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ABSTRACT

This thesis investigates the phylogeography of four southern ocean petrel species in an
attempt to resolve taxonomic uncertainties and phylogeography in these species. A large
proportion of petrel and albatross species are listed as threatened under Red List
criteria, in many cases as a result of threats at sea. Most albatrosses and petrels breed
in discrete island colonies and exhibit strong natal philopatry. They may thus be
expected to show population divergence, but published studies show that this is not
always the case. Most studies to date have concentrated on northern hemisphere
species, with mostly albatrosses studied within the southern oceans. White-chinned
(Procellaria aequinoctialis), Spectacled (P. conspicillata) and giant petrels (Macronectes
giganteus and M. halli) are southern ocean species of Procellariiformes. All four species
are threatened by accidental mortality in longline and other fisheries, as well as by
introduced predators at their breeding colonies. In order to adequately conserve these
species, species limits need to be resolved. Taxonomic uncertainties are an important
issue in conservation because often only recognised species receive protection. In
addition, islands of origin for birds killed at sea need to be identified.

This thesis examines the species status of the Spectacled Petrel (Procellaria
conspicillata), which has been separated from the White-chinned Petrel (P.
aequinoctialis) based on morphology and vocalisations, as well as examining the
taxonomic status of the two forms of giant petrel, and their phylogeography.

Cytochrome b was used to confirm the species rank of the Spectacled Petrel. The
decision to support separate species status was based on the lack of shared haplotypes,
six fixed mutational differences between the closest haplotypes of the White-chinned
and Spectacled Petrel and a sequence divergence of 1.74%. Within Procellaria, White-
chinned and Spectacled Petrels are sister species, closely related to the wide-ranging
Grey Petrel. Within the White-chinned Petrel, two regional populations were found
corresponding to colonies in the New Zealand region and the Indian/Atlantic Ocean.
Evidence of population expansions were detected in both species and both regional
populations of the White-chinned Petrel. Between these two regional populations, the
greatest genetic diversity was within the New Zealand regional population. This result is
consistent with the White-chinned Petrel originating in the New Zealand area.

A microsatellite DNA library was constructed to allow a more detailed investigation of
White-chinned Petrel population structure. The two regional populations were confirmed
and further population division was found within the Atlantic/indian ocean regional
population based on differences in allele frequencies as measured by Fgy. Bycatch was
analysed and assigned to putative natal colonies. The success rate varied, but analysis
suggested that long-distance dispersal is rare and, because no shared haplotypes were
found between regional populations within cytochrome b, male biased movement is
suggested. Foraging distributions seemed to overlap slightly as some Atlantic Ocean
birds were caught in the New Zealand region, but most birds killed off southern Africa
apparently derived from adjacent colonies in the Indian Ocean.



Abstract il

Separate species status for the two giant petrels was confirmed based on analysis of
both cytochrome b sequence and microsatellite DNA, although sequence divergence in
cytochrome b between the two forms was low. The British Ornithologists’ Union has
provided guidelines to resolve species ranks. Accordingly, the decision to promote
species rank for both giant petrel forms is based on morphological differences, one fixed
mutational difference within cytochrome b between the Northern and Southern Giant
Petrels as well as evidence of no gene flow with nuclear microsatellite DNA. Perhaps
most convincing is the very limited gene flow between sympatric breeding populations at
several islands.

Within the Southern Giant Petrel two lineages were found: one on Marion Island, lles
Crozet and Macquarie, and a second comprising the remaining colonies. However as
lles Crozet and Marion Island also contain haplotypes of this second lineage, secondary
contact of lineages after separation is suggested. Preliminary microsatellite DNA
analysis detected further genetic structuring between colonies. The Northern Giant
Petrel colonies sampled form a monophyletic clade which could be divided into further
populations with microsatellite DNA analysis. Clade relationships suggest that speciation
occurred after fragmentation into three phylogroups perhaps the result of climatic
changes during ice ages, with two lineages forming the Southern Giant Petrel. The
lineage comprising the Northern Giant Petrel developed isolating mechanisms
preventing gene flow after conditions, which had resulted in the initial fragmentation,
changed.
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Table A2 continued

Sampie ID Date of sampling Origin l.ocation Sample material Marker
marion90 {issue microsat cytbh
marion94 tisstie microsat
marion92 fissue microsat
marion93 tissue microsat cytb
marion94 tissue microsat
marion95 fissue microsat
marionsé issue microsat
marion97 tissue microsat
marion9g tissue microsat
marion99 fissue microsat
marion100 tissue microsat
marion101 tissue microsat
marion102 tissue microsat
marion103 tissue microsat
marion104 tissue microsat

Table A3: List of White-chinned Petrel samples used in genetic analysis from lles Crozet

Sample ID sgﬁ;‘ﬁ‘f g Crigin Location r?;;r:r’i‘ael Marker

Crozet1 Crozet Island muscle microsat

Crozet2 Crozet Island muscie microsat

Crozet3 17/03/2004  lle Bourbon  Crozet Island tissue microsat cytb
Crozetd 26/03/2004  lle Bourbon  Crozet Island tissue microsat cytb
Crozets 16/01/2004  lle Bowrbon  Crozet Island tissue microsat cytb
Crozets 5/02/2004 fle Bourbon  Crozet Island tissue microsat cytb
Crozet? 289/01/2004  lle Bourbon  Crozet Island tissue microsat cytb
Crozets lie Bourbon  Crozet island fissue microsat cytb
Crozets 2/03/2004 lle Bourbon  Crozet island tissue microsat cytbh
CrozetiQ 24/01/2004  lie Bourbon Crozet island tissue microsat cytb
Crozet11 18/01/2004  lle Bourbon  Crozet Island tissue microsat

