 1980), provides an estimate of the most likely proportion of ‘source 

populations’ represented in a ‘mixed population’ sample using the frequencies of 

genetic markers (Bass et al. 2004).  In fisheries, MSA is used to estimate what 

proportion of a population in a mixture came from each of a number of most likely 

source populations (Manel et al. 2005).   

We used MSA with mtDNA haplotypes to examine what proportion of a 

humpback whale population in an Antarctic feeding mixture came from each of 

the breeding stock source populations. MtDNA haplotypes were derived from 

skin biopsy samples from seven breeding grounds (IWC breeding stocks D, E1, 

E2, E3, F1, F2 and G) and four IWC Antarctic feeding Areas (Areas IV, V, VI* 

and I*). This dataset revises and extends that reported previously in Olavarría et 

al. (2007), removing samples identified as replicates by genotyping (Steel et al. 

2008) and including 392 previously unanalyzed samples from Oceania as well as 

142 individual whales from four Antarctic Areas. An Analysis of Molecular 

Variance (AMOVA) of this dataset first confirmed differentiation between 

breeding grounds and between the four feeding areas. This was followed by 

mixed-stock analysis (MSA) with a Bayesian baseline to estimate the migratory 

apportionment of each feeding area to the seven breeding grounds.  The 

Bayesian approach allows for the uncertainty of rare haplotypes that may not be 

detected in source population samples (Pella and Masuda 2001).   
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2.2 METHODS  
 
2.2.1 Field collection  

 
A total of n = 1,713 samples were collected from live whales in the seven 

breeding grounds (Table 2.1).  In addition to the samples described in Olavarría 

et al. (2007) (n = 1,112), biopsy and sloughed skin tissue samples (n = 392) were 

collected from humpback whales on breeding grounds of the South Pacific during 

the Austral winters of 2003 through 2007. Western Australia samples (biopsy 

only) were collected from North West Cape in 2002 as described in (Brasseur 

2007) with additional samples collected in 1990, 1993 and 1994 (Baker et al. 

1994; 1998).  Eastern Australia samples were collected from humpback whales 

off Byron Bay and Ballena (sloughed skin only) as described in Olavarría et al. 

(2006).  Oceania samples were collected primarily by members of the South 

Pacific Whale Research Consortium during synoptic surveys from 1999-2007 but 

also include smaller numbers of samples collected during surveys of some 

regions dating back to 1991.  Samples collected from the Colombian breeding 

grounds were collected by members of Project Yubarta from 1991 to 1998 

(Flórez-González 1991; Baker et al. 1998; Caballero et al. 2001; Steel et al. 

2008).   Sampling on breeding grounds was carried out aboard dedicated small 

boat surveys. Biopsy samples were collected using a stainless steel biopsy dart 

deployed from a crossbow (Lambertsen 1987) or a modified veterinary capture 

rifle (Krutzen et al. 2002). 

  In the feeding areas, biopsy samples (n = 214) were collected from living 

whales during the Austral summers of 1989 to 2005, during surveys by the 

International Decade of Cetacean Research and Southern Ocean Whale and 
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Ecosystem Research Cruise (IDCR/SOWER) under supervision of the IWC 

(Report 2006), and during more localized surveys of the Antarctic Peninsula by 

the Chilean Antarctic Institute (INACH).   

2.2.2 MtDNA amplification and sequencing 

As described in detail by Olavarria et al. (2007) genomic DNA was 

extracted from tissue samples using a standard phenol/chloroform extraction 

protocol (Sambrook et al. 1989) modified for small skin samples by Baker et al. 

(1994).  An approximately 800 base-pair (bp) fragment of the 5’-end of mtDNA 

control region (i.e. D-loop) was amplified via the Polymerase Chain Reaction 

(PCR) using the primers, light-strand tPro-whale Dlp1.5 and heavy-strand Dlp8G 

as reported in Garrigue et al. (2004).   Amplification and temperature profiles 

were followed as documented in Olavarria et al. (2007). Unincorporated primers 

and nucleotides were removed from PCR products using exonuclease (Exo I) 

and shrimp alkaline phosphatase (SAP) and sequenced on an ABI3730xl DNA 

sequencer (Applied Biosystems) using the primer M13Dlp-1.5.    

 

2.2.3 Data Analyses  

Sequences were aligned and edited using SEQUENCHER (version 4.1.2, 

Gene Codes Co.) and checked visually by comparison to other chromatographs. 

Unique haplotypes were defined by 71 variable sites resolved from the 470 bp 

consensus region as discussed in Olavarría et al. (2007).   The potential for 

replicate samples of individual whales was considered for each regional sample 

set.  Replicates were removed where microsatellite genotyping allowed for 

individual identification (Steel et al. 2008).  After sequencing corrections five of 
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the original 115 haplotypes were removed from Olavarría et al. (2007) (Final n = 

110). 

A pairwise comparison at the haplotype level was performed using the 

program ARLEQUIN (version 3.1, Schneider et al. 2000) to compare the degree 

of genetic diversity between breeding and feeding regions.  An Analysis of 

Molecular Variance (AMOVA) was performed in using 10,000 permutations to 

measure the differentiation between breeding stocks at the haplotype level.   

MSA was conducted using the Statistical Program for Analyzing Mixtures 

(SPAM; version 3.7b; Alaska Department of Fish and Game (ADF&G 2003)) for 

haplotype data with 10,000 iterations and 1,000 bootstrap resamples.  For the 

future purposes of allocating historical catches to breeding stocks, we assumed 

that the breeding ground samples represented the ‘source stocks’ in the MSA 

program and the feeding area samples represented the ‘mixed-stocks’.  In this 

framework, each feeding area was analyzed separately, and component 

estimates were apportioned to the seven breeding grounds.   

Given the large number of haplotypes (Olavarria et al. 2007) a Bayesian 

method was implemented in the estimation mode of SPAM.  The Bayesian 

approach allows for the uncertainty of rare haplotypes that are actually present in 

a breeding ground, but not detected in a small sample (Pella & Masuda 2001).  

Thus the Bayesian method has the potential to correct for small samples or rare 

haplotypes better than the standard Maximum Likelihood methods (Luke et al. 

2004).  Previous studies (Templin et al. 2003; Pella & Masuda 2002) emphasized 

that Bayesian modeling of baseline frequencies is an acceptable way to account 

for any negative bias in analyses caused by sparse data.  

The simulation mode in SPAM was used to assess whether differences in 

haplotype frequencies among breeding regions were large enough to estimate 
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the origins of feeding areas.  The simulation mode assigns one breeding region 

100% apportionment as a possible mixture scenario to evaluate performance for 

a given source stock or breeding region (ADF&G 2003), and then reports what 

percentage could actually be detected by the program.  These simulations work 

similarly to a jack-knife estimate evaluating how well the program can assign 

haplotypes correctly back to their respective breeding ground.  Typically results 

of 90% or better have been used in fisheries studies to indicate sufficient power 

among data to differentiate between each of the source stocks and to determine 

relative mixture proportions reasonably accurately (Templin et al. 2003). 

 

2.3 RESULTS  
 
2.3.1 Revised Antarctic Areas 

After reviewing sample locations of Antarctic samples, we modified the 

boundaries of Area VI and Area I to reflect apparent geographic groupings of 

samples (Figure 2.2).  For Area VI*, we included three samples from the eastern 

edge of Area VI and included seven samples collected in the western edge of 

Area I (n = 27). For Area I*, we excluded one additional sample in the central 

region and included all samples from the Antarctic Peninsula (n = 68). The four 

samples from the western boundary of Area V and the four samples from the 

eastern boundary of Area V were not considered sufficient for statistical analysis, 

but are included here for an initial assessment of Area V.  Although we did not 

attempt to adjust for differences in sample size due to very limited numbers from 

the Antarctic region, the number of haplotypes was similar in each of the four 

areas with the exception of findings for Area V (Table 2.1).   

 

2.3.2 Population Diversity and Differentiation 
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After removal of replicates within regions, a total of n = 1,713 samples 

representing 1,504 individual humpback whales from 7 discrete breeding regions 

and n = 214 samples representing 142 individuals from four feeding areas were 

available to determine genetic diversity and differentiation.  Once this was 

established a MSA program was implemented to apportion Antarctic feeding 

areas to component estimates for South Pacific breeding stocks (Table 2.2).  Of 

the 110 haplotypes observed in this study, only four occurred in all seven of the 

breeding grounds, and 41 occurred in only one breeding ground. The number of 

haplotypes was greatest for New Caledonia (55), as reported previously in Baker 

et al. (1998) and Olavarría et al. (2003).  However, based on increased samples 

size, this study found Colombia to have the lowest number of haplotypes (25) 

(Table 2.1) contrary to previous studies sighting French Polynesia having the 

lowest.  Within the feeding areas, the number of haplotypes was similar, ranging 

from 18 in Area VI to 27 in Area IV; the exception being Area V (seven 

haplotypes represented) where only eight samples were analyzed.   

Differentiation between breeding grounds and feeding areas was 

quantified by an AMOVA.  The proposed subdivisions of IWC breeding stock E 

into E1, E2, and E3, as described previously, and all pair-wise comparisons were 

supported by significant overall differences (FST = 0.027; P < 0.001).  For 

breeding grounds, pairwise FST values (Table 2.2) illustrated a greater difference 

between Colombia and the Oceania breeding grounds than between Western 

Australia and Oceania as shown in Olavarría et al. (2007).  For feeding areas all 

pair-wise comparisons were supported by significant overall differences (FST = 

0.023; P < 0.001).  For feeding areas all pair-wise FST values (Table 2.2) 

illustrated the greatest difference between Area I* and Area VI*.  Pairwise 

comparisons of feeding areas to breeding grounds showed significant FST values 
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for all but three cases: Area IV to Western Australia, Area VI* to Tonga, and Area 

I* to Colombia.  The exception was Area V which was only significant with French 

Polynesia and Colombia (Table 2.2).   

2.3.3 Migratory Apportionments 

Apportionments to breeding grounds from feeding areas were inferred 

from the MSA program.  Area IV was apportioned primarily to Western Australia 

(71.6% SE 10.8%) with a small percentage to Tonga (28.8% SE 13.4%).  

Although sample size was small, there was an almost equal split of Area V 

between New Caledonia (44.1% SE 28.3%) and Eastern Australia (51.1% SE 

26.5%) and a small contribution to Western Australia (4.6% SE 9.0%).  Area VI* 

was apportioned primarily to Tonga (81.4% SE 22.5%), with a smaller 

percentage apportioned to the Cook Islands (5.0% SE 15.9%).  A large 

percentage of Area I* was apportioned to Colombia (88.3% SE 7.5%) with a 

smaller percentage (8.8% SE 7.4%) to the Cook Islands.  French Polynesia had 

very low apportionments from any of these areas (< 3%).  The mixed-stock 

simulation in the MSA program indicated that the population of each breeding 

ground could be correctly re-assigned with at least 83% accuracy, with the 

exception of the Cook Islands (73%) (Table 2.3). 

   

2.4 DISCUSSION 

The management of whale stocks becomes more effective if it can be 

determined how stocks assemble on the breeding grounds especially if less 

abundant stocks can be protected in both breeding and feeding areas.  Mixed-

stock analysis provides insight into this organization provided that different 

breeding grounds are genetically differentiated.  The mixed-stock analysis 

strengthened results from previous photo-identification and genotype studies 
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(Table 2.3, Figure 2.1) by providing general population apportionments instead of 

individual connections.  This analysis has shown that the prevailing trends 

identified here are that each feeding area is apportioned to one primary breeding 

region.  In addition, the population trends revealed here are consistent with 

previous analyses investigating individual matches (Steel et al. 2008). 

2.4.1 Area IV  

Historically Western Australia (breeding stock D) was associated with 

Antarctic Area IV stock for management purposes (Mackintosh, 1942).  Here 

using mtDNA data and MSA, the larger apportionment of Area IV to Western 

Australia supports these previous findings linking individuals using historical 

whaling data (Discovery tags) and more recent photo-identification 

(Chittleborough 1965; Dawbin 1964; Gill & Burton et al. 1995, Franklin 2008). 

However, the smaller apportionment of Area IV to Tonga is puzzling. Although 

Eastern Australia has closer proximity to Area IV than Tonga, no significant 

Eastern Australia apportionment was made.  This could possibly be explained by 

the AMOVA results and recent photo-identification matchings.  Olavarría et al. 

(2007) found low level haplotype frequency matches between Western Australia 

and breeding stock E (Tonga and New Caledonia) which they used to predict 

possible movements between Western Australia and Stock E despite the large 

geographic distance between them.  Photo-identification studies comparing 

breeding stocks D and E  have shown Tonga to be a possible stopover for other 

breeding grounds to the west (Eastern Australia, Stock E1 and New Caledonia, 

Stock E2) and to the east (Cook Islands, Stock F1) (SPWRC report 2009).  

Therefore, the small apportionment of Area IV to Tonga suggests Tonga may be 

a stopover for some whales headed to other areas in Stock E and these animals 

may be using Area IV feeding area.  In addition, there was a Discovery tag found 
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in a whale from Tonga on the border of Area IV/V (Dawbin 1966), suggesting 

some of these whales may feed in the eastern portion of Area IV.  Another 

possibility is that the smaller apportionments indicated by SPAM may have 

higher degrees of uncertainty as shown by the higher standard errors associated 

with these estimates. 

2.4.2 Area V 

The illegal Soviet Whaling from 1959/60-1961/62 (Clapham et al. 2009; 

Berzin 2008) that targeted Area V so intensely demonstrates why Area V is 

arguably the most important area for apportionment of historical catches.  

However, sample size for this region was too small to provide significant 

statistical power.  Despite this statistical limitation these samples provide 

intriguing insight into possible migratory destinations.  Our results show almost 

equal apportionment to Eastern Australia and New Caledonia. This strengthens 

previous individual connection studies including Discovery tags, photo 

identification and genotype matches (Dawbin 1964; Franklin et al. 2006; 

Olavarría et al. 2006) linking Eastern Australia to Antarctic Area V (Franklin et al. 

2008), and New Caledonia to Area V (Steel et al. 2008).  The possible evidence 

of migration from New Caledonia to Area V, the location of Japan’s proposed 

hunting grounds, suggests that whales from small breeding stocks in the South 

Pacific could be at risk from hunting events in Area V. This reiterates the vital 

need for additional Antarctic samples from these areas to help clarify migration 

destinations.  