Crozeti2 23/01/2004  lle Bourbon  Crozet Island tissue microsat cytb
Crozeti3 lle Bowrbon  Crozet Island tissue microsat cytb
Crozetid 25/01/2004  lle Bourbon  Crozet island tissue microsat cytb
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Table A4: List of White-chinned Petrel samples used in genetic analysis from Antipodes

Sample 1D sgrant:"?‘ fg Location Sex r?;?éfs‘; Marker

Al 20/01/2003 Antipodes liver microsat cytb
AZ 21/01/2003 Antipodes blood microsat cytb
A3 18/02/2003 Antipodes blood microsat cytb
Ad 17102/2003 Antipodes blood microsat
A5 18/02/2003 Antipodes blood microsat cytb
AB 25/02/2003 Antipodes blood microsat cytb
A7 26/02/2003 Antipodes blood microsat oytb
A8 26/02/2003 Antipodes blood microsat cyth
AB 1/03/2003 Antipodes blood microsat cytb
A0 1/03/2003 Antipodes blood microsat cytb
A1 2/03/2003 Antipodes blood microsat cytbh
Al2 5/03/2003 Antipodes blood microsat cytb
A13 5/03/2003 Antipodes blood microsat
Ald 5/03/2003 Antipodes blood microsat cytb
A15 7/03/2003 Antipodes blood microsat cytb
Al8 8/03/2003 Antipodes blood microsat cytb
A7 9/03/2003 Antipodes liver microsat cytb

A18/011025  30/11/2000 Antipodes Female liver microsat cytb

A19/011042  26/11/2000 Antipodes Male liver microsat cytb

A20/011048 9/12/2000 Antipodes Male liver microsat cytb

A21/011049 2/12/2000 Antipodes Male liver microsat

A22/011050 9/12/2000 Antipodes Male liver microsat

A23011053 9/12/2000 Antipodes Male liver microsat cytb

A24/011054 5M12/2000 Antipodes Male liver microsat cytb

A25/011088  27/11/2000 Antipodes Male liver microsat cytb

AZB011059  27/11/2000 Antipodes Male liver microsat

A27/011353  17/12/2000 Antipodes Male liver microsat

A28/011354  17/12/2000 Antipodes Male liver microsat

A29/022802  16/11/2002 Antipodes Female liver microsat

A30/022800  14/11/2002 Antipodes Female liver microsat

A31/022907  14/11/2002 Antipodes Male liver microsat

A32/022909  14/11/2002 Antipodes Female liver microsat cytb

A33/022911 14/11/2002 Antipodes Male liver microsat

A34/022915  15/11/2002 Antipodes Maie liver microsat

A35/022919  14/11/2002 Antipodes Male liver microsat

ABB022921 16/11/2002 Antipodes Female tiver microsat

A3T/022929  14/11/2002 Antipodes Male liver microsat

A3B/033044  24/11/2002 Antipodes Male fiver microsat
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Table A5: List of White-chinned Petrel samples used in genetic analysis from Auckland

Island (Disappointment Island)

Sample 1D Date of sampling Location Sex Sample material Marker
Disd Auckland feather microsat cytb
Dis2 Auckland feather microsat
Dis3 Auckland feather microsat oyt
Dis4 Auckland feather microsat cytb
Diss Auckland feather microsat b
Uisé Auckland feather microsat oytb
Dis? Aucklang feather microsat
Dis8 Auckland muscie microsat cytb

AUM/R97 B/12/2000 Auckland Male fiver microsat
Al2M11012 5/12/2000 Auckland Female liver microsat