2.4.3 Area VI* 

A close connection between Area VI* and Tonga is indicated by the lack 

of significance in the AMOVA, and the large apportionment of Area VI* to Tonga 

in the MSA analysis.  These results agree with recent genotype matching and 
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limited Discovery tags, which have provided evidence of connections between 

the two regions (Dawbin et al. 1964; Steel et al. 2008).  There was a 5.0% 

apportionment from Area VI* to the Cook Islands which has also been proposed 

as a component of the Area VI stock (Hauser et al. 2000).  Recently a humpback 

whale tagged in the Cook Islands in September of 2006 was located on the 

border of Area VI and Area I in December of 2006.  This implies that at least 

some humpbacks wintering in the Cook Islands feed in Area VI with perhaps 

some interchange between Area VI and Area I (Hauser et al. in press), or what is 

referred to here as Area VI*.  In addition, the whale was recorded heading 

southeast from the Cook Islands suggesting areas to the east of the Cook 

Islands, possibly French Polynesia, may host some whales that feed primarily in 

the western part of Area I (Hauser et al. in press).   

Surprisingly, Area VI* showed no apportionment to French Polynesia 

(<3.0%) despite the geographic proximity of these seasonal habitats and the 

large sample size of French Polynesia.  This suggests the whales in French 

Polynesia may be traveling to an as of yet unsampled component of Area VI or 

Area I, or that breeding stocks like Tonga and Colombia, the main apportionment 

from Area VI* and I* respectively, have sufficiently larger proportions of haplotype 

frequencies to these feeding areas masking what would be otherwise a small 

apportion to French Polynesia.  Despite the fact that French Polynesia had very 

low apportionments from Area VI*, these recent findings reveal an interesting 

combination of results that should be explored further.  

2.4.4 Area I* 

The large apportionment from Area I* to Colombia confirms a strong 

association between Colombia and the Antarctic Peninsula. These differences 

support earlier conclusions that Antarctic Peninsula and Colombia are somewhat 
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isolated from Oceania.  Genetic markers and naturally marked individuals have 

confirmed that there is a connection between Colombia and Area I around the 

Antarctic Peninsula (Olavarría et al. 2007, Stevick et al. 2006, Caballero et al. 

2001, Stone et al. 1990). Our results are in agreement with previous investigators 

(Olavarría et al. 2007; Stone et al. 1990), who have suggested that many 

humpbacks from the Antarctic Peninsula migrate along the western coast of 

South America to Colombia.   The AMOVA here and in Olavarria et al. (2007) 

suggest these regions are somewhat isolated from Oceania and Antarctic Areas 

V and VI as shown in the higher degree of differentiation in the pair-wise FST 

values (Table 2.2).  

2.4.5 Implications of the Study 

Mixed-Stock Analysis has shown considerable promise as a method for 

assisting the proportional component estimates of feeding grounds to breeding 

stocks (Figure 2.1). Sample sizes from most breeding grounds were considerably 

larger (n > 100) and more representative of the known distribution of humpbacks 

in the South Pacific.  Unfortunately, sample sizes for the feeding areas were 

relatively small resulting in large standard errors for some apportionments (Table 

2.3) implying results for the smaller apportionments should be approached with 

caution.  A more concerted and systematic sampling of feeding areas, especially 

in Area V, is needed to complement the coordinated sampling of breeding 

grounds in Oceania.  This analysis also provided some unexpected results, 

including the Area IV apportionment to Tonga (28.0%), Area I* apportionment to 

Cook Islands (8.8%) and the absence of any apportionment of Area VI* to French 

Polynesia.   

South Pacific humpback whale data has three primary shortfalls: 1. a 

large number of different haplotypes, 2. variation in population size 3. generally 
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sparse data.  Although Maximum Likelihood methods have previously been used 

for data with these limitations in MSA, contributions from abundant stocks are 

underestimated and those from less common or even absent stocks are 

overestimated (Pella & Masuda 2001; Bolker et al. 2003).  Previous studies 

(Templin et al. 2003; Pella & Masuda 2002) emphasized that Bayesian modeling 

of baseline frequencies is an acceptable way to account for any negative bias in 

analyses caused by sparse data.   

Other limitations of this study include the exclusion of lesser South Pacific 

breeding grounds where sample sizes were too small (n < 5) for consideration in 

this analysis, (American Samoa, Vanuata and Fiji) and the impact their absence 

might have on apportionments from feeding areas.  Despite these limitations, 

MSA provided the first population analysis of South Pacific humpback whales 

providing additional inference to associate feeding areas and breeding grounds.   

2.4.6 The future of MSA for migratory connections 

Although the simulation mode in the MSA program is intended to assess 

power among specific data more concise methods are beginning to be 

developed.  These show that 100% simulation algorithms of current MSA 

programs tend to have a positive bias in the simulation results overstating the 

power of assignment (Anderson et al. 2008).  This bias is thought to be 

exacerbated when FST values indicate that relationships are relatively close 

among breeding populations as shown here.  This is something that should be 

considered in future MSA studies.    

These results help determine the utilization of the feeding areas by 

different breeding stocks, and present a means to assess the direction of future 

research.  The use of microsatellites in MSA has been very successful in salmon 

and turtle populations. However, with the use of assignment tests a different 
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question is addressed.  The population is not examined.  Instead, individual 

genotypes are investigated.  Expected genotypic probabilities are calculated in 

the MSA program from samples from each potential source population, and 

genotypes are assigned to the population in which that genotype is most likely to 

occur (Manel et al. 2005).  Mixed-stock analysis using microsatellites possibly 

could provide fine-scale figures for management (see Appendix A) and may 

become a preferred method of stock identification as it has in fisheries 

management (Habricht et al. 2007) especially if additional Antarctic samples from 

Areas V and VI became available.   
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Table 2.1. A summary the South Pacific humpback whale samples collected 
including the number of individuals, the number of haplotypes in each region out 
of the total 110, and the number of unique haplotypes relative to seasonal 
habitats. Individual samples were collected from 1991-2005 and replicates within 
regions were deleted. Area I* is solely the Antarctic Peninsula, and Area VI* 
includes 7 individuals from Area I/VI border (Figure 2.2). 
 

Region  Years  
Samples Collected 

Individuals  Haplotypes  Unique 
Haplotypes  
by seasonal 
habitat  

Breeding Regions 

Western 
Australia  

1990, 1993, 1994,  
2002 

174 53  21 

Eastern 
Australia 

2002, 2003 156 38 0 

New 
Caledonia  

1995-2005 367 55  10  

Tonga  1991, 1994-1996,  
1998-2003, 2005 

355 51  2  

Cook Islands  1998-2003, 2005 101 29  1  

French 
Polynesia  

1997-2007 247 30 2  

Colombia  1991-1998 104 25  9  

Total Breeding regions 1504  

Feeding Areas 

Antarctic  
Area IV 

1999 39 27  16  

Antarctic  
Area V 

1991, 1999, 2001  8 7 4 

Antarctic  
Area VI*  

1990, 2001 27 18  5  

Antarctic  
Area I*  

1990, 1994, 1996,  
1997, 1998, 1999 

68 20  14 

Total Feeding Areas 142  

 
 
 
 
 
 
 
 
 
 
 
 
 
 



4
5
 

T
a
b
le

 2
-2

. 
U

p
d
a
te

d 
S

o
u
th

 P
a
ci

fic
 h

um
p
b
a
ck

 w
h
a
le

 F
S

T
 v

a
lu

e
s 

co
rr

e
ct

e
d
 f
or

 r
ep

lic
a
te

 s
am

p
le

s.
  

P
a
ir-

w
is

e
 t

e
st

 o
f 

d
iff

er
e
n
tia

tio
n
 

b
e
tw

e
e
n
 a

ll 
a
re

a
s 

fo
r 

m
tD

N
A

 c
o
n
tr

o
l r

eg
io

n
 s

eq
ue

n
ce

s.
  
V

a
lu

e
s 

in
 b

o
ld

 r
ep

re
se

n
t 
a
 s

ig
n
ifi

ca
nt

 d
iff

er
e
n
ce

 b
a
se

d 
o
n 

1
0
,0

0
0 

ra
n
d
o
m

 p
e
rm

u
ta

tio
n
s 

of
 th

e
 d

a
ta

 m
at

ri
x 

(P
 <

 0
.0

5)
. 
 S

ym
b
o
ls

 a
b
o
ve

 m
at

ri
x 

re
p
re

se
nt

 s
ig

n
ifi

ca
nt

 d
iff

er
e
n
ce

 (
+

) 
b
et

w
e
e
n
 

re
g

io
n
s 

o
r 

n
o
 s

ig
n
ifi

ca
nt

 d
iff

e
re

n
ce

 (
-)

 b
e
tw

e
e
n
 r

eg
io

n
s.

  
 

  
  

R
e
g
io

n
 

W
A

 
E

A
 

N
C

 
T

g
 

C
I 

F
P

 
C

o
l 

A
re

a
 

IV
 

A
re

a
 

V
 

A
re

a
 

V
I*

 
A

re
a
 

I*
 

W
es

te
rn

 
A

u
st

ra
lia

  
D

 

 
+
 

+
 

+
 

+
 

+
 

+
 

- 
- 

+
 

+
 

E
a
st

e
rn

 
A

u
st

ra
lia

  
E

1
 

0
.0
1
9
 

 
+
 

+
 

+
 

+
 

+
 

- 
- 

+
 

+
 

N
e

w
 C

a
le

d
o
n

ia
 

E
2
 

0
.0
1
3
 

0
.0
1
0
 

 
+
 

+
 

+
 

+
 

+
 

- 
- 

+
 

T
o
n
g
a
  

E
3
 

0
.0
1
3
 

0
.0
1
8
 

0
.0
0
7
 

 
+
 

+
 

+
 

+
 

- 
- 

+
 

C
o
o
k 

Is
la

n
d
s 

 
F

1
 

0
.0
2
8
 

0
.0
4
3
 

0
.0
3
3
 

0
.0
1
5
 

 
+
 

+
 

+
 

- 
- 

+
 

F
re

n
ch

 
P

o
ly

n
e
si

a
  
 

F
2
 

0
.0
2
9
 

0
.0
4
6
 

0
.0
3
2
 

0
.0
2
1
 

0
.0
0
5
 

 
+
 

+
 

+
 

+
 

+
 

C
o
lo

m
b
ia

  
G

 
0
.0
6
0
 

0
.0
4
7
 

0
.0
5
6
 

0
.0
5
7
 

0
.0
8
0
 

0
.0
7
8
 

 
+
 

+
 

+
 

- 

A
re

a
 I

V
  

0
.0

0
1
 

0
.0
0
5
 

0
.0
0
6
 

0
.0
0
7
 

0
.0
2
7
 

0
.0
2
9
 

0
.0
6
0
 

 
- 

- 
+
 

A
re

a
 V

 
0
.0

2
4
 

0
.0

0
1
 

0
.0

0
5
 

0
.0

1
4
 

0
.0

4
7
 

0
.0
4
7
 

0
.0
7
0
 

0
.0

1
4
 

 
- 

+
 

A
re

a
 V

I*
  

0
.0
0
7
 

0
.0
1
2
 

0
.0

0
1
 

0
.0

0
1
 

0
.0

1
4
 

0
.0
2
2
 

0
.0
6
0
 

0
.0

0
1
 

0
.0

0
9
 

 
+
 

A
re

a
 I

* 
 

0
.0
4
0
 

0
.0
4
5
 

0
.0
3
8
 

0
.0
3
8
 

0
.0
5
4
 

0
.0
5
2
 

0
.0

0
1
 

0
.0
4
1
 

0
.0
5
2
 

0
.0
3
9
 

 



46 

 
Table 2.3 Percent apportionments using SPAM 3.7 of South Pacific humpback 
whale breeding populations including (standard errors) from the feeding areas IV, 
V, VI* and I*.  Listed in the Simulation Apportionment column is the actual 
apportionment the program could assign given the baseline data using the 
simulation mode of SPAM 3.7.  The simulation mode assigns one breeding 
region 100% apportionment as a possible mixture scenario using 10,000 
iterations.   
 

Region AREA 
IV 

AREA 
V 

AREA 
VI* 

AREA 
I* 

Simulation 
Apportionment 

Western 
Australia 
Sub-stock D 

71.1 
(10.8) 

4.64 
(9.0) 

0.00 
(.000) 

0.00 
(.000) 

95.0% 

Eastern 
Australia 
Sub-stock E1 

0.00 
(.000) 

51.1 
(26.5) 

0.00 
(.000) 

0.00 
(.000) 

89% 

New 
Caledonia 
Sub-stock E2 

0.00 
(.00) 

44.1 
(28.3) 

12.9 
(13.7) 

0.00 
(.000) 

91% 

Tonga 
Sub-stock E3 

28.8 
(13.4) 

0.02 
(8.0) 

81.4 
(22.5) 

0.00 
(.000) 

83% 

Cook Islands 
Sub-stock F1 

0.00 
(8.0) 

0.01 
(2.4) 

5.0 
(15.9) 

8.8 
(7.4) 

73% 

French 
Polynesia 
Sub-stock F2 

0.00 
(.000) 

0.03 
(3.2) 

0.71 
(12.3) 

2.7 
(8.2) 

85% 

Colombia 
Sub-stock G 

0.00 
(.000) 

0.04 
(2.2) 

0.01 
(0.6) 

88.3 
(7.5) 

95% 

Unknown 0.03 0.01 1.16 0.66  
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Figure 2.1 South Pacific humpback whale breeding grounds (Stocks D, E, F, G) 
and feeding areas (Area IV, V, VI* and I*).  Arrows show the results from the 
South Pacific humpback whale mixed-stock apportionments greater than 10% for 
breeding grounds from the feeding areas.  Included in the boxes is the number 
(n) of individuals from each region.   
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Figure 2.2. Distribution in the Antarctic feeding grounds of humpback whale 
samples taken during the IWC-SOWER cruises (1989, 1994, 1996-1999, 2001, 
2002, 2003-2005), and INACH Antarctic Peninsula cruises.  Individuals outside a 
circle were not used in analyses after regrouping of available samples.  Actual 
Area boundaries as implemented by the IWC are shown with lines and labeled 
with degrees.  Circled portions designate samples used in analysis. 
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CHAPTER 3 - Capture-recapture estimation of abundance for humpback 
whales of French Polynesia (Breeding Stock F) using photo-identification 
 
Renee Albertson-Gibb1, Michael Poole2,4 Rochelle Constrantine3,4 and C. Scott 
Baker1,4 

1. Marine Mammal Institute, Oregon State University, Newport, Oregon USA 
2. Marine Mammal Research Program, BP 698 98728 Maharepa, Moorea, French 

Polynesia 
3. School of Biological Sciences, University of Auckland, Private Bag 92010, 

Auckland, New Zealand  
4. South Pacific Whale Research Consortium, P.O. Box 3069, Avarua, Rarotonga, 

Cook Islands 
 

ABSTRACT 

The abundance of humpback whales in French Polynesia was estimated using 

capture-recapture analysis of individual fluke photographs collected from 1999 to 

2007.  Photographs were reconciled annually and cross-matched for resights 

between years.  The Usable Photos catalogue for these years contains 411 

individual whales represented by photographs considered to be of usable quality.  

All Usable Photos were also reviewed according to five Quality Control criteria 

evaluating the clarity of the photos in five categories resulting in a catalogue of 

264 individual whales defined as the Quality Control catalogue. Estimates of 

abundance were calculated for both the Usable Photos and Quality Control 

catalogues using CAPTURE, a closed population model, (adjusted for time and 

heterogeneity, but unadjusted for mortality) and JOLLY, an open population 

model (adjusted for time and survival).  The CAPTURE and JOLLY estimates for 

the Usable Photos were 2,046 (CV 0.16) and 1,225 (CV 0.40) respectively. The 

CAPTURE and JOLLY Quality Control estimates were much smaller; 949 (CV 

0.16) and 564 (CV 0.90) respectively.  To alleviate the assumption of a closed 

population for nine years, an additional CAPTURE closed population estimate 

was calculated using only the years 2003-2007.  For this 5-year period the 
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estimate for the Usable Photos was 1,849 (CV 0.16), and the Quality Control 

estimate was 853 (CV 0.24).   

 

3.1 INTRODUCTION 

Although many humpback whale stocks appear to be recovering from 

whaling in the southern hemisphere, several small breeding stocks in Oceania in 

the South Pacific remain low despite an almost 50 year moratorium on whaling 

(Clapham et al. 2009). Monitoring abundance of these recovering populations is 

crucial, providing important information for the International Whaling 

Commission’s Comprehensive Assessment on southern hemisphere humpback 

whales.   

Mackintosh (1965) assumed the number of humpback whales in Oceania 

directly above Area VI was relatively small compared to Areas IV and V.  French 

Polynesia is considered part of the International Whaling Commission breeding 

stock F in Oceania north of Antarctic Area VI.  Historically, French Polynesia was 

considered a transitory location, but more recently has been recognized as a 

breeding ground (Poole 2006).  Although it has been established that French 

Polynesia is genetically differentiated from other Oceania breeding stocks, 

(Olavarria et al. 2007) there has been a small degree of interchange documented 

by photo-identification between French Polynesia and Tonga (n=4 Garrigue et al. 

2007) and between French Polynesia and American Samoa (n=4 Garrigue et al. 

2007). 

Fluke photo-identification has been collected consistently in French 

Polynesia since 1999.  A preliminary estimate of Oceania, including French 

Polynesia, was first presented to the IWC by Baker et al. (2006) using a multi-

year closed population model of fluke photograph catalogues compiled by the 
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principal investigator from each Oceania region.  In this study we seek to improve 

this abundance estimate for French Polynesia humpback whales by using both 

open and closed population models.  We compared results from two photo 

catalogues where one is a subset of the original principal investigator’s photo 

catalogue that has passed additional quality criteria for the purpose of minimizing 

bias in matching (Garrigue et al. 2007).  

 

3.2 METHODS 

3.2.1 Field Surveys   

Fluke identification photographs were taken of humpback whales (Katona 

et al. 1979) on dedicated and opportunistic surveys throughout the breeding 

ground in various islands of French Polynesia.  The collection of fluke 

photographs most often occurred around the island of Moorea in the Society 

Islands, less often around the island of Rurutu in the Austral Islands and rarely 

around smaller islands within the Society Islands (Poole 2006; Figure 3-1) 

although all resightings were in Moorea.  Photographs were taken aboard one of 

two vessels between the months of July and November from 1999-2007.  Some, 

but not all, years had similar sampling effort.  Differences in sampling effort 

included opportunities lost due to weather and availability of volunteers. 

3.2.2 Photograph matching procedure 

The photographs were reconciled annually, within and between years, by 

the principal investigator in order to exclude all poor quality photographs and to 

record any possible recaptures identified from previous years.  After photographs 

were reconciled the best fluke photograph per individual was chosen by the 

principal investigator to become a part of the Usable Photos catalogue.  This 

catalogue currently consists of 411 individual humpback whales seen in French 
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Polynesia waters for the years 1999-2007.  Annually this catalogue is submitted 

to the South Pacific Whale Research Consortium’s synoptic study of humpback 

whales in Oceania (Garrigue et al. 2007) for Quality Control analysis and 

assessment of possible matches between breeding regions. 

All images of the Usable Photos catalogue were reviewed according to a 

standard set of Quality Control criteria that were originally developed for the 

SPLASH program in the North Pacific. This is a scoring system based on quality 

measures of the photos that are irrespective of distinctiveness of the fluke 

(Calambokidis et al. 2001, Garrigue et al. 2007).  It consists of five quality criteria 

using a score between 1 and 5 in each category to accept or reject photographs 

(Figure 3-2). These five criteria categories were: (i) proportion of the fluke visible, 

(ii) fluke angle, (iii) the lateral angle of the photographer, (iv) exposure quality, 

and (v) contrast quality as described in Calambokidis et al., (2001). All the 

images were graded from the highest quality (1) to the lowest quality (5).  A score 

of 4 or 5 in any of the five categories was considered to be of insufficient quality 

for a representative comparison of resights and was therefore excluded from the 

Quality Control catalogue (Garrigue et al. 2007).  For a complete description of 

the implementation of the SPLASH criteria see Garrigue et al. (2007).  

  

3.2.3 Data sets 

As a result of the review, two data sets, or photo catalogues, were used 

for this analysis (Table 3-1). 

1) Usable Photos (n = 411) included photographs of unique individuals of the 

primary investigator excluding those of extremely poor quality. 

2) Quality Control catalogue (n = 264) included photographs which scored between 

1 and 3 for each of the SPLASH criteria. 
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Photographs taken before 2006 were taken with film.  These photos were 

scanned in December 2005 at the highest quality resolution and were used for 

exchange here and in all subsequent comparisons of Oceania that have taken 

place at the annual South Pacific Whale Research Consortium (Garrigue et al. 

2007).  All photos after 2005 have been taken digitally.   

All matches within and between regions were checked for accuracy by 

two scientists to reduce the likelihood of bias discussed in Perry et al. (1990).  

This bias considers the effect of two types of errors.  Type one error occurs when 

two photographs are considered a match when they were not.  This would lead to 

a negative bias in the abundance estimate of individuals in the population.  Type 

two errors occur if a match was missed between two photographs.  This would 

result in a positive bias in a population estimate because the individual would be 

counted as two individuals rather than a resight.   

3.2.4 Exploration of model selection and assumption violation 

The following assumptions are considered for almost all capture-recapture 

models (Begon 1979): 

1) ‘The markings used for sightings and resightings are permanent.’ Specific to 

humpback whales this includes the unique markings on the underside of the 

fluke.  These markings are considered to be permanent on adult whales with the 

exception of scars that may be accumulated over the life of the whale (Friday et 

al. 2000).  Flukes have been used successfully world-wide for humpback whale 

abundance studies, and some individuals have been resighted successfully using 

this technique over a period of 16 years in the northern hemisphere (e.g. Baker 

et al. 1988).  This study excluded any photographs of sub-adult, juvenile or 

calves as the coloration of the fluke on some humpback whales has been known 

to change in the first three years of life (Perry et al. 1990). 
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2) ‘The actual marking of the animal has no effect on subsequent recaptures.’  

Capture recapture studies on cetaceans have shown a majority of the animals 

are unaffected by the boat being in close enough proximity to take a fluke 

photograph, and photographing a whale does not necessarily make it easier or 

more difficult to photograph again (Katona & Beard 1990; Clapham and Mattila, 

1993). 

3) ‘The marking of animals has no effect on death or emigration.’  Photographing a 

whale does not directly affect its mortality (Katona & Beard 1990).  Many studies 

have followed individuals for decades, and have found no negative effects on 

mortality of a whale from approaching a whale with a boat (Calambokidis 1990).   

4) ‘There is no inherent difference between the catchability of individuals.’  This 

assumption is often violated in humpback whale studies which have been shown 

to demonstrate variations in heterogeneity and time effects (Pledger et al.. 1998; 

Chao 1992).  Violating this assumption can create a negative bias in population 

estimates (Pleger et al.. 1998; Chao 1992; Otis et al. 1978).  This violation and 

how it was addressed in this study will be discussed in model selection with 

Program CAPTURE. 

5) ‘There are no births or immigrations or no deaths or emigrations.’  Due to the 

length of our study period this assumption is violated.  It has been shown that a 

violation of this assumption can result in a positive bias in abundance estimates 

(Otis et al. 1978) and will be addressed in the Results and Discussion sections 

with Program JOLLY. 

6) Sampling periods are short in relation to total time of the life history of the whale.  

This is a nine year study.  Humpback whales are assumed to have a life span of 

at least fifty years (Clapham 2002). 

3.2.5 Abundance estimation procedure 
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3.2.5.1 Chapman modified Lincoln-Petersen estimator 

Pair-wise estimates were calculated using the Chapman modified Lincoln-

Petersen estimate.  It is considered a closed model allowing for no changes in 

the population and no variability in capture (Begon 1979).  We used the 

Chapman modification of the Lincoln-Petersen estimate to calculate 2-year 

abundance estimates to look for variation in time periods.  The Chapman 

modification to the Lincoln-Petersen estimate is shown below: 

 

The unbiased estimate of N
)

is: (n1 + 1) (n2 + 1) 

             (m2+ 1) 

 

  

where N
)

is our estimate of population size, n1 is the number of individuals 

captured, on the first occasion, n2 is the number of individuals captured on the 

second occasion and m2 is the number of individuals previously marked (or 

resighted) that are captured on the second occasion (Amstrup et al. 2005).  The 

difference between the Lincoln-Petersen and Chapman’s estimator is small when 

the number of recaptures is large relative to n1 and n2 (Amstrup et al. 2005).   

3.2.5.2 Schnabel weighted mean model 

The Schnabel method is a multi-year extension of the Petersen estimate 

(Begon 1979).  It is a closed model assuming no changes in the population and, 

like the Petersen estimate, does not account for time or heterogeneity (Begon 

1979).   

3.2.5.3 Program CAPTURE 
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We applied a series of models implemented in Program CAPTURE 

(Rexstad & Burnham, 1991) within Program MARK to generate the abundance 

covering the entire study period 1999-2007.  To alleviate the violation of the 

closed population assumption in CAPTURE we ran an additional analysis 

including only the last five years 2003-2007.  Different models were used for both 

study periods in Program CAPTURE to account for sources of variation in 

capture probabilities unique to humpback whales.  These included but weren’t 

limited to, Darroch’s model for time (Mt) and Chao’s model for time in 

combination with individual heterogeneity (Mth) (Otis et al. 1979; Chao et al. 

1992; Norris & Pollock 1996).   

Several different models were designed in Program CAPTURE to account 

for three sources of variation in capture probabilities.  The model for time, Mt, 

assumes capture probability varies from one occasion to another but that animals 

are equally catchable on all occasions.  This implies there is a difference only in 

the ability of the animal to be located by the observer due to uncontrolled 

variables such as weather. The second source of variation is heterogeneity.  

Heterogeneity, Model Mh, does not assume all animals to be equally catchable 

due to individual differences (Chao et al. 1992; Norris & Pollack 1996).  This 

could be because part of an animal’s range exists outside the study area (White 

et al. 1981).   Heterogeneity may also be caused by transient animals or 

permanent emigration of subpopulations (Schwarz & Seber 1999) where animals 

show up once in the population and are not captured subsequently.  The third 

source of variation is Behavior, Model Mb.    This is primarily a problem in 

populations of animals that are being traditionally captured in a trap, inviting the 

problem in recapture of animals either being “trap happy” or “trap shy”.  In 

general this has not usually been a problem in cetacean capture-recapture 
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estimations (Clapham & Mattila 1993; Wursig & Jefferson 1990).   Therefore, 

only two of these sources, time and heterogeneity, were considered here.   

3.2.5.4 Open-population model: the Jolly-Seber model 

The open-population models allow for demographic changes in the 

population over time.  It is imperative that demographic changes are considered 

for both survival and capture probabilities to differ for each sampling period in 

studies of long lived species (Pollock et al.. 1990; Schwarz & Arneson 1996).  

This is done with stochastic models and is referred to as the standard Jolly-Seber 

model, or Model A (Time dependent and capture dependent) (Jolly 1965; Jolly 

1982).  Other models within Program JOLLY are available for variations of these 

parameters including Model B (constant survival), Model C (constant capture) 

and Model D (constant survival and capture).  These additional models perform 

well when capture probabilities are high (>0.5) (Pollock et al.. 1990).  Program 

JOLLY also performs a Likelihood Ratio Test (LRT) to test for an affect of first 

capture on survival probabilities.  

3.2.6 Transient individuals 

Due to the low number of resights, or recaptures in these data, it is of 

interest to test if there are transients in the population.  Program U-Care version 

2.2 (Choquet et al.., 2005) conducts goodness-of-fit tests as well as specific tests 

for transience (test 3.SR).  This allows for the following hypothesis to be tested: 

H0: there is no difference between the “new” and the “old” individuals captured at 

occasion t in the probability of being later encountered. 

Alternatively 

H1: there is a difference in the probability of being later encountered between the 

“new” and the “old” individuals captured at occasion t.   

Difference is tested by a chi-squared test. 
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3.3 RESULTS 

Using the distinct coloration patterns of the ventral side of the fluke 

photographed between the years 1999-2007, 411 humpback whales were 

identified in French Polynesia waters. A series of capture-recapture models were 

used to determine abundance estimates for both the Usable Photos and Quality 

Control catalogues, and with the exception of the estimates generated by 

Program JOLLY all estimates assumed a closed population. Within-year sample 

sizes varied for both catalogues, ranging from 27-62 for the Usable Photos 

catalogue and 15-44 for the Quality Control catalogue (Table 3-1). Resighting 

rates were relatively low, with only 39 individuals sighted twice (34 individuals 

sighted twice for Quality Control) and 5 individuals sighted three times (for both 

Usable Photos and Quality Control catalogues) (Figure 3-3). Abundance 

estimates ranged from 1,225-2,046 for the Usable Photos catalogue and 564-949 

for the Quality Control catalogue.  All results are summarized in Table 3-2. 