AUBO11013 8/12/2000 Auckland Mate fiver microsat cyth

AULIDTI014 8/12/2000 Auciland Male liver microsat otb

AUS/011033 48/12/2000 Auckland Male liver microsat

AUB/C11078 15/11/2000 Auckland Male liver microsat

AUT/011080 1711172000 Auckland Female fiver microsat

AUB/O11081 1711172000 Auckland Male liver microsat

AUs/011082 18/11/2000 Auckland Female liver microsat

AU10/011083 20/11/2000 Auckland Male liver microsat

AU11/011084 17A11/2000 Auckland Male liver microsat

AUT2/011085 2011172000 Auckland Female liver microsat

AUT3/011086 20/11/2000 Auckland Male liver microsat

AUt4/011087 19/11/2000 Auckland Male liver microsat

AU15/011088 18/11/2000 Auckland Female liver microsat

AU16/011089 18/11/2000 Auckland Maie fiver microsat

AUTTO11080 20/11/2000 Auckland Baie fiver microsat cyib

AU1B/0110091 1744142000 Auckland Fermale liver microsat otb

AU18/011082 20/11/2000 Auckland Mate liver microsat ot b

AU20/011093 18/11/2000 Auckland Male fiver microsat oyt b

AUZ1/011004 2711172000 Auckland Female liver microsat

AU22/011087 15/11/2000 Auckland Male liver microsat cb

ALI23/D11088 2771112000 Auckland fiale fiver microsat ot b

AU24/011098 2771412000 Auckland Female fiver microsat cytb

AUZ5/011100 18/11/2000 Auckland Male tiver microsat cytb

AUZ26/011101 15/11/2000 Auckland Female fiver microsat o b

AUR7/011102 27/11/2000 Auckland Male fiver microsat

AU28/011103 181142000 Auckland Male fiver microsat

ALI29/011104 19/11/2000 Avuckiand Male tiver microsat

AU300T1105 19/11/2000 Auckiand Male fiver microsat

AUBT/011108 19/14/2000 Auckland Female fiver microsat

AU2/011107 19/11/2000 Auckland Male liver microsat

ALI33/011108 18/11/2000 Auckiand Male lver ricrosat

AU34/011108 19/11/2000 Aucktand Male liver microsat

AU3SO11110 19/11/2000 Auckland Male liver microsat

AUZBO11111 19/11/2000 Auckland Male liver microsat

AU3T11112 19/11/2000 Auckland Male tver microsat

AUBS/011113 19/11/2000 Auckland Male lver microsat

AU3S/M011114 17111/2000 Auckland Female fiver microsal

AL4ODT1115 272000 Auckiand tale fiver microsat

AU41/011118 Auckland Male fiver microsat

AU42/011117 Auckland Female fiver microsat

ALI43/011118 Auckland Male fiver microsat

AU4411120 Auckland Male liver microsat

AU45/011121 Auckland Female liver microsat

AU4B011126 Auckland Male fiver microsat

ALI47/011127 Auckland Female fiver microsat

ALI48/011128 Auckland Female fiver microsat

AU48/011131 Auckland Male liver microsat

AUS50/011241 Auckland Male liver microsat

AUS1011242 Auckland Male liver microsat

AUS2/011243 Auckland Male liver microsat cytb

AUS3N1131Y Auckland Male liver microsat

ALIS4/011312 Auckland Maie liver microsat

AUBS011313 Auckland Male Hver microsat

AUSE/011336 Auckland Female liver microsat

ALST/011339 Auckland Female fiver microsat cib

ALISB/0113458 Auckland Male liver microsat

ALESI022041 Auckland Male liver microsat

AUBDMN22042 Auckland Maie liver microsat

AUB1/022043 Auckland Female liver microsat

AUB2/022044 Auckland Male liver microsat cyth

AUB3022045 Auckland Male liver microsat

AUB4/022046 Auckland Male liver microsat

AUGS022047 Auckland Male Hver microsat
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Table A5 continued

Sample 1D Date of sampling Location Sex Sample material Marker
AUBB/DZ2048 Auckland Male liver microsat
AUBTIO22049 Auckland Male liver ricrosat
ALIB8/022060 Auckland Male liver microsat
ALIBY/022051 Auckiand Male liver microsat
AUT0/022052 Auckland Female liver microsat
AUT1/032930 Auckland Male liver microsat
ALIT2/032832 Aucidand Female fiver microsat oyt b
AUT73/032954 Auckland Female fiver microsat
ALIT4/032958 Auckland Female liver icrosat cyth
ALIT5/032870 Auckland Male liver microsat
ALITBO32872 Auckland Male fiver microsat
AUTTIO32974 Auckland Male fiver microsat
AUTBO32976 Auckland Male liver microsat
AUTR/032878 Auckland Male liver microsat
ALBOA32980 Auckland Fermale fiver microsat
ALB1/033004 Auckland Male liver microsat
AUIB2/033008 Auckland Male lver microsat
ALIS3/033008 Auckland Femnale liver microsat
AUB4/033014 Auvckland Male liver microsat
ALIB5/033016 Auckland Male liver microsat
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Table A6: List of White-chinned Petrel bycatch samples used in genetic analysis
Sample S[;?rtge)tif:g Fishery Location Vessel Sex :2?;2':] Marker