3.3.1 Catalogue Results  

The Lincoln-Petersen estimate (Figure 3-4) gave a mean estimate of 

1,000 individuals but displayed wide variation between some years with 2-year 

population estimates ranging from 600 to 3,000 depending on the years 

calculated.  A similar pattern was seen for the Quality Control catalogue with a 

mean of 400 individuals and 2-year estimates ranging from 200-850.  The 

Schnabel weighted mean of the Petersen estimate for the entire study period 

was 1,679 (CV 0.15) for Usable Photos and 825 (CV 0.16) for Quality Control. 

For the period 1999-2007, among the multiple-occasion closed population 

CAPTURE models the Mth Chao gave the largest estimate for both Usable 

Photos (2,046, CV 0.16) and Quality Control (949, CV 0.16).  Similarly, the model 
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chosen by Program CAPTURE was Mt Darroch for both Usable Photos (1,824, 

CV 0.13) and Quality Control (861, CV 0.13).  For the period 2003-2007 the 

largest estimate was Mth Chao for both Usable Photos (1,849, CV 0.16) and 

Quality Control (853, 0.24 CV).  Once again the model chosen by Program 

CAPTURE was Mt Darroch (Usable Photos 1,724, CV 0.13; Quality Control 803, 

CV 0.20). 

In the open population model, Program JOLLY mean results were much 

lower than the closed population model Usable Photos (1,225, CV 0.40) Quality 

Control (564, CV 0.90).  These individual year results (not shown) contained 

large CVs (>0.40) and wide confidence intervals, sometimes including zero.  A 

Likelihood Ratio Test in Program JOLLY was significant implying Model A (time 

dependent survival and capture) was the appropriate model to use compared to 

Model D (constant survival and capture).   The survival rate calculated by Jolly 

for Usable Photos (0.82) and Quality Control (0.78) demonstrated about an 80% 

survival rate from one capture occasion to the next.  

3.3.2 Transience 

The test 3.SR provided by U-CARE did not reveal a transience problem  

(p-value = 0.15 Usable photos; p-value = 0.30 Quality Control) contending many 

of the whales only seen once do not necessarily have low probability of being 

captured again on subsequent occasions.  However, the scope of this test is 

limited if heterogeneity is a component of the population. 

 

3.4 DISCUSSION 

3.4.1 Lincoln-Petersen and Schnabel estimates 

The Chapman modified Lincoln-Petersen estimates revealed either an 

inconsistency in sampling from year to year, or changes in the number of whales 
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entering the sampling area (Figure 3.6).  This most likely occurred from non-

uniform sampling effort, which is continuously a challenge in cetacean field 

surveys due to practicalities of weather and the long time interval of each capture 

occasion; although some variation could be natural.  The Lincoln-Petersen 

estimate and the Schnabel weighted mean model do not allow for variation in 

capture probability, so the estimates are negatively biased for populations 

showing degrees of heterogeneity or time effects (Amstrup 2005; Begon 1979).   

3.4.2 Closed population model five year study 

There were several challenges in the analysis of these data including 

violations of a closed population assumption and limitations from sparse data. To 

assume a closed population of humpback whales for an extended study period is 

not biologically realistic (Calambokidis et al. 1990) and will have a positive bias 

on the abundance estimate (White et al.. 1982).  An additional analysis with a 

shorter time period was used in Program CAPTURE (2003-2007).  These results 

revealed similar abundance estimates to the nine year study, but larger standard 

errors most likely due to the reduction in captures and recaptures (Schwarz & 

Seber 1999).  Despite this statistical quandary, the results from the five-year 

study period appear to be the most sensible to this study given that they address 

the heterogeneity issue and still have reasonable confidence intervals unlike the 

open model Program JOLLY.   

3.4.3 Preferred model in Program CAPTURE 

The model chosen by Program CAPTURE for both the Usable Photos 

and Quality Control catalogue was Darroch’s Mt which assumes capture 

probability varies from one occasion to another (time) but do not vary in individual 

capture probabilities (heterogeneity).  However, heterogeneity becomes apparent 

with large variability in capture probabilities (White et al. 1982) which was shown 
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in our data to vary from 0.02 to 0.06.  Our analysis revealed both time and 

heterogeneity to be factors as shown with a low number of recaptures (~10% of 

sightings per year) and sampling variability.  Chao’s model for both time and 

heterogeneity (Model Mth) has been shown to work well for sparse data and large 

variation in capture probability (Chao et al. 1989; Chao et al. 1992).  Although 

models containing only time give reasonable estimates, if heterogeneity is 

present both of these models will have a negative bias (Otis et al.. 1978; 

Hammond & Anthony 2006).  Both time and heterogeneity effects have been 

shown to be important in migratory animals including some cetacean species 

(Calambokidis et al. 1990; Gormley et al. 2007).  Based on the information in 

Program CAPTURE and the known biology of the species, the appropriate model 

appears to be Mth Chao.  

3.4.4 Limitation of open population model 

The open population model requires more data per capture period (>100 

captures) than the closed population models in order to provide equally as 

precise of estimates (White et al. 1982).  Our number of individuals per capture 

occasion was < 60 which resulted in large standard errors and high CVs.   

Although it is imperative that demographic changes are considered in studies of 

long lived species (Pollock et al.. 1990; Schwarz & Arneson 1996), in cetacean 

studies this can be challenging due to sparse data (Cerchio et al. 2006).  In this 

study a precise open population estimate could not be achieved with any 

precision. 

3.4.5 Quality Control 

Compared with the results obtained with the Usable Photo catalogue 

estimates produced from the Quality Control catalogue results were substantially 

smaller.  The Quality Control criteria reduced the number of photographs by 156 
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from the Usable Photos catalogue, but also resulted in 5 individuals lost in 

recaptures (Figure 3-3).  This created slightly larger capture probabilities despite 

the lower number of photographs demonstrating these data are possibly more 

robust than the Usable Photos catalogue.  The loss of the large number of 

photographs could bias the abundance estimate if these are indeed animals that 

represent the population.  The removal of marginal quality photographs should 

have reduced the probability of a ‘missed match’ (calling two sightings different 

when they were in fact the same) potentially improving the precision of the 

estimate (Perry et al. 1990; Stevick et al. 2001).  However, this removal also 

reduces the sample size of both sightings and resightings, perhaps because of 

other underlying factors such as fluking behavior.  In which case, the Quality 

Control could result in an unintended negative bias.  A third possibility is that 

individuals represented by poorer quality photographs include a higher proportion 

of transients.  The continued use of the Quality Control catalogue could assist in 

answering the question of transience.  If after several years there are still a large 

number of individuals only seen once in the population, it is most likely due to 

transience and not to low quality photographs.  ‘Double tagging’ using genotypes 

would also provide information needed to evaluate these effects (Garrigue et al. 

2004). 

3.4.6 Heterogeneity 

  The reduction of heterogeneity would generate a more robust 

estimate and allow flexibility in the types of models that could be used.  Although 

some estimators can account for heterogeneity as shown with Program Capture, 

it is also important to try and deemphasize heterogeneity in the field, if possible.  

When capture probability is low and heterogeneity is apparent investigators 

should use methods to increase capture and recapture events (i.e. longer days in 
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the field covering larger areas) to provide larger numbers of individuals in a 

capture occasion and improve parameter estimation (Rosenberg et al. 1995).  If 

this could be a priority in annual field studies (i.e. the funding was available to 

meet these criteria) allowing the population to be modeled in open and closed 

parameters, and use only Quality Control photos to reduce error in matching and 

possibly assess the issue of transience, monitoring this critical population could 

produce a truly robust estimate. 

3.4.6 Summary and future direction 

In summary, we have performed an extensive evaluation of humpback 

whale population abundance for breeding stock F2 in the South Pacific and 

discussed the advantage of using Quality Control photographs to carry out this 

evaluation.  Sample size limitations and low capture probabilities resulted in low 

precision for open population models.  Considering the overlap of confidence 

intervals for Usable Photos and Quality Control we propose a range for the 

population between 853-1,849 individual humpback whales from the closed 

population Model Mth including the years 2003-2007.   This suggests potential 

vulnerability of a recovering population that is thought to have low interchange 

with other regions of Oceania (Garrigue et al. 2007).   

Future surveys should include remote outlying areas within French 

Polynesia that are virtually unexplored for humpback whales, especially in the 

eastern Tuamotu Islands and northern Gambier Islands (Gannier 2004). If 

whales in outer islands are new individuals utilizing other habitat within the vast 

territory of French Polynesia they may need to be estimated independently.  In 

contrast, if whales in outlying areas are also seen in well surveyed regions like 

Moorea or Rurutu within the same season this could provide critical data on 

residence times for some French Polynesia humpback whales.  
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Table 3-1:  All photo-identification data representing yearly survey effort for 
capture-recapture analysis of French Polynesia humpback whales.  Totals in 
1999 include five individuals first captured before 1999, but with subsequent 
recaptures between 1999 and 2007. 
 

Synoptic Years 1999 2000 2001 2002 2003 2004 2005 2006 2007 

Regions 
photographed 

Moorea 
Rurutu 

Moorea 
Rurutu 

Moorea 
Rurutu 

Moorea 
Rurutu 

Moorea 
Rurutu 

Moorea 
Rurutu 
Raiatea 

Moorea 
Rurutu 

Moorea Moorea 

Usable photos 
New sightings  
per year 

51 29 27 42 59 62 52 28 61 

Usable Photos 
Cumulative 
Catalogue Total 

51 80 107 149 208 270 323 350 411 

Usable photos  
Resights of 
individuals each 
year 

0 1 2 1 3 18 5 6 9 

Quality Control  
New sightings  
per year 

30 15 20 32 44 40 20 20 43 

Quality Control 
Cumulative 
Catalogue Total 

30 45 65 97 141 181 201 221 264 

Quality Control  
Resights of 
individuals  
each year 

0 0 1 0 3 17 4 6 9 
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Table 3-2:  Abundance estimates of Usable Photos and Quality Control tail fluke 
photo-identification catalogues for humpback whales of French Polynesia using 
the Schnabel estimate, closed models calculated by CAPTURE within Program 
MARK and an open model calculated by JOLLY. 
 

 Usable Photos Quality Control 

 N SE CV 95% CI Model 
Selection 

N SE CV 95% CI Model  
Selection 

Schnabel 
1999-2007 
 

1,679 254 0.15 1,181-
2,177 

-- 825 132 0.16 566-
1,084 

-- 

Darroch’s 
M(t) 
1999-2007 
 

1,824 235 0.13 1,437-
2,389 

1.0 861 112 0.13 678-
1,124 

1.0 

Darroch’s 
M(t) 
2003-2007 
 

1,724 112 0.13 678-1,124 1.0 803 160 0.20 561-
1,203 

1.0 

Mth Chao 
1999-2007 
 

2,046 318 0.16 1,532-
2,798 

0.80 949 154 0.16 708-
1,321 

0.66 

Mth Chao 
2003-2007 
 

1,849 439 0.16 1,197-
2,970 

0.73 853 206 0.24 556-
1,392 
 

0.72 

Program 
Jolly 
1999-2007 
 

1,225 500 0.40 246-2,203 -- 564 509 0.90 0-1,587 -- 

Survival 
Rate Φ 

0.82 
 

0.17 -- -- -- 0.78 
 

0.15 -- -- -- 
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Figure 3-1:  French Polynesia including the two locations (circled) humpback 
whale data has mostly been collected, Moorea in the Society Islands and Rurutu 
in the Austral Islands (Poole 2006). 
 

 

Figure 3-2:  Examples of humpback whale fluke photos.  The left photo was 
considered part of the Usable Photos catalogue due to the unique markings 
visible in the middle and to the right of center on the fluke, but was removed after 
Quality Control due to a score of 4 in the categories of % visible, fluke angle, and 
focus.  The one on the right has passed all five Quality Control categories scoring 
a 3 or less for each. 
 

a)     b)  
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Figure 3-3:  The number of times individual humpback whales were sighted in 
French Polynesia 1999-2007. 
 
 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 3-4 Year to year estimates of French Polynesia humpback whale 
population size using the Chapman modified Lincoln-Petersen Estimate for a) 
Usable Photos and b) Quality Control including 95% confidence intervals.  The 
figure shows that elimination of photos for the Quality Control catalogue has a 
negative effect on the abundance estimate (note the scale is less than half the 
value of the Usable Photos scale).  
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ABSTRACT 

Humpback whales (Megaptera novaeangliae) are a highly migratory species 

found in all the world’s oceans. However, in the South Pacific Ocean very few 

connections have been documented between their low latitude breeding grounds 

and their high latitude feeding areas.  An understanding of these connections is 

an important component of the IWC Comprehensive Assessment in determining 

historic catch allocations, and the modeling of current population dynamics.  In 

light of the discovery of recent connections between breeding stock F2 and 

breeding stock G and between American Samoa and the Antarctic Peninsula, a 

fluke photo-identification comparison was undertaken between French Polynesia 

and the Antarctic Peninsula and Strait of Magellan.  The French Polynesia 

catalogue (n=450) spans 1990-2007 seasons, and the Antarctic Peninsula/Strait 

of Magellan (n=369) catalogue includes the 1994/1995 season through the 

2007/2008 season.  These three photographic catalogues were compared by two 

researchers independently to search for possible matches between the two 

regions.  No conclusive matches were found.  This is not conclusive evidence 
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against some whales migrating to the Antarctic Peninsula from the French 

Polynesia breeding ground.  However, it does suggest that the Antarctic 

Peninsula is not the primary migratory destination of the French Polynesia 

breeding stock (Stock F2). 

 

4.1 INTRODUCTION 

4.1.1 Previous documentation of connections between Oceania and the Antarctic 
Peninsula 
 

Little is known about the humpback whale migratory connections of 

breeding stocks E and F in the South Pacific to the Antarctic.  For management 

purposes the IWC (Report SC-58-Rep-5 2006) considers South Pacific 

humpback whale migration as generally the Antarctic feeding areas IV, V, VI and 

I and the South Pacific breeding grounds directly above them.  However, 

documented connections of specific breeding grounds to specific feeding areas 

are relatively few, and those that are known are not always directly north-south 

(Figure 4.1).  For example, two genotype matches were recently found between 

Tonga and Area I (Steel et al. 2008), and several Discovery tags were recovered 

from Areas in the Antarctic that were not directly south of the breeding ground at 

which they were implanted (Dawbin 1966; Figure 4.1). In September 2006 a 

satellite tag was implanted in a humpback whale in the Cook Islands (breeding 

stock F) and in December 2006 the whale was subsequently located on the 

border of Area VI and Area I demonstrating at least some whales may travel in a 

southeasterly direction to adjacent feeding areas (Hauser et al. in press).  In 

addition, in 2008 a photo-identification match was found between American 

Samoa (border of breeding stock E/F) and the Antarctic Peninsula (Robbins et al. 

2008).   
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4.1.2 Regions used in the comparison 

French Polynesia comprises 118 islands almost directly north of Antarctic 

Area VI (Figure 3.1).  Although humpback whales have been observed in all of 

French Polynesia’s archipelagoes, the island of Rurutu in the Austral Islands and 

Moorea in the Society Islands appear to have the highest concentrations of 

whales (Poole 2006).  Despite extensive search effort by whalers in the 19th 

century in the South Pacific breeding grounds, few regions, including French 

Polynesia and Cook Islands, were thought to contain many humpback whales 

(Townsend 1935).  Until recently it was assumed that the regions east of Tonga 

did not contain autonomous breeding populations (Mackintosh 1942).  However, 

since 1990 boat surveys in French Polynesia have collected fluke photos, skin 

samples, song recordings and general field data including observations of 

mother/calf pairs that indicate that humpback whales are using French 

Polynesia’s waters as a breeding ground (Poole 2006).  Fluke photo-identification 

comparisons across South Pacific breeding grounds (Stocks E and F) have 

revealed that these populations are relatively isolated, with limited movement 

between regions either within or across years (Garrigue et al. 2004). Genetic 

analyses have shown French Polynesia to be genetically differentiated from other 

South Pacific breeding grounds (Olavarría et al. 2007), and the IWC now 

recognizes French Polynesia as breeding stock F2, separate from the Cook 

Islands and other areas to the west in breeding stock E (IWC report 2008).  

Although some limited exchange has been documented between French 

Polynesia and other breeding grounds in the South Pacific, there are no 

documented accounts of migratory connections between this region and any 

Antarctic feeding areas. 
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Humpback whales from the Antarctic Peninsula migrate mainly along the 

west coast of South America to Ecuador and Colombia (Acevedo et al. 2008; 

Albertson-Gibb et al. 2008; Castro et al. 2008; Olavarría et al. 2007; Stevick et al. 

2004; Caballero et al. 2001; Flórez-González et al. 1998; Stone et al. 1990), 

while a high proportion of the Strait of Magellan humpback whales are thought to 

migrate to Central America (Panama and Costa Rica) (Acevedo et al. 2007; 

Acevedo et al. 2008).  In addition, whales along the west coast of South America 

(breeding stock G) are genetically differentiated from other breeding stocks in the 

South Pacific, including breeding Stock F (mtDNA control region FST = 0.076) , 

and are genetically very similar to whales from the Antarctic Peninsula (mtDNA 

control region FST = 0.001) (Olavarría et al. 2007; Albertson-Gibb et al. 2008).  

However, recently there has been more documentation on connections between 

whales in Breeding Stock F and whales along the coast of South America and 

the Antarctic Peninsula.  A photo-identification match was identified between 

American Samoa, on the border of breeding stocks E and F, and the Antarctic 

Peninsula (Robbins et al. 2008).     In addition, a genotype match was identified 

between French Polynesia (Stock F) and Colombia (Stock G) (Donoghue et al. 

2008), the first documented movement between breeding stocks F and G.  Since 

the Antarctic Peninsula is considered the primary feeding area of breeding stock 

G this discovery presents the possibility that some whales from French Polynesia 

may migrate to the Antarctic Peninsula. The individual was seen in Colombia in 

1995 (Mno95Co052) and French Polynesia in 2003 (Mno03FP017) which most 

likely implies the transition between the two regions happened in the feeding 

areas and not the breeding grounds.  The individual could have migrated to the 

Antarctic Peninsula from Colombia, and at some point migrated to French 

Polynesia from the Antarctic Peninsula feeding area.  
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The comparison of photographs of the ventral side of the humpback 

whale flukes has successfully shown migratory links from breeding grounds to 

feeding areas.  In the Southern Hemisphere these connections include Western 

Australia to Antarctic Area IV (Gill & Burton et al. 1995); Eastern Australia to 

Antarctic Area V (Franklin et al. 2008), and Colombia to the Antarctic Peninsula 

(Stevick et al. 2004).   In this report, we present a collaborative comparison of 

individual humpback whale fluke photographs to explore possible migratory 

connections between French Polynesia and the Antarctic Peninsula/Strait of 

Magellan (AP/SM). 

 

4.2 MATERIALS AND METHODS 

4.2 1 Sample Collection 

Identification photographs were collected from three study sites. The 

photo-identification surveys were carried out opportunistically in French 

Polynesia beginning in 1990 with dedicated surveys beginning in 1999 (Table 

4.1).  These surveys were generally conducted within 500 meters of shore during 

the Austral winter between the months of July through November.  However, 

surveys are conducted year round for other species, and if whales were seen 

outside of these months every effort was made to attain photos of the flukes.  In 

the AP/SM dedicated boat surveys have been conducted annually.  In the 

Antarctic Peninsula these surveys are conducted between December and 

February, and in the Strait of Magellan they are conducted between December 

and May (Table 4.1).   

4.2.2 Photo-identification catalogues 

Photos were reconciled within regions annually by the primary catalogue 

holders and new individual whales were assigned a unique number for 
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identification purposes.  Beginning in 1999 as part of the South Pacific Whale 

Research Consortium’s interchange comparison, French Polynesia photos have 

been compared annually with all other Oceania breeding grounds (stocks E and 

F).  In order to decrease the human error rate in matching of our comparison, two 

researchers compared all photos independently of each other.  A total of 450 

French Polynesia photos were compared against 276 photos from the Antarctic 

Peninsula and 93 photos from the Strait of Magellan. 

 

4.3 RESULTS 

4.3.1 Photo matching 

Capture-recapture methodology using fluke photo-identification of whales’ 

flukes has proven to be a powerful tool to link individual whales from breeding 

grounds to feeding areas.  Comparisons of the French Polynesia catalogue to 

each of the AP, and SM catalogues were made using 450 individual humpback 

whale photographs from the French Polynesia breeding ground and 276 and 93 

photographs from AP and SM feeding areas respectively (Table 4.1).  A possible 

match was first identified by Jorge Acevedo in November of 2008 between 

Antarctic Peninsula INACH photo 076 taken January 12, 1997 and French 

Polynesia photo 0014 taken in September 2000 (Figure 4.2). These photos were 

later examined by members of the South Pacific Whale Research Consortium at 

the annual meeting in February 2009.  It was agreed that there were similarities 

between the two photographs however, it could not be concluded that this was a 

match due to poor clarity of the French Polynesia photo.  No other putative 

matches were found between the two catalogues, by either of the two 

independent researchers. 
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4.3.2 Probability of capture 

In an attempt to accept or reject the hypothesis that French Polynesia 

whales use the AP/SM as the primary breeding ground I considered 

approximately how many humpback whales would likely be “captured” or sighted 

between the two regions if French Polynesia humpbacks were completely 

intermingling with humpbacks from Breeding Stock G in the Antarctic Peninsula.  

To illustrate this I used population sizes from current abundance estimates for 

French Polynesia, (Breeding Stock F2 N2008 = 1,724 CI 1,187-2,583; Albertson-

Gibb et al. unpublished) and AP/SM (Breeding Stock G N2006 = 6,847 CI 5,243-

8,632; IWC Report 2008). A modification of the Lincoln-Petersen estimate yields: 

 

Equation 1             (CFP)(CAP/SM)  = Nmatch, number of matches that should be 

found 

       NAP 

 

Where 

CFP is the number of French Polynesia individuals in the photo catalogue 

CAP/SM is the number of AP/SM individuals in the photo catalogue  

NAP is the number of individuals assumed to be sharing the feeding area (sum of 

N2006 Breeding Stock G and N2008 Breeding Stock F2). 

 

Equation 1 then yields         (450)(369)   =  19 
    (8,571) 
 

This equation indicates in order for the Antarctic Peninsula to be the primary 

feeding area of French Polynesia we should have seen approximately 19 

matches between the French Polynesia and AP/SM catalogues.   
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4.4 DISCUSSION 

Although the possibility exists of migratory movements between breeding 

stock F and the Antarctic Peninsula, similar to those detected between American 

Samoa (border of breeding stock E/F) and the Antarctic Peninsula (Robbins et al. 

2008) we documented no such connection here.  Despite making 166,050 

comparisons, no conclusive matches were found between French Polynesia and 

the AP/SM.  Only one possible French Polynesia-AP/SM match was found, and 

due to the poor clarity of one of the photos we cannot confidently conclude that it 

is indeed, a match. Since we found zero conclusive matches we can reject the 

null hypothesis that the Antarctic Peninsula/Strait of Magellan is the primary 

feeding area of French Polynesia.  However, given the known limitations of 

photo-identification matching, in particular the limited number of whales sampled 

compared to the current population estimates, these findings do not rule out the 

possibility of whales from French Polynesia traveling to the Eastern South Pacific 

waters especially in light of the genetic match between French Polynesia and 

Colombia (Donoghue et al. 2008).  Given that there seems to be great complexity 

in humpback whale population structure (Calambokidis et al. 2001), possible 

migratory connections that are not directly north-south should continue to be 

investigated.  Long term photo-identification studies and genetic analyses can 

provide accurate definition of stocks and migration between them which is 

essential to the recovery of the South Pacific humpback whale population.  
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Table 4-1. Antarctic Peninsula (INACH), and Strait of Magellan (CEQUA) and 
French Polynesia humpback whale photo-identification catalogues used in the 
comparison of the Feeding Regions and Breeding Stock.   
 

Year Antarctic Peninsula 
Feeding Region Area I 

Strait of Magellan  
Feeding Region Area I 

French Polynesia 
Breeding Stock F2 

 Number of 
Individuals 

Time 
Period 

Number of 
Individuals 

Time 
Period 

Number of 
Individuals 

Time 
Period 

1990-
1993 

-- -- -- -- 11 July-Nov. 

(1994) 
1995 

23 Dec.-Jan. -- -- 2 July -Nov. 

1996 40 Jan.-Feb. -- -- 5 July -Nov. 
1997 46 Jan.-Feb. -- -- 17 July -Nov. 
1998 20 Jan.- Feb. -- -- 9 July -Nov. 
1999 39 Jan.-Feb. -- -- 46 July -Nov. 
2000 -- -- -- -- 29 July -Nov. 
2001 -- -- -- -- 27 July -Nov. 
2002 -- -- -- -- 42 July -Nov. 
2003 -- -- 11 March 59 July -Nov. 
(2003) 
2004 

-- -- 27 Dec.-Mar. 62 July -Nov. 

(2004) 
2005 

-- -- 28 Dec.-April 52 July –Dec. 

(2005) 
2006 

55 January 16 Dec.- May 28 July -Nov. 

(2006) 
2007 

9 January 11 Dec.-June 61 July –Dec. 

2008 44 Jan.-Feb. -- -- -- -- 
Total 276  93  450  

 
Figure 4.1 Map of South Pacific humpback whale migratory connections of 
genotype data (solid line) and Discovery Mark data and one satellite tag from 
Cook Islands (dashed line) and photo-identification (dotted line) (Steel et al. 
2008; Stevick et al.2004; Franklin et al. 2008; Gill & Burton 1995; Hauser et al. in 
press; Robbins et al. 2008; Donoghue et al. 2008) 
 
 
 
 
 
 
 
 

 
 
 

 

American 
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Figure 4.2. Two humpback whale fluke photos identified as showing many 
similarities a) INACH 076 Antarctic Peninsula photo and b) French Polynesia 
photo FP 0014.   
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Chapter 5 – General Conclusion 
 

Effective conservation strategies need to consider the temporal 

distribution of species throughout their range.   This study represented the 

continuation of the efforts of Olavarria et al. (2007) on the population structure of 

South Pacific humpback whales, and specifically French Polynesia, to better 

understand migratory connections and current abundance.  Genetic markers 

were implemented to infer migratory apportionments of feeding areas to breeding 

grounds at the population level (mtDNA haplotypes).  In addition photo-

identification was used to estimate abundance for French Polynesia, one of the 

least studied breeding stocks in the South Pacific, and investigate the possibility 

of migratory connections between French Polynesia and the Antarctic 

Peninsula/Strait of Magellan.   

This work was driven by the limited information available regarding 

migratory connections and abundance of the South Pacific humpback whales, 

breeding stocks considered ‘Endangered’ by the IUCN.  The illegal whaling by 

the Soviets until 1974 including the intensive hunting of humpbacks for the 

seasons1959/60-1960/61 in Areas V and VI, has had a lasting impact on these 

populations, and surely contribute to their slow recovery (Clapham et al. 2009).  

A comprehensive understanding of population structure in the South Pacific 

requires allocation of historical catches be carried out to determine connections 

of feeding areas to breeding grounds.  French Polynesia remains one of the only 

breeding stocks in the South Pacific where no previous connections to Antarctic 

feeding areas have been made.  In addition, other quantitative population 

dynamic components including abundance can be used as a baseline for future 
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measurements of population growth to test for recovery from commercial 

whaling.    

5.1 Mixed stock analysis of Oceania and West and East Australia 

In chapter 2 I examined the first population analysis to allocate South 

Pacific breeding grounds from Antarctic feeding areas.  Based on data from 

individual studies I hypothesized that humpback whales may be migrating to 

adjacent feeding areas as opposed to traditional management of the breeding 

stocks which assume a north south direction.  My results indicated Area VI and at 

least the western edge of Area I should be considered a possible feeding area 

destination for the further assessment of Tonga and Cook Islands. Despite a 

somewhat large sample size for French Polynesia it was not apparent where 

these whales were migrating although it is suggested by preliminary 

microsatellite analysis (Appendix A) they may migrate near the border of Area 

VI/I.    

Area V is also important given the proposal by the Japanese government 

to allocate an annual catch of humpback whales in this region for scientific 

purposes.  If whales from New Caledonia are using this area, as shown by the 

preliminary mixed-stock analysis of Area V, it is imperative to understand the 

degree of mixing by smaller, slower recovering stocks from Oceania with more 

abundant stocks like East Australia (Gales et al. 2007).  