1 Hake Longline Fishery Cape Point tissue SNP

2 Hake Longline Fishery Cape Point tissue SNP

3 South African Tuna Fishery Dong Wong 618 Male tissue SNP

4 South African Tuna Fishery Dong Wong 620 Female tissue SNP

7 South African Tuna Fishery Dong Wong 632 Male tissue SNP

8 South African Tuna Fishery Dong Wong 633 Mala? tissue SNP

2 South African Tuna Fishery Dong Wong 618 Female? tissue SNP
13 South African Tuna Fishery Dong Wong 217 Female tissue SNP
16 South African Tuna Fishery Male tissue SNP
23 South African Tuna Fishery Dong Wong 217 Male tissug SNP
30 South African Tuna Fishery Dong Wong 635 Female tissue SNP
3 South African Tuna Fishery Dong Wong 635 Male lissue SNP
32 South African Tuna Fishery Dong Wong 635 Male tissue 8NP
33 South African Tuna Fishery Dong Wong 635 Female tissue ShP
35 South African Tuna Fishery Deng Wong 835 Male? tissue SNP
38 South African Tuna Fishery Dong Wong 217 Female tissue SNP
40 South African Tuna Fishery Dong Wong 217 Male tissue SNP
41 South African Tuna Fishery Dong Woeng 217 Female tissue SNP
42 South African Tuna Fishery Deng Wong 217 Male tissue SNP
43 South African Tuna Fishery Deng Wong 217 Male tissue SNP
44 South African Tuna Fishery Dong Wong 217 Male tissue SNP
81 South African Tuna Fishery tissue SNP
82 South African Tuna Fishery Dong Wong 632 Male tissue 8NP
86 South African Tuna Fishery Dong Wong 635 Male tissue SNP
87 South African Tuna Fishery Dong Wong 635 Male tissue SNP
88 South African Tuna Fishery Dong Wong 638 Female tissue SNP
89 South African Tuna Fishery Dong Wong 635 Male tissue SNP
92 South African Tuna Fishery Dong Wong 635 Female tissue SHNP
83 South African Tuna Fishery Dong Wong 635 Male tissue SNP
94 South African Tuna Fishery Dong Wong 635 Male tissue SNP
95 South African Tuna Fishery Dong Wong 635 Female tissue 8NP
96 South African Tuna Fishery Dong Wong 635 Male tissue SHP
268 South African Tuna Fishery Dong Woeng 635 Male tissue SNP
2867 South African Tuna Fishery Dong Wong 635 Female tissue SNP
270 South African Tuna Fishery Dong Wong 618 Female tissue SNP
271 South African Tuna Fishery Dong Wong 618 Male tissue SNP
273 South African Tuna Fishery Dong Wong 619 Female tissue SNP
274 South African Tuna Fishery Dong Wong 619 Female tissue SNP
276 South African Tuna Fishery Dong Wong 618 Female tissue SNP
277 South African Tuna Fishery Dong Wong 618 Female tissue SNP
278 South African Tuna Fishery Dong Wong 619 Male tissue SNP
278 South African Tunia Fishery Dong Wong 818 Female tissue SNP
280 South African Tuna Fishery Deng Wong 618 Female tissue SNP
283 South African Tuna Fishery Dong Wong 630 Female tissue SNP
284 South African Tuna Fishery Dong Wong 630 Male tissue SNP
299 South African Tuna Fishery Saxon Male? tissue SNP
300 South African Tuna Fishery Dong Wong 635 Male? tissue SNP
302 South African Tuna Fishery Dong Wong 635 Female tissue SNP
303 South African Tuna Fishery Dong Wong 635 Male tissue SNP
304 South African Tuna Fishery Dong Wong 635 Male tissue SNP
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Table A6 continued
Sample SZ?:;‘;; Fishery Location Vessel Sex ri:'t:’r)i‘; Marker
305 South African Tuna Fishery Dong Wong 635 Male tissue SNP
306 South African Tuna Fishery Dong Wong 635 Female tissue SNP
307 South African Tuna Fishery Dong Wong 635 Male tissue SNP
308 South African Tuna Fishery Dong Wong 635 Female tissue SNP
309 South African Tuna Fishery Dong Weng 635 Female tissue SNP
311 South African Tuna Fishery Dong Wong 835 Male tissue SNP
312 South African Tuna Fishery Dong Wong 635 Male tissue SNP
313 South African Tuna Fishery Dong Wong 635 Male tissue SNP
314 South African Tuna Fishery Dong Wong 635 Female tissue BNP
315 South African Tuna Fishery Dong Wong 635 Female tissue SNP
317 South African Tuna Fishery Dong Wong 635 Male tissue SNP
318 South African Tuna Fishery OrYung 731 Male lissue SNP
320 South African Tuna Fishery Or Yung 731 Female tissue SNP
324 South African Tuna Fishery Female tissue SNP
3a8 South African Tuna Fishery Dong Wong 630 Female tissue SNP
399 South African Tuna Fishery Dong Wong 630 Male tissue SNP
400 South African Tuna Fishery Dong Wong 630 Male fissue SNP
401 South African Tuna Fishery Dong Wong 630 Male tissue SNP
411 South African Tuna Fishery Dong Wong 630 Female tissue SNP
412 South African Tuna Fishery Dong Wong 830 Male tissus SNP
413 South African Tuna Fishery Deng Wong 630 Male tissue SNP
415 South African Tuna Fishery Deng Wong 630 Male tissue SNP
1045 South African Tuna Fishery Atalanta Male tissue SNP
1046 South African Tuna Fishery Atalanta Male tissue SNP
1047 South African Tuna Fishery Dong Wong 635 Male tissue SNP
1054 South African Tuna Fishery Dong Wong 622 Female tissue SNP
1080 South African Tuna Fishery Dong Wong 217 Male tissue SNP
1088 South African Tuna Fishery Tonina 3 Male fissue SNP
1086 South African Tuna Fishery Tonina 3 Male fissue SNP
1087 South African Tuna Fishery Tonina 3 Male tissue SNP
1088 South African Tuna Fishery Tonina 3 Female tissue SNP
1080 South African Tuna Fishery Dong Wong 632 Male tissue SNP
1091 South African Tuna Fishery Dong Wong 632 Male tissue SNP
1092 South African Tuna Fishery Dong Wong 832 Male tissue SNP
1 2611011888 gouth African Tuna Fishery Chung Yong 62 Female muscle microsat SNP
2 13022001 marion Toothfish Fishery Koryo Maru muscle microsat
3 9/03/2001 Marion Toothfish Fishery Koryo Maru muscle microsat
4 10/10M998  gouth African Tuna Fishery Chung Yong 62 Male muscle microsat SNP
5 810212001 marion Toothfish Fishery Koryo Maru Female muscle microsat SNP
[ Jun-00 South African Tuna Fishery Prinz Willerm1 muscle microsat eyt
7 120212001 parion Toothfish Fishery Koryo Maru Male muscle microsat SNP
8 15032001 parion Toothfish Fishery Karyo Maru Female muscle microsat SNP
9 10/03/2001  parion Toothfish Fishery Koryo Maru muscle microsat
10 810272001 marion Toothfish Fishery Koryo Maru muscle microsat cyth
11 13/02/2007  marion Toothfish Fishery Koryo Maru Female muscle microsat SNP
12 1711041999 gouen African Tuna Fishery Chung Yong 62 Male muscle microsat SNP
13 13722001 Marion Toothfish Fishery Koryo Mary muscle microsat
14 7HO3/2001  Marion Toothfish Fishery Koryo Maru Male muscle  microsat SNP
15 10/08/2001  pgarion Toothfish Fishery Koryo Maru Male muscle microsat SNP
16 410512001 South African Tuna Fishery Anneliese muscle microsat SNP
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Table A8 continued

Sample S{Zamtsii(;fg Fishery Location Vessel Sex i:g‘:i‘:l Marker
17 28/0872001  gouuh African Tuna Fishery hepaki] musele  micrasat SNP
18 8/02/2001 South African Tuna Fishery ‘ Prinz Willem1 muscle  microsat oyt
19 1871012001 south African Tuna Fishery Amoria muscle  microsal SNP
22 2/0812001 South African Tuna Fishery 34*11'S 17"98'E P. Mullins PDA muscle  microsat SNP
23 26/08/2002  gouth African Tuna Fishery Canna muscle  microsat SNP
24 24/08/2002  south African Tuna Fishery Agulhas Bank T.V. Trirte muscle  microsat SNP
25 1610912002 gouth African Tuna Fishery 29707'S 34*49'E muscle  microsat SNP
26 28/09/2002 South African Tuna Fishery T.V. Thinte muscle microsat cytb
27 14/08/2002 South African Tuna Fishery g,:gfnna o muscle microsat SNP
28 16/09/2002  goth African Tuna Fishery 29"07'S 34*50°E muscle  microsat SNP
2g 16/09/2002 South African Tuna Fishery 20*07'S 34*50'E muscle microsat
30 15/08/2002  south African Tuna Fishery 29°07'S 3450 Allison muscle,  microsat SNP
31 160972002 south African Tuna Fishery 29°07'S 34*S0°E Qusele  microsat SNP
32 2002 South African Tuna Fishery muscle  microsat
33 2002 South African Tuna Fishery muscle  microsat SNP
34 2002 South African Tuna Fishery muscle microsat SNP
35 2002 South African Tuna Fishery muscle  microsat SNP
36 2002 South African Tuna Fishery muscle microsat SNP
37 2002 South African Tuna Fishery muscle  microsat SNP
38 20191896 Marion Toothfish Fishery 46*1'S 37*3TE muscle  microsat SNP
39 22/131896  Marion Toothfish Fishery 48*18'S 37°22E muscle  microsat SNP
40 23111998 Marion Toothfish Fishery 46719'S 3725 muscle  microsat SNP
41 2511171996 Marion Toothfish Fishery 45*17'S 37*32E muscle microsat cvl b
42 25/11/1996 Marion Toothfish Fishery 46*17'S 37°32°E muscle microsat cylb
43 12/03/1996 Marion Toothfish Fishery 46*16'S 37*32E muscle microsat cytb
44 12/08/1996 Marion Toothfish Fishery 46°21'S 38*29E muscle microsat oytb
45 1411211996 pparion Toothfish Fishery 47°02'S 37°56°E muscle  microsat SNP
47 17/12/1996 Marion Toothfish Fishery A7*06'S 37"53'E muscle microsat
653 liver microsat
€54 liver microsat
855 liver microsat
856 NZL Male liver microsat SNP
657 NZL Male fiver microsat SNP
679 NZL Male liver microsat cytb SNP
759 NZL Female fiver microsat  ctb  gnp
760 NZL Male fiver microsat cytb SNP
761 NZL Male fiver microsat SNP
762 NZL Female fiver micrasat SNP
878 NZL Male fiver microsat SNP
879 liver microsat
880 NZL Female fiver microsat SNP
11478 NZL Female  tssue SNP
33087 NZL Male tissue SNP
33089 NZL Male tissus SNP
33081 NZL Male tissue SNP
33083 NZL Male fissue SNP
33095 NZL Male tissue SNP
33097 NZL Male tissue SNP
33099 NZL Male lissue SNP
33101 NZL Male tissue SNP
33103 NZL Mate tissue SNP
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Table A8 continued

Sample Sg;;::ﬂi(:g Fishery Location Vessel Sex ;:?;‘:::; Marker
33105 NZL Male tissue SNP
33107 NZL Female  lissue SNP
33109 NZL Male tissue SNP
567 NZL Female  fissue SNP
568 NZL Male lissue SNP
569 NZL Male tissue SNP
570 NZL Male tissue SNP
867 NZL Female  fissue SNP
8668 NZL Male tissue SNP
869 NZL Female  tissue SNP
11465 NZL Female  lissue SNP
11470 NZL Male tissue SNP
11472 NZL Mals tissue SNP
11625 NZL Male tissue SNP
11627 NZL Male tissue SNP
11628 NZL Male lissue SNP
11629 NZL Mals tissue SNP
11630 NZL Female  tissue SNP
11644 NZL Female  fissue SNP
11646 NZL Male tissue SNP
11647 NZL Male tissue SNP
11648 NZL Male tissue SNP
22505 NZL Male tissue SNP
22552 NZL Male tissue SNP
22553 NZL Male tissue SNP
22688 NZL Male tissue SNP
22753 NZL Male tissue SNP
C1/000685 111211999 Chatham Rise Female liver microsat cyth
€2/000687 1112/1999 Chatham Rise Maile liver microsat
C3/022175 181172001 Chatham Rise Male liver microsat
41022190 2071172001 Chatham Rise Male liver microsat
C5/022205 14/11/2001 Chatham Rise Male liver microsat
61022210 1411112001 Chatham Rise Male liver microsat cytb
C71022250 261142001 Chatham Rise Female liver microsat cytb
8022255 26/11/2001 Chatham Rise Male liver microsat cytb
C8/022260 2611172001 Chatham Rise Male liver microsat cytb
C10/022265 20/11/2001 Chatham Rise Male liver microsat cytb
C11/022271 181112001 Chatham Rise Male liver microsat cyth
C12/022275 181142001 Chatham Rise Male liver microsat cyth
C13/022285 1741172001 Chatham Rise Male liver microsat cytb
C14/022380 10/12/2004 Chatham Rise Male fiver microsat cytb
C15/022380 26/11/2001 Chatham Rise Male liver microsat cytb
16022400 26/11/2001 Chatham Rise Male liver microsat
C17/980406 19/11/1998 Chatham Rise Male liver microsat
C18/880448 2311171998 Chatham Rise Male liver microsat