5.2 French Polynesia abundance estimate 

 French Polynesia is one of the least studied areas in Oceania, so an 

abundance estimate was employed as part of the International Whaling 

Commission’s (IWC) Comprehensive Assessment to gain fundamental 

information on South Pacific breeding stocks.  It has been demonstrated here 

that the use of Quality Control photographs is an important component of a 
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photo-identification abundance estimate. Quality Control is used to minimize the 

likelihood of missing a match by removing marginal quality photographs which 

can introduce a positive bias in estimates.  However, by removing marginal 

quality photographs in the Quality Control process a reduction in the sample size 

is created of both sightings and resightings and could pose an unintended 

negative bias.   Despite the possible biases in Quality Control my results showed 

the confidence intervals overlapped for the Usable Photos and Quality Control 

catalogues presenting a range estimate incorporating both Usable Photos and 

Quality Control of the 5-year closed population model of 853-1,849 individuals.  

In addition, I recommended the continued use of Quality Control and the use of 

microsatellite genotypes in the future to help assess heterogeneity in the 

population including fluking behavior and possible sex bias dispersal shown to be 

factors in other South Pacific humpback stocks. 

5.3 Photo Comparison of French Polynesia and Antarctic Peninsula/Magellan 
Strait 
 To date there are no migratory connections between French Polynesia 

and the Antarctic.  However, there was a microsatellite genotype match between 

French Polynesia and Colombia.  In Chapter 4 I hypothesized that the Antarctic 

Peninsula was the primary feeding area of French Polynesia.  Since the Antarctic 

Peninsula appears to be the primary feeding area of Colombia as presented in 

Chapter 2 it is possible that this individual who was first seen in Colombia, 

migrated to the feeding area in the Antarctic Peninsula before migrating at some 

later time to French Polynesia and therefore, the Antarctic Peninsula may also be 

the primary feeding area of French Polynesia.  I examined fluke photo-

identification catalogues comparing French Polynesia to the Antarctic Peninsula 

and Strait of Magellan for a possible match. I did not find any conclusive 

matches.  Since I should have found approximately 19 matches considering the 
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size of the photo catalogues and the size of the Antarctic Peninsula population if 

the French Polynesia humpback whales are truly intermingling with the Antarctic 

Peninsula whales, I rejected the null hypothesis that the Antarctic 

Peninsula/Strait of Magellan are the primary feeding areas of French Polynesia.  

Although it was not determined where the primary feeding area of French 

Polynesia is, this study provides baseline information on French Polynesia 

humpback whales and does corroborate with the population analysis in Chapter 

2 that French Polynesia humpback whales may have a primary feeding area in 

the Antarctic that is yet to be comprehensively sampled.   

5.4 Management implications 

 
The greatest threat to South Pacific humpback whales is scientific 

whaling.  The degree of mixing on the feeding grounds is still relatively unknown, 

but has been shown to be very complex (Calambokidis et al. 2001, Dalla Rosa et 

al. 2008).  The low abundance and low interchange in the breeding grounds of 

Oceania present too many uncertainties to allow catch allocations while still 

striving to reach sustainable levels in the humpback whale population.  

A more concerted and systematic sampling of the Antarctic areas, 

especially Areas V and VI is needed to complement the coordinated sampling of 

breeding grounds in Oceania.  This study, and several individual migratory 

connection studies previously, (Steel et al. 2008, Robbins et al. 2008, Franklin et 

al. 2008, Gill & Burton 1995, Acevedo et al. 2008) have found humpback whales 

may not be traveling directly north south in their migration.  Management 

considerations need to include the possibility of humpback whale breeding stocks 

traveling to adjacent feeding areas.    

In French Polynesia little has been documented on the use of islands 

other than Moorea and Rurutu by humpback whales.   From previous work it 
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appears the humpbacks around Moorea and Rurutu are different whales than the 

whales found in the Tuamotus and Gambier islands (Gannier 2004, Poole 2006).  

A study collecting biopsy and fluke photographs from whales in the outer 

Tuamotus and northern Gambier island groups coupled with the continuation of 

sample collection in Moorea and Rurutu could allow for a comprehensive study 

on residence times and the use of French Polynesia waters by humpback 

whales. 

Diverse populations are more productive and resilient than uniform 

populations.  The extirpation of small stocks of humpbacks, especially stocks that 

are spread throughout vast regions like Oceania and Antarctic Areas V and VI 

known to have little interchange (Garrigue et al. 2007), run the risk of becoming 

more isolated from each other and further restricting gene flow.  Not only does 

this equate to lower genetic fitness, but in extreme cases can result in 

hybridization with other closely related species as shown with blue whales 

(Donoghue et al.  2008).  Humpback whales in the South Pacific are beginning to 

show signs of recovery from 20th century commercial whaling. The information 

presented here regarding migration and abundance is important for the 

Comprehensive Assessment of Southern Hemisphere humpback whales which 

the IWC will use to craft informed management decisions for the future of these 

endangered populations.   
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Appendix A - Preliminary Assignment Tests Using Microsatellite and 
MtDNA Genetic Markers To Assign South Pacific Humpback Whales 
To Three Antarctic Areas 
 
A.1 INTRODUCTION  

  Genetic markers have been useful for inferring migration connections in 

highly migratory species such as turtle and salmon populations (Pella & Masuda 

2000). Turtles possess a strong homing instinct with females consistently 

returning to natal nesting regions to lay eggs.  This maintains maternal lineages 

allowing the use of the mitochondrial DNA (mtDNA) marker in mixed-stock 

analysis to estimate allocations from nesting regions to foraging areas (Bolker et 

al. 2003).  Assignment tests using microsatellite markers represent a useful tool 

for conservation and management of wild populations (Bjornstad & Reed 2001), 

and have been used in several salmon species to successfully assign runs back 

to spawning populations (Koljonen et al. 2005).  The analyses of assignment 

tests utilize a genotype containing several loci of an individual and the expected 

probabilities of that genotype occurring in each of the potential source 

populations (Manel et al. 2005).  Microsatellite markers have the ability to 

describe both maternal and paternal characteristics, making them unique to 

individuals (Frankham et al. 2002)  providing the most direct method to determine 

the population of origin of target individuals (Manel et al. 2005).  MtDNA is 

considered a single locus, and all maternal lineages will share the same 

sequence, but it cannot be used as a unique identifier (Frankham et al. 2002).  

However, mtDNA is a powerful genetic marker for studying population structure 

when the question involves identification of populations (Manel et al. 2005). Here 

we employ assignment tests using a combination of microsatellite and mtDNA to 
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infer migratory connections between humpback whale South Pacific breeding 

grounds and three Antarctic Areas.   

A.2 METHODS 

A.2.1 Microsatellite amplification and mtDNA sequencing 

Microsatellites were amplified as described in Steel et al. (2008) including 

the extraction method of Sambrook et al. (1989) and modification for small skin 

samples as described in Baker et al. (1994).  Up to 17 loci were amplified for 

each sample using previously published primers (GT211, GT575, GT23 (Berube 

et al. 2000) GATA417, GATA28 (Palsboll et al. 1997) Ev1, Ev14, Ev21, Ev37, 

Ev94, Ev96, Ev104 (Valsecchi and Amos 1996) 464/465 (Schlotterer et al. 1991) 

rw26, rw31, rw4-10, rw48 (Waldick et al. 1999)).   Replicates were deleted after 

genotyping.  Sequencing of the mitochondrial (mt) DNA control region (470bp) is 

described in Olavarria et al. (2007).  The following source stocks were used in 

the analysis:  breeding ground source stocks included Oceania regions (Cook 

Islands, French Polynesia, Tonga and New Caledonia) and Colombia (n = 1,174, 

Figure A1).  Feeding area mixtures included Antarctic Area I* (n = 72) Antarctic 

Area V (n = 7) Antarctic Area VI (n = 28).  Eastern Australia and Western 

Australia were excluded due to the limited number of microsatellite and haplotype 

data available. 

A.2.2 Microsatellites Data Analyses 
 

WHICHRUN has the advantage of using both microsatellite data and 

mtDNA haplotype data simultaneously in an assignment analysis.  Input data for 

WHICHRUN assignment tests included 14 loci plus haplotype mtDNA 

information.  Three loci were removed from the original 17 (rw26, GT575, Ev14) 

due to missing loci for entire populations (Tonga and Area VI).   
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Incorporating jack-knife iterations, WHICHRUN samples individuals one 

at a time and recalculates the allele frequency in the absence of each genotype 

before determining the most likely source population of the particular individual.  

Next, WHICHRUN uses the log of the odds (LOD) ratio for the two most likely 

source populations.   

A.3 RESULTS 

A.3.1 Breeding Region Classification Assignment 

The assignment tests implemented in WHICHRUN (Banks & Eichert 

2000) assigned an average of 47.8% of the individuals back to the correct 

breeding region using jack-knife iterations (Table A1).  Most values ranged from 

0.8-2.3 for the LOD ratio for jack-knife estimates of source stock data indicating 

some uncertainty in the estimate.   

   
A.3.2 Feeding Region Mixed Stock Assignment 

 The assignment test from the Antarctic mixed-stocks, without the use of a 

Bayesian prior, assigned similarly to the SPAM analysis where haplotype data 

was used (Chapter 2) (Figure 2-2).  A large proportion of Antarctic Area I* was 

assigned to Colombia (n=45), and lesser amounts to French Polynesia (n=15) 

and Cook Islands (n=10).  Area VI assigned to all five breeding stocks, the 

greatest to Tonga (n=10) and French Polynesia (n=10) with lower LOD values for 

all samples than Area I* (<1.0) indicating some uncertainty.  Area V assigned 

mainly to New Caledonia (n=4) with lesser amounts to Tonga (n=2) and the Cook 

Islands (n=1) and LOD values were generally <1. 

A.4 DISCUSSION 
There are two things that tend to impact the success of proper 

assignment; the number of loci used in the analysis and FST values between 
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source populations.  It has been shown that a larger number of loci will influence 

the allocation success (Bjornstad & Reed 2001). However, even with the use of 

15 loci the program only allocated about 50% of the baseline correctly suggesting 

the low FST values between regions as seen in the mtDNA haplotypes  has a 

greater influence on correct assignment than the number of loci used. 

It appeared the jack-knife assignment was strongest for a region having 

FST values that were higher between regions, and loses power when FST values 

are smaller between regions.  Similar findings have been observed in other 

studies where there has been a correlation between the performance of the 

assignment method and the differentiation between the populations (FST values), 

(Maudet et al. 2002).  Program WHICHRUN, specifically has performed well 

when the FST value is above 0.2 between regions, but when presented with 

several populations (n>5) and lower FST values WHICHRUN provided only 

intermediate accuracy (Maudet et al. 2002).  Colombia had the highest 

percentage of correct assignment but also has a high FST value when compared 

to each region of Oceania.  Colombia had the largest amount of individuals 

correctly assigned back to the region in the jack-knife.  Contrastingly, Cook 

Islands had the lowest percentage of assignment, with almost as many 

individuals assigned back to French Polynesia, and, as seen earlier, the 

haplotype pairwise FST values between Cook Islands and French Polynesia were 

low(Chapter 2, Table 2-2).   

Individual assignment tests are powerful in instances where specific 

population origins may not be observed within a mixed-stock context.  French 

Polynesia, which had very little allocation in the mixed-stock program using 

haplotype data for allocation of populations, was more evident in the assignment 

tests here, although the LOD was generally low (<1.3) for those assignments.  
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French Polynesia was assigned to both Area VI* and Area I* revealing the first 

migratory connection of French Polynesia to any Antarctic feeding areas (Figure 

A-2).  Cook Islands was also assigned to Area VI* and Area I* similar to the 

mixed-stock analysis (Chapter 2, Table 2-2), strengthening previous tagging 

studies (Hauser et al. in press).  In addition, all genotype matches identified in 

Steel et al. (2008) were assigned correctly by WHICHRUN including Tonga from 

Area VI*, Colombia from Area I*, and New Caledonia from Area V.  Of particular 

interest in Area V is the number of the individuals (n=4 out of a total n=7) 

assigned to New Caledonia suggesting New Caledonia is part of Area V.  This is 

cause for concern if the Japanese government is again proposing catch 

allocations of humpback whales from Area V since a recent abundance estimate 

of New Caledonia humpbacks was estimated at less than 500 individuals (Baker 

et al. 2006).   

In conclusion, assignment tests have proven to be a useful tool in 

conjunction with mixed-stock population analysis for the inference of migratory 

connections.  With very little known about migratory connections from Oceania, 

this data provides additional information essential for management decisions 

including the assignment of French Polynesia from Area VI* and Area I*, and the 

assignment of New Caledonia from Area V.  In addition, these results correlate 

relatively well with the mixed-stock analysis provided by the mtDNA haplotypes 

inferring a connection between Tonga and Area VI* and Colombia and Area I*.  

The addition of baseline data from the Western and Eastern Australia breeding 

stocks would surely add significance to this study, and work is currently in 

progress on the microsatellite data of these regions.  The assignment of Area V 

to New Caledonia provides additional evidence that small breeding grounds like 

New Caledonia may share common feeding areas with larger breeding grounds, 
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like Eastern Australia where there is evidence of connections between Eastern 

Australia and Area V using photo-identification.  This has important management 

implications in regards to future catch allocations.  
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Table A-1.  The number of individuals assigned back to each breeding region 
based on a 15-locus microsatellite analysis using jack-knife iterations in 
WHICHRUN.   

 
New 
Caledonia Tonga 

Cook  
Islands 

French 
Polynesia Colombia n 

% 
assigned 
correctly 

New Caledonia 184 59 56 36 40 375 49% 
Tonga 60 116 79 83 24 362 32% 
Cook Islands 9 20 30 39 7 105 29% 
French Polynesia 15 23 48 114 15 215 53% 
Colombia 8 2 6 10 84 110 76% 

 

Figure A-1. South Pacific humpback whales breeding grounds (Stocks D, E, F, 
G) and feeding areas (Area IV, V, VI* and I*).    Included in the boxes is the 
number (n) of individuals from each region. 
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Figure A-2. The results from mixed-stock assignment tests in WHICHRUN for 
Antarctic Area V (n=7), Antarctic Area VI* (n=28) and Antarctic Area I*(n=72) 
based on 15 microsatellite loci and mtDNA haplotype data. 
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APPENDIX B - Supplementary Material for Chapter 2 
 
Haplotypes of the South Pacific humpback whales.   
 