CHAPTER 5

GIANT PETREL PHYLOGEOGRAPHY

SUMMARY

There are two species of giant petrels, (Macronectes) both of which are endangered
mainly because of longline fishing. Species status of the two forms has been debated,
and it has been concluded that their divergence is recent. In addition, the specific status
of several northerly colonies, remain unclear, although they are generally associated
with the Southern Giant Petrel (M. giganteus). This Chapter used mitochondrial
cytochrome b DNA sequences and microsatellite diversity to assess their evolutionary
history and phylogeography. Cytochrome b sequences confirmed that species
divergence is indeed recent, with a low sequence divergence (0.78%). Northern Giant
Petrels (M. hall) form a monophyletic group, but the Southern Giant Petrel is
paraphyletic, with a clade basal to both Northern Giant Petrels and most Southern Giant
Petrel haplotypes confined to the South Indian Ocean. However, preliminary
microsatellite analysis shows complete nuclear segregation between the two species,
indicating gene flow is largely confined to within currently-defined species. The Falklands
population belongs to the Southern Giant Petrel clade and is monophyletic with colonies
found in Patagonia and the southwest Atlantic. The Gough colony is separated from this
group by high allele frequency differences at microsatellite loci, as well as being
divergent at cytochrome b. Birds breeding on Gough belong to the Southern Giant
Petrel, but are different enough to warrant further investigation. Microsatellite analysis
shows that within both species further population differentiation occurs. Mismatch
distribution analysis shows population expansions in both species. Phylogeography
indicates that speciation and clade formation could be due to past refugia and later
expansion events.
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INTRODUCTION

Separate species status for the two giant petrels (Macronectes) was originally
suggested in 1966 by Bourne and Warham on the basis of morphological and
behavioural differences as well as evidence of sympatric breeding on Macquarie
Island without hybridization. Subsequent studies have found occasional
hybridisation (Voisin and Bester, 1981; Hunter, 1983, 1987) on at least South
Georgia and Marion Island (Hunter, 1983; Cooper et al., 2001), and hybrids are
known in South Georgia (Brooke, 2004) with some mixed pairs returning to breed
in successive seasons, successfully raising chicks (R. Phillips, personal

communication). The viability of these hybrid offspring is unknown.

Studies investigating the phylogeny of Procellariiformes subsequently treated
them as two separate species (Nunn and Stanley, 1998; Kennedy and Page,
2002). Penhallurick and Wink (2004) analysed cytochrome b sequences and
concluded that the sequence divergence of 0.61% between the two taxa was
insufficient to retain species status, given interbreeding (but see Rheindt and
Austin, 2005). Debate has been ongoing as to the validity of separate species
status. BirdLife International (2006) consider the two forms of giant petrel as two
separate species, but the Taxonomic Working Group to the Advisory Committee
of the Agreement on the Conservation of Albatrosses and Petrels (ACAP -
available online at www.acap.aq) has included them on their list for review in

their next meeting.

The two species breed sympatrically on several islands including South Georgia,
Marion Island, Crozet and Macquarie. Most Northern Giant Petrel (M. halli)
colonies are concentrated around New Zealand (Figure 5.1a), whereas Southern
Giant Petrels (M. giganteus) are concentrated in the Atlantic sector of the
Southern Ocean (Figure 5.1b). Gough Island is the colony furthest north and the
identity of the birds breeding on this island and Falklands has been debated
(Voisin and Bester, 1981; Penhallurick and Wink, 2004) and remains unclear

(Brooke, 2004). Originally they were referred to as Northern Giant Petrels
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(Bourne and Warham, 1966). Subsequent observations showed that the birds
breeding on Gough have several features that differentiate them from other giant
petrels (Voisin and Bester, 1981), including smaller size and darker colouration
than typical Southern Giant Petrels, and their chicks often resemble those of
Northern Giant Petrels. Furthermore, birds on Gough build nests in sheltered
rather than open places. Voisin and Bester (1981) considered them Southern
Giant Petrels, but suggested subspecies status for them as they differed from
other Southern Giant Petrels except birds breeding on the Falklands.

The IUCN Red List status of M. giganteus is vulnerable and the status
decreasing; the world population count in 2003 was 36,000 breeding pairs
(Sullivan, 2003). A total of 2000-4000 giant petrels are estimated to have been
killed in illegal or unregulated Southern Ocean longline fisheries for Patagonian
toothfish, Dissostichius eleginoides, in 1997-1998 (BirdLife-International, 2006).
In 2001 the total estimate for total seabird bycatch had increased from 32800-
85800 to 36300-90100 (Tuck et al., 2003) leading to the assumption that the
bycatch numbers of giant petrels killed also increased. Other decreases have
been afttributed to human disturbance and persecution (such as extirpation of
giant petrels on Tristan following human settlement), as well as the reductions in
southern elephant seal Mirounga leonina, which present an important source of
carrion. The international status for M. halli is near threatened (lower risk) and
the species is protected in most waters. The estimated global population consists
of 7000-12000 breeding pairs and the status of the species is decreasing (see
ACAP (2006) and Sullivan, 2003).

The primary aim of this Chapter is to investigate the phylogeography of the giant
petrels. Species status had previously been investigated using one cytochrome b
sequence per species from Marion island (Nunn and Stanley, 1998). Here, more
extensive sampling throughout the range of the giant petrel was used to attempt
to solve the current ambiguity surrounding their taxonomic status and to

investigate geographic genetic variation. The species association of the two
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breeding colonies on Gough and Falklands 1s investigated using cytochrome b
sequences, and microsatellite DNA is used n a preliminary study lo investigate

finer scale population structure and gene flow within the two species

Figure 5.1: Map showing the distribution and breeding locations (cireled) of the Northern
Glant Petrel (A) and Southern Giant Petrel {(B)
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MATERIALS AND METHODS

Giant petrel samples

Samples were collected mostly from chicks (except Marion Island where non-
breeding adults were sampled) at colonies by various collaborators (a list of
individual and colony information is provided in the appendix): Scott Dreischman
and David Oehler (Isla Noir), Flavio Quintana (Staten Island, Isla Arce and Gran
Robredo), Markus Ritz (King George), Richard Phillips (Falklands and South
Georgia), Richard Cuthbert and Peter Ryan (Gough), Peter Ryan (Marion Island),
Graham Robertson (Heard), Henri Weimerskirch (lles Crozet and Kerguelen),
Rosemary Gales (Macquarie), Brian Bell (Chatham lIslands), David Thompson
(Campbell), and Kath Walker (Auckland and Antipodes). Samples for cytochrome
b analysis were as follows for the Southern Giant Petrel: Isla Arce (5), Isla Noir
(5), Staten Island (4), Gran Robredo (4), South Georgia (5), lles Crozet (10),
Marion Island (10), Falklands (10), Gough (7), South Shetland (King George, 4),
Heard Island (1), and Macquarie (9). For the Northern Giant Petrel the following
sampleé were sequenced: Antipodes (5), Auckland Island (Adams, 4 and
Enderby, 4), Campbell Island (5), Chatham Island (5), Macquarie (5), lles Crozet
(5), Marion Island (5), Kerguelen (7) and South Georgia (6). Microsatellite
analysis was preliminary and thus did not include all colonies. The following
colonies were genotyped for the Southern Giant Petrel: South Georgia (23),
Gough (20), lles Crozet (26), Falklands (30), Macquarie (23), and Gran Robredo
(20). For the Northern Giant Petrel individuals from South Georgia (32), lles

Crozet (25) and Chatham Islands (30) were genotyped at six microsatellite loci.

PCR and sequencing cytochrome b DNA

Internal primers to the Macronectes spp. cytochrome b gene were designed by
searching for conserved regions in a comparison of two sequences of
Macronectes giganteus (GenBank accession numbers AF076060 and U48941)
and one sequence of M. halli (GenBank accession number AF076061). Primers
for polymerase chain reaction (PCR) were designed using DNAMan version 4.13
(Lynnon BioSoft): GPcytbF (5" GCC TAA TAA CCC AAA TCC TAA CCG 3’) and
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GPcytbR (5 GCC GAT GAT GAT GAA TGG ATG 3') starting at 122 bp of the
published Macronectes cytochrome b sequence and ending at 1056 bp providing
a 935 bp fragment. Seventy-seven samples were sequenced with both forward
and reverse primers to test for accuracy of sequence data collection.

Cytochrome b analysis

Genetic diversity was measured for the Southern and Northern Giant Petrels
using haplotype diversity (Hd), which measures the number and frequency of
different variants at a locus and nucleotide diversity (1), which is the weighted
sequence divergence between individuals in a population, regardiess of the
number of haplotypes (Table 5.2).

Time of expansion can be estimated with the statistic Tau where t (time of
expansion in generations) equals Tau (1) divided by two times mutation rate (u).
The mutation rate was estimated with the formula u = pk, where y is the mutation
rate per nucleotide and k the number of nucleotides essayed (Rogers and
Harpending, 1992; Qu et al, 2005) Generation time is difficult to estimate in
giant petrels as these birds are long-lived. Banding has shown that birds can live
up to forty years and one can expect them to active breeders up to this time.
Average age of first breeding is approximately ten years (BirdLife-International,
2006), therefore a more conservative generation time of twelve years was used
in calculations.

Microsatellite genotyping with fluorescently labelled primers

Fluorescent genotyping was used for the two giant petrel species, Macronectes
giganteus and M. halli. The following loci were used for both species, Paequ3
and Paequ4 (Techow and O'Ryan, 2004, Chapter 2), De11, Dc16 and Dc26
(Burg, 1999); De37 was used to genotype the Southern Giant Petrel and Dc5 to
genotype the Northern Giant Petrel as the loci were found to be polymorphic in
one but not the other species (Burg, 2000). Genomic DNA was amplified in 10ul
reactions using an Applied Biosystems GeneAmp® PCR System 2700. The
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forward primer of each pair was labelled with fluorescent dye. Optimum
annealing temperatures and MgCl, concentrations are listed in Table 5.1.
Reactions contained 1.25 yM of each primer, 200 pM dNTP, 0.25 U/ul Taq
polymerase (GoTaq® Flexi DNA Polymerase, Promega), the optimum
concentration of MgCl,, 1x Promega GoTaq reaction buffer and 70-300 ng of
DNA. Cycling conditions were as follows: 94°C for 45 sec, T, for 45 sec, 72°C for
1 min for 30 cycles and a final extension at 72°C for 5 min. PCR products were
run on an ABI 373 Sequencer. Each lane contained Rox350 (ABI) as standard,
and if possible two loci were combined and run together. Lanes were analysed

using ABl GeneScan Software version 1.2.

Table 5.1: Delails of microsatellite loci including repeat type; bp base pairs of PCR
products; MgCl, concentration of Magnesium Chiloride used in the reaction.