Replicates were removed where microsatellite genotyping allowed for individual 
identification (Steel et al. unpublished).  After sequencing corrections five of the original 
115 haplotypes were removed (SP 51, 56, 75, 92, 103) from Olavarría et al. (2007) 
(Final n = 110)           
 
Area I* = Area I as described in Figure 2.2 
Area IV = Area IV as described in Figure 2.2 
Area V = Area V as described in Figure 2.2 
AreaVI* = Area VI as described in Figure 2.2 
WA = Western Australia 
EA = Eastern Australia 
NC = New Caledonia 
TG = Tonga 
CI = Cook Islands 
FP = French Polynesia 
CO = Colombia           

  
 
Hap AreaI* AreaIV AreaV AreaVI* WA EA NC TG CI FP CO 
SP1 8 3 0 0 16 5 8 25 24 52 2 
SP2 0 0 0 0 0 4 6 1 0 0 0 
SP3 0 2 0 1 0 6 7 10 1 5 0 
SP4 0 0 0 0 0 0 5 1 0 0 0 
SP5 0 0 0 0 0 0 0 1 0 0 0 
SP6 0 0 0 0 0 0 0 0 0 9 0 
SP7 0 0 0 0 3 0 0 0 0 0 0 
SP8 3 0 0 0 0 0 0 0 0 0 2 
SP9 0 0 0 0 0 0 0 0 0 0 1 
SP10 1 0 0 0 1 5 7 3 0 0 1 
SP11 0 0 2 0 0 6 9 0 0 0 0 
SP12 2 0 0 1 0 0 3 7 8 3 1 
SP13 0 0 0 2 0 5 12 12 1 4 0 
SP14 1 2 1 2 6 5 27 22 6 22 4 
SP15 0 1 1 0 2 0 1 0 0 0 0 
SP16 0 0 0 0 1 0 0 0 0 0 0 
SP17 0 0 0 0 0 0 12 2 0 0 0 
SP18 0 0 0 1 0 0 2 0 0 0 0 
SP19 2 1 0 1 3 1 0 10 3 10 0 
SP20 0 0 0 0 1 0 0 0 0 0 0 
SP21 0 0 0 0 1 0 0 2 0 0 0 
SP22 0 0 0 0 3 0 2 7 1 0 0 
SP23 0 3 0 0 4 0 0 0 0 0 0 
SP24 0 0 0 1 0 0 0 1 1 4 0 
SP25 0 0 0 0 1 0 0 0 0 0 1 
SP26 0 0 1 0 0 14 2 6 1 1 0 
SP27 0 3 0 1 6 1 8 13 1 0 0 
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SP28 0 0 0 0 0 0 6 0 0 0 0 
SP29 0 0 0 0 0 1 7 4 0 2 0 
SP30 0 1 0 0 5 0 0 0 0 0 0 
SP31 0 0 0 0 0 0 0 0 0 4 0 
SP32 6 0 0 0 0 0 0 0 0 0 11 
SP33 0 0 0 0 0 0 5 2 0 0 4 
SP34 0 0 0 0 1 0 0 0 0 0 0 
SP35 0 0 0 0 1 0 0 0 0 0 0 
SP36 0 2 0 0 3 0 6 0 0 0 0 
SP37 0 0 0 0 0 0 0 5 1 0 0 
SP38 0 1 0 0 0 1 4 7 2 0 0 
SP39 0 0 0 0 0 1 0 5 0 0 0 
SP40 0 0 0 0 1 0 0 0 0 0 0 
SP41 0 2 0 0 2 2 4 0 0 0 0 
SP42 0 2 0 2 12 0 3 7 1 2 0 
SP43 0 0 0 0 0 0 0 3 2 0 2 
SP44 0 0 0 0 0 0 1 0 0 0 0 
SP45 0 0 0 0 7 0 1 0 0 0 0 
SP46 0 0 0 0 0 4 1 1 0 0 0 
SP47 0 1 0 0 1 0 0 0 0 0 0 
SP48 0 0 0 0 3 0 1 0 0 0 0 
SP49 0 0 0 0 1 1 1 0 0 0 0 
SP50 6 0 0 0 0 0 1 6 0 1 9 
SP52 6 0 0 0 8 6 18 7 4 17 5 
SP53 0 0 0 0 0 0 3 0 0 0 0 
SP54 0 0 0 0 0 0 1 4 0 7 1 
SP55 0 0 0 0 0 0 5 0 0 0 0 
SP57 0 0 0 0 3 0 0 0 0 0 0 
SP58 0 0 0 0 1 0 0 0 0 0 0 
SP59 0 0 0 0 1 0 1 0 0 0 0 
SP60 2 0 0 0 0 0 0 0 0 0 3 
SP61 2 0 0 0 0 0 0 0 0 0 1 
SP62 1 0 0 0 0 0 2 18 6 14 5 
SP63 2 0 0 0 0 10 5 1 0 0 2 
SP64 0 0 1 0 0 0 6 2 0 0 0 
SP65 0 0 0 0 0 1 3 0 0 0 0 
SP66 1 0 0 0 0 0 0 0 0 0 3 
SP67 0 0 0 0 3 0 0 0 0 0 0 
SP68 2 0 0 1 1 5 22 8 0 0 1 
SP69 0 0 0 0 0 0 1 0 0 0 0 
SP70 0 1 0 0 2 0 0 1 0 0 0 
SP71 0 1 0 1 9 14 11 2 0 0 0 
SP72 1 0 0 3 0 1 3 17 10 23 2 
SP73 0 1 1 3 2 8 22 31 8 3 1 
SP74 0 0 0 2 0 0 0 5 1 2 1 
SP76 0 1 0 2 8 3 7 18 1 3 0 
SP77 0 0 0 0 0 0 2 0 0 0 0 
SP78 0 1 0 0 1 3 5 2 0 1 0 
SP79 0 0 0 0 0 0 0 0 1 0 0 
SP80 0 0 0 0 2 0 0 0 0 0 0 
SP81 0 1 0 0 1 0 0 0 0 0 0 
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SP82 0 1 0 0 1 0 0 0 0 0 0 
SP83 0 0 0 1 0 0 1 5 2 0 0 
SP84 0 1 0 0 1 0 0 0 0 0 0 
SP85 0 0 0 0 0 3 1 0 0 0 0 
SP86 0 1 0 0 2 0 0 0 0 0 0 
SP87 0 0 0 0 0 5 3 0 0 0 0 
SP88 0 1 0 0 6 2 14 17 3 6 0 
SP89 0 0 0 0 3 1 4 2 1 8 0 
SP90 13 0 0 0 0 0 0 0 0 0 28 
SP91 0 1 0 1 7 1 8 4 0 2 0 
SP93 0 0 0 0 3 1 7 0 0 0 0 
SP94 0 1 0 0 7 1 1 3 0 0 0 
SP95 0 0 0 0 0 0 2 0 0 0 0 
SP96 0 0 0 0 0 4 8 1 3 3 0 
SP97 0 2 0 0 3 0 1 0 0 0 0 
SP98 5 0 0 0 0 0 0 0 0 0 9 
SP99 0 0 0 1 0 0 15 9 3 25 0 
SP100 3 0 0 0 1 0 5 15 3 11 0 
SP101 0 0 0 0 0 0 0 0 0 0 4 
SP102 0 0 0 0 0 12 13 7 1 1 0 
SP104 0 0 0 0 0 1 1 2 0 1 0 
SP105 0 0 0 0 2 0 0 0 0 0 0 
SP106 0 0 0 0 0 0 0 2 0 0 0 
SP107 0 0 0 0 2 3 5 0 0 0 0 
SP108 0 0 0 0 0 0 1 0 0 0 0 
SP109 0 1 0 0 3 0 0 0 0 0 0 
SP110 0 0 0 0 1 0 0 0 0 0 0 
SP111 1 0 0 0 0 0 4 4 1 0 0 
SP112 0 0 0 0 0 0 1 0 0 0 0 
SP113 0 0 0 0 3 0 0 0 0 0 0 
SP114 0 0 0 0 0 1 3 5 0 1 0 
SP115 0 0 1 0 2 8 0 0 0 0 0 
Total 68 39 8 27 174 156 367 355 101 247 104 
 
 
  

 
 
 
 

 
 
 
 
  



121 

                                                                                                                                                                              

Appendix C - Supplementary Material for Chapter 3 
 
Capture recapture photo-identification matrix 
 
Individual codes refer to first year captured and sequence within year 
i.e. FP99XX = Individual first captured in 1999, FP00XX = Individual first 
captured in 2000 
 
Capture History 
Each 0 or 1 represents a capture occasion  
(i.e. breeding season 1999, 2000, 2001, 2002, 2003, 2004, 2005, 2006, 2007)  
0 = not captured in that capture occasion 
1 = captured in that capture occasion 
 
Rurutu first sightings recoded for Program CAPTURE.  The original codes are 
shown below in the Rurutu original ID column.  All resights of Rurutu whales 
were in Moorea. 
 
Usable Photos Catalogue 1999-2007 
Individ.   Capture History Rurutu original ID 
FP9201 100100000 
FP9302 001000000 
FP9405 000110000 
FP9717 000001000 
FP9714 000000001 
FP9901 100000011 
FP9902 100000000 
FP9903 100000000 
FP9904 100000000 
FP9950 100000000  FP9904R 
FP9905 100001000 
FP9951 100000000  FP9905R 
FP9906 100000000 
FP9907 100000000 
FP9908 100000000 
FP9909 100000000 
FP9910 100000000 
FP9911 100000000 
FP9912 100000000 
FP9913 100000000 
FP9914 100000000 
FP9915 100000001 
FP9916 110000000 
FP9917 100000000 
FP9918 100000000 
FP9919 100000000 
FP9921 100000000 
FP9922 100000000 
FP9923 100000000 
FP9924 100000000 
FP9925 100000000 
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FP9926 100000000 
FP9928 100000000 
FP9929 100000000 
FP9930 100000000 
FP9931 100000000 
FP9932 100000000 
FP9934 100000000 
FP9935 100000000 
FP9936 100000000 
FP9937 100000000 
FP9938 100000000 
FP9939 100000000 
FP9940 100001000 
FP9942 100000001 
FP9943 100100000 
FP9945 100000000 
FP9946 100000100 
FP9947 101000000 
FP9948 100000000 
FP9949 100000100 
FP0001 010000000 
FP0037 011001000  FP0001R 
FP0003 010001000 
FP0004 010000000 
FP0008 010000000 
FP0009 010000000 
FP0010 010000000 
FP0011 010000000 
FP0012 010000000 
FP0014 010000000 
FP0015 010000000 
FP0016 010000000 
FP0017 010011000 
FP0018 010001000 
FP0019 010000000 
FP0020 010000000 
FP0022 010000000 
FP0023 010000000 
FP0024 010000000 
FP0026 010000000 
FP0027 010000000 
FP0028 010000000 
FP0029 010000000 
FP0030 010000000 
FP0031 010000000 
FP0033 010000000 
FP0034 010001010 
FP0035 010000000 
FP0036 010000000 
FP0101 001000000 
FP0128 001000000  FP0101R 
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FP0102 001000000 
FP0123 001001000  FP0102R 
FP0103 001000000 
FP0124 001000000  FP0103R 
FP0104 001000000 
FP0125 001000000  FP0104R 
FP0105 001000000 
FP0126 001000000  FP0105R 
FP0106 001000000 
FP0127 001000000  FP0106R 
FP0107 001000000 
FP0108 001000000 
FP0110 001000000 
FP0111 001000000 
FP0112 001000000 
FP0113 001000000 
FP0114 001000000 
FP0115 001001000 
FP0116 001000010 
FP0117 001000001 
FP0118 001000000 
FP0119 001000000 
FP0120 001000000 
FP0121 001001000 
FP0122 001000000 
FP0201 000100000 
FP0202 000100000 
FP0203 000100000 
FP0242 000100000  FP0203R 
FP0204 000100000 
FP0243 000100000  FP0204R 
FP0205 000100000 
FP0244 000100000  FP0205R 
FP0206 000100000 
FP0207 000100000 
FP0208 000110000 
FP0209 000100000 
FP0210 000100000 
FP0211 000100000 
FP0212 000100000 
FP0213 000100000 
FP0214 000100000 
FP0215 000100000 
FP0216 000100000 
FP0217 000100000 
FP0218 000101000 
FP0219 000100000 
FP0220 000100100 
FP0221 000100000 
FP0222 000110000 
FP0223 000101000 
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FP0224 000100000 
FP0225 000100000 
FP0227 000100000 
FP0228 000100000 
FP0229 000100000 
FP0230 000100000 
FP0231 000100000 
FP0233 000100000 
FP0234 000100000 
FP0235 000100000 
FP0236 000100000 
FP0237 000100000 
FP0238 000100000 
FP0239 000100000 
FP0240 000100000 
FP0241 000100000 
FP0354 000010000  FP0301R 
FP0302 000010000 
FP0304 000010000 
FP0355 000010000  FP0304R 
FP0305 000010000 
FP0356 000010000  FP0305R 
FP0306 000010000 
FP0357 000010000  FP0306R 
FP0307 000010000 
FP0358 000010000  FP0307R 
FP0359 000010000  FP0308R 
FP0309 000010000 
FP0360 000011000  FP0309R 
FP0310 000010000 
FP0361 000010000  FP0310R 
FP0311 000011000 
FP0362 000010000  FP0311R 
FP0312 000010000 
FP0363 000010000  FP0312R 
FP0364 000010000  FP0313R 
FP0314 000010000 
FP0365 000010000  FP0314R 
FP0315 000010100 
FP0366 000010000  FP0315R 
FP0316 000010000 
FP0367 000010000  FP0316R 
FP0317 000011000 
FP0318 000010000 
FP0319 000010000 
FP0320 000011000 
FP0321 000010010 
FP0322 000010000 
FP0323 000010000 
FP0324 000010000 
FP0325 000010000 
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FP0326 000011000 
FP0327 000010000 
FP0328 000010000 
FP0329 000010000 
FP0330 000010000 
FP0331 000010000 
FP0333 000010000 
FP0335 000010000 
FP0336 000010000 
FP0337 000011000 
FP0340 000010000 
FP0341 000010000 
FP0342 000010000 
FP0343 000010000 
FP0344 000010000 
FP0345 000010001 
FP0346 000010000 
FP0347 000011000 
FP0348 000010000 
FP0349 000010000 
FP0350 000010000 
FP0351 000010000 
FP0352 000010000 
FP0353 000011100 
FP0401 000001000 
FP0476 000001000  FP0402R 
FP0403 000001000 
FP0404 000001000 
FP0405 000001000 
FP0406 000001000 
FP0407 000001000 
FP0477 000001000  FP0409R 
FP0410 000001000 
FP0411 000001000 
FP0412 000001000 
FP0413 000001000 
FP0414 000001000 
FP0415 000001000 
FP0416 000001000 
FP0417 000001000 
FP0418 000001000 
FP0478 000001000  FP0419R 
FP0420 000001000 
FP0421 000001000 
FP0422 000001000 
FP0423 000001000 
FP0425 000001000 
FP0479 000001000  FP0426R 
FP0427 000001000 
FP0429 000001000 
FP0431 000001000 
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FP0432 000001000 
FP0433 000001000 
FP0434 000001000 
FP0435 000001000 
FP0436 000001000 
FP0437 000001000 
FP0438 000001000 
FP0480 000001000  FP0439R 
FP0442 000001000 
FP0443 000001000 
FP0444 000001000 
FP0445 000001000 
FP0446 000001000 
FP0481 000001000  FP0448R 
FP0449 000001000 
FP0450 000001000 
FP0451 000001000 
FP0452 000001000 
FP0453 000001000 
FP0455 000001000 
FP0456 000001000 
FP0457 000001000 
FP0458 000001000 
FP0459 000001000 
FP0460 000001000 
FP0462 000001000 
FP0463 000001000 
FP0464 000001000 
FP0466 000001000 
FP0467 000001000 
FP0469 000001010 
FP0470 000001000 
FP0473 000001000 
FP0474 000001000  FP0475Rai 
FP0475 000001010  FP0475Rai 
FP0501 000000100 
FP0502 000000100 
FP0504 000000100 
FP0505 000000100 
FP0506 000000110 
FP0507 000000100 
FP0508 000000100 
FP0509 000000100 
FP0510 000000100 
FP0511 000000100 
FP0512 000000100 
FP0513 000000100 
FP0514 000000100 
FP0515 000000100 
FP0516 000000100 
FP0517 000000100 
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FP0518 000000100 
FP0519 000000100 
FP0520 000000100 
FP0521 000000100 
FP0522 000000100 
FP0523 000000100 
FP0524 000000100 
FP0525 000000100 
FP0526 000000100 
FP0528 000000100 
FP0529 000000100 
FP0530 000000100 
FP0531 000000100 
FP0532 000000100 
FP0533 000000100 
FP0534 000000100 
FP0535 000000100 
FP0536 000000100 
FP0537 000000100 
FP0538 000000100  FP0538R 
FP0539 000000100  FP0539R 
FP0540 000000100  FP0540R 
FP0541 000000100  FP0541R 
FP0542 000000100  FP0542R 
FP0543 000000100  FP0543R 
FP0544 000000100  FP0544R 
FP0545 000000100  FP0545R 
FP0546 000000100  FP0546R 
FP0547 000000100  FP0547R 
FP0548 000000100  FP0548R 
FP0549 000000100  FP0549R 
FP0550 000000100  FP0550R 
FP0551 000000100  FP0551R 
FP0552 000000100  FP0552R 
FP0553 000000100  FP0553R 
FP0554 000000100  FP0554R 
FP0601 000000010 
FP0602 000000010 
FP0603 000000011 
FP0604 000000010 
FP0605 000000010 
FP0606 000000011 
FP0607 000000010 
FP0608 000000010 
FP0609 000000011 
FP0610 000000010 
FP0611 000000010 
FP0612 000000010 
FP0613 000000010 
FP0615 000000010 
FP0616 000000010 
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FP0617 000000010 
FP0618 000000010 
FP0619 000000010 
FP0620 000000010 
FP0621 000000010 
FP0622 000000010 
FP0623 000000010 
FP0624 000000010 
FP0625 000000010 
FP0626 000000010 
FP0627 000000010 
FP0628 000000010 
FP0629 000000010 
FP0701 000000001 
FP0702 000000001 
FP0703 000000001 
FP0705 000000001 
FP0706 000000001 
FP0707 000000001 
FP0708 000000001 
FP0709 000000001 
FP0710 000000001 
FP0712 000000001 
FP0713 000000001 
FP0714 000000001 
FP0715 000000001 
FP0716 000000001 
FP0718 000000001 
FP0719 000000001 
FP0720 000000001 
FP0721 000000001 
FP0722 000000001 
FP0723 000000001 
FP0724 000000001 
FP0725 000000001 
FP0726 000000001 
FP0727 000000001 
FP0728 000000001 
FP0729 000000001 
FP0730 000000001 
FP0731 000000001 
FP0733 000000001 
FP0734 000000001 
FP0735 000000001 
FP0736 000000001 
FP0737 000000001 
FP0738 000000001 
FP0739 000000001 
FP0740 000000001 
FP0741 000000001 
FP0742 000000001 
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FP0743 000000001 
FP0744 000000001 
FP0745 000000001 
FP0746 000000001 
FP0747 000000001 
FP0748 000000001 
FP0749 000000001 
FP0750 000000001 
FP0751 000000001 
FP0752 000000001 
FP0753 000000001 
FP0754 000000001 
FP0755 000000001 
FP0756 000000001 
FP0757 000000001 
FP0758 000000001 
FP0759 000000001 
FP0760 000000001 
FP0761 000000001 
FP0763 000000001 
FP0764 000000001 
FP0765 000000001 
FP0766 000000001 
 
Quality Control Catalogue 1999-2007 
 
Individ.   Capture History 
FP9201 100100000 
FP9302 001000000 
FP9405 000110000 
FP9717 000001000 
FP9714 000000001 
FP9901 100000011 
FP9902 100000000 
FP9950 100000000  FP9904R 
FP9905 100001000 
FP9951 100000000  FP9905R 
FP9906 100000000 
FP9907 100000000 
FP9908 100000000 
FP9909 100000000 
FP9910 100000000 
FP9911 100000000 
FP9912 100000000 
FP9913 100000000 
FP9914 100000000 
FP9915 100000001 
FP9923 100000000 
FP9924 100000000 
FP9925 100000000 
FP9926 100000000 
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FP9932 100000000 
FP9937 100000000 
FP9942 100000001 
FP9940 100001000 
FP9947 101000000 
FP9949 100000100 
FP0037 011001000  FP0001R 
FP0009 010000000 
FP0011 010000000 
FP0012 010000000 
FP0015 010000000 
FP0017 010011000 
FP0018 010001000 
FP0026 010000000 
FP0027 010000000 
FP0028 010000000 
FP0029 010000000 
FP0031 010000000 
FP0033 010000000 
FP0034 010001010 
FP0036 010000000 
FP0102 001000000 
FP0123 001001000  FP0102R 
FP0103 001000000 
FP0124 001000000  FP0103R 
FP0104 001000000 
FP0125 001000000  FP0104R 
FP0105 001000000 
FP0126 001000000  FP0105R 
FP0106 001000000 
FP0127 001000000  FP0106R 
FP0111 001000000 
FP0112 001000000 
FP0114 001000000 
FP0115 001001000 
FP0116 001000010 
FP0117 001000001 
FP0118 001000000 
FP0119 001000000 
FP0121 001001000 
FP0122 001000000 
FP0201 000100000 
FP0202 000100000 
FP0203 000100000 
FP0204 000100000 
FP0244 000100000  FP0205R 
FP0208 000110000 
FP0209 000100000 
FP0210 000100000 
FP0212 000100000 
FP0213 000100000 
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FP0215 000100000 
FP0217 000100000 
FP0218 000101000 
FP0219 000100000 
FP0220 000100100 
FP0221 000100000 
FP0222 000110000 
FP0223 000101000 
FP0224 000100000 
FP0225 000100000 
FP0228 000100000 
FP0229 000100000 
FP0230 000100000 
FP0231 000100000 
FP0234 000100000 
FP0235 000100000 
FP0236 000100000 
FP0237 000100000 
FP0238 000100000 
FP0239 000100000 
FP0240 000100000 
FP0241 000100000 
FP0302 000010000 
FP0304 000010000 
FP0355 000010000  FP0304R 
FP0356 000010000  FP0305R 
FP0306 000010000 
FP0357 000010000  FP0306R 
FP0307 000010000 
FP0360 000011000  FP0309R 
FP0361 000010000  FP0310R 
FP0311 000011000 
FP0362 000010000  FP0311R 
FP0312 000010000 
FP0363 000010000  FP0312R 
FP0313 000010000 
FP0315 000010100 
FP0316 000010000 
FP0367 000010000  FP0316R 
FP0317 000011000 
FP0319 000010000 
FP0321 000010010 
FP0322 000010000 
FP0323 000010000 
FP0324 000010000 
FP0326 000011000 
FP0327 000010000 
FP0328 000010000 
FP0330 000010000 
FP0331 000010000 
FP0333 000010000 
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FP0335 000010000 
FP0336 000010000 
FP0337 000011000 
FP0341 000010000 
FP0342 000010000 
FP0343 000010000 
FP0344 000010000 
FP0345 000010001 
FP0346 000010000 
FP0347 000011000 
FP0349 000010000 
FP0350 000010000 
FP0351 000010000 
FP0352 000010000 
FP0353 000011100 
FP0403 000001000 
FP0405 000001000 
FP0406 000001000 
FP0407 000001000 
FP0410 000001000 
FP0411 000001000 
FP0412 000001000 
FP0416 000001000 
FP0417 000001000 
FP0478 000001000  FP0419R 
FP0420 000001000 
FP0421 000001000 
FP0422 000001000 
FP0423 000001000 
FP0425 000001000 
FP0431 000001000 
FP0432 000001000 
FP0434 000001000 
FP0480 000001000  FP0439R 
FP0442 000001000 
FP0443 000001000 
FP0445 000001000 
FP0449 000001000 
FP0450 000001000 
FP0451 000001000 
FP0452 000001000 
FP0453 000001000 
FP0481 000001000  FP0448R 
FP0457 000001000 
FP0459 000001000 
FP0460 000001000 
FP0462 000001000 
FP0463 000001000 
FP0464 000001000 
FP0466 000001000 
FP0467 000001000 
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FP0469 000001010 
FP0470 000001000 
FP0474 000001000  FP0474Rai 
FP0475 000001010  FP0475Rai 
FP0502 000000100 
FP0504 000000100 
FP0506 000000110 
FP0509 000000100 
FP0510 000000100 
FP0512 000000100 
FP0513 000000100 
FP0517 000000100 
FP0520 000000100 
FP0527 000000100 
FP0529 000000100 
FP0531 000000100 
FP0533 000000100 
FP0535 000000100 
FP0536 000000100 
FP0540 000000100  FP0540R 
FP0541 000000100  FP0541R 
FP0543 000000100  FP0543R 
FP0551 000000100  FP0551R 
FP0554 000000100  FP0554R 
FP0601 000000010 
FP0602 000000010 
FP0603 000000011 
FP0604 000000010 
FP0606 000000011 
FP0607 000000010 
FP0609 000000011 
FP0610 000000010 
FP0612 000000010 
FP0613 000000010 
FP0615 000000010 
FP0617 000000010 
FP0619 000000010 
FP0620 000000010 
FP0621 000000010 
FP0624 000000010 
FP0625 000000010 
FP0626 000000010 
FP0627 000000010 
FP0629 000000010 
FP0701 000000001 
FP0702 000000001 
FP0703 000000001 
FP0706 000000001 
FP0707 000000001 
FP0708 000000001 
FP0710 000000001 
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FP0711 000000001 
FP0719 000000001 
FP0720 000000001 
FP0723 000000001 
FP0724 000000001 
FP0726 000000001 
FP0727 000000001 
FP0728 000000001 
FP0731 000000001 
FP0735 000000001 
FP0736 000000001 
FP0737 000000001 
FP0738 000000001 
FP0739 000000001 
FP0740 000000001 
FP0742 000000001 
FP0744 000000001 
FP0745 000000001 
FP0746 000000001 
FP0747 000000001 
FP0748 000000001 
FP0749 000000001 
FP0750 000000001 
FP0751 000000001 
FP0752 000000001 
FP0753 000000001 
FP0754 000000001 
FP0755 000000001 
FP0756 000000001 
FP0757 000000001 
FP0758 000000001 
FP0760 000000001 
FP0761 000000001 
FP0763 000000001 
FP0764 000000001 
FP0766 000000001 
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APPENDIX D – Additional Supplementary Material for Chapter 3. 
 
Results from all models as calculated in Program CAPTURE, Program JOLLY 
and the Schnabel estimate for French Polynesia humpback whales. 

 
 Usable Photos Quality Control 

 N SE CV 95% CI Model 
Selection 

N SE CV 95% CI Model  
Selection 

Schnabel 
1999-2007 
 

1,679 254 0.15 1,181-
2,177 

-- 825 132 0.16 566-
1,084 

-- 

Closed Population Program CAPTURE Results 1999-2007 
M(o) 
 
 

1858 241 0.13 1462-
2,435 

0.13 878 115 0.13 691-
1,149 

0.13 

M(h) 
jacknife 
 

1513 77 0.05 1,372-
1,675 

0.0 882 61 0.07 773-
1,014 

0.0 

M(b) 
 
 

1641 1458 0.89 613-8,149 0.09 942 913 0.97 213-
2,462 

0.09 

M(tb) 
 
 

2283 3161 1.38 610-
18,667 

0.34 1028 899 0.87 388-
5,016 

0.34 

Mth Chao 
 
 

2,046 318 0.16 1,532-
2,798 

0.80 949 154 0.16 708-
1,321 

0.66 

Darroch’s 
M(t) 
 

1,824 235 0.13 1,437-
2,389 

1.0 861 112 0.13 678-
1,124 

1.0 

Closed Population Program CAPTURE Results 2003-2007 
M(o) 
 

1747 354 0.20 1,202-
2,619 

0.13 826 166 0.20 577-
1,276 

0.13 

M(h) 
jacknife 
 

953 466 0.49 483-2,571 0.0 692 127 0.18 280- 
872 

0.0 

M(b) 
 
 

2178 493 0.23 1,431-
3,413 

0.09 492 206 0.42 280-
1,206 

0.09 

M(tb) 
 
 

1696 361 0.21 1,147-
2,596 

0.34 864 1491 1.73 239-
9,357 

0.39 

Mth Chao 
 

1,849 439 0.16 1,197-
2,970 

0.73 853 206 0.24 556-
1,392 
 

0.72 

Darroch’s 
M(t) 
 

1,724 112 0.13 678-1,124 1.0 803 160 0.20 561-
1,203 

1.0 

Open Population Program JOLLY Results 1999-2007 
Program 
Jolly 

1,225 500 0.40 246-2,203 -- 564 509 0.90 0-1,587 -- 

Survival 
Rate Φ 

0.82 
 

0.17 -- -- -- 0.78 
 

0.15 -- -- -- 

 