Locus bp (SGP) bp (NGP) T, MgCl,

Paequ3 234-256  240-256 55 1.5

Paequ4 249-265 247-261 58 1
De11 188-204 188-202 53 1
Dc16 109-119  109-117 58 1
Dc26 184-200 186-188 53 1
De37 211-219 217 5 1.5
Dc5 173 * 1

* PCR conditions for Dc5 were as in Burg (2000) with two annealing temperatures: T,y 60°C and
Ta2 50°C
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RESULTS

Cytochrome b analysis

A 935 bp fragment of the mitochondrial cytochrome b gene was amplified of
which 752 bp were analysed. The 752 bp fragment was aligned to the published
full sequence of the gene (AF076060) and aligned from 185 bp to 936 bp. A total
of 125 sequences was analysed. Over all sequences 23 polymorphic sites with
24 mutations were identified with 16 parsimony informative sites comprising 22
haplotypes (Table 5.2). No insertions or deletions were observed. The transition
to transversion ratio was 22:2 with both transversions among Northern Giant
Petrels. Nineteen mutations were synonymous and five non-synonymous and
most substitutions were made at the 3™ codon position. Average base
composition was biased with a deficiency of guanine (G 13.9%, A 26.8%, T
26.6%, C 32.7%).

Table 5.2: Cytochrome b diversity indices calculated for both species of Giant Petrel
and combined.

Southern Giant Northern Giant

Petrel Petrel Total
Sample size (number of colonies) 74 (12) 51 (9) 125 (21)
Number of haplotypes 13 g 22
Number of polymorphic sites 16 8 24
Number of mutations 16 8 24
Number of parsimony informative sites 11 5 16
Transition: Transversion 16:0 6:2 222
Synonymous changes 13 & 19
Non-synonymous changes 3 2 5
Substitutions in:
1st codon 2 1 3
2nd codon 1 1 2
3rd codon 13 6 19

Haplotype diversity (Hd) was similar for the Southern Giant (0.78 + 0.0014) and
the Northern Giant Petrels (0.73 + 0.05). This is reflected in the number of
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haplotypes found in both species, with 13 haplotypes in the Southern Giant
Petrel and nine in the Northern Giant Petrel. Nucleotide diversity (1) differed
slightly with 0.005 + 0.0006 for the Southern Giant Petrel and 0.002 + 0.0003 for
the Northern Giant Petrel. The relationship of haplotype diversity to nucleotide
diversity can be used to interpret the demographic history of a population (Grant
and Bowen, 1998). High Hd (>0.5) and high 1 (>0.5%) such as in the Southern
Giant Petrel describes a population with a stable history and secondary contact
between lineages. However, high Hd and low 1 (<0.5%) such as for the Northern
Giant Petrel, indicates a population that has undergone a bottleneck or founder
event, followed by rapid population growth and mutation accumulation. The
average number of nucleotide differences (k) for the Southern Giant Petrel was
3.8 and for the Northern Giant Petrel 1.5. This shows that although a similar
number of haplotypes was found in both species, more nucleotide differences
were found between haplotypes in the Southern Giant Petrel. Only one fixed
mutational difference was found between the two petrel species and the two
closest haplotypes from each 'species were separated by only this fixed
difference (Figure 5.2). There was one shared haplotype (Table 5.3), one
Southern Giant Petrel from Marion Island was found to have the most common
haplotype found in the Northern Giant Petrel (gp1). Marion Island has both
species breeding sympatrically. Morphologically this bird appeared to be a
Southern Giant Petrel but it was a non-breeder and may have been misidentified.
Also, successful hybrids have been reported in giant petrels breeding on South
Georgia (Hunter, 1983, 1987) and Marion Island (Cooper et al, 2001). As it
would only be possible to test this by using a nuclear marker, for example
microsatellite DNA, this individual was excluded in diversity, AMOVA and Gsr
analysis as not to infroduce an error in calculations. The individual was included

on tree algorithms.
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The Marthern Giant Pelrel nelwork (Figure 5.2) 15 simple wilh most haplolypes
connected through one mutational difference and two commaon hapiolypes (gpl
and ngp3). The Southern Gianl Petrel haplolypes on the other hand have a more
complex network. The clade separated by three mutational differences conlains
three haplotypes exclusively found on Marion Island, lles Crozel and Macguarie,
The other clade contains the remaining haplotypes found in all other colonies
including three haplotypes found on lles Crozet and one haplotype found on both
lles Crozel and Maron Island. Sequence divergence belween species was
(.78% (uncorrected). A NJ ree was rooted with bolh Fulmar species. Fufmarus
glacialis and F. glacialoides. as thesc have been previously identified as the
closest taxa to the giant petrels {Munn and Stanley, 1998). Narthern Giant Pelrels
formed a monophyletic clade, whereas the Southern Giant Petrel was
paraphyletic, with one clade {(sgpMach, sgpd4 and sgpMar8) basal o boih
Morthern Giant Petrels and most Southern Giant Petrel haplotypes confined to
the South Indian Ocean. Trees were construeted using WNJ, Bayesian and MP
methods (Figures 5.3-5). All three algorithms showed the same well supported
three groups identified with the MSN. Only the NJ and Bayesian tree are
presented here as they have the strongesl branch support. Both species are
sympatric al some islands, butil is noleworthy that they do not form sister clades,
instead clustering with theirrespective species, Southern Giant Petrels form two
clades. One clade is formed by Southern Giant Petrels from lles Crozel, Marion
Island and Macguarie. A second clade consists of individuals from all remaining

colonies as well as some individoals from lles Crozet and Marion Island.

Within the Southern Giant Petrel (Table 5.4} Gsy values confirm the relationships
shown within trees. Birds from Gough Islands differed signilicantly from all other
colonies. Simitarly, Macguarie was genelically different to alt colonies except lles
Crozet. The MSN showed several haplolypes found on lles Crozet amongst Lhe
other clade, which is supported by non-significant differentiation if the lics Crozet
colony to Staten Island and Marign Island. All olher pairwise comparisons did not
signilicantly difter from zerg. Within the Neorthern Giant Pelrel, Gsr values {Table
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5.5) did not show any differentiation between the two colonies on Auckland
Island and therefore they were combined in analysis. Gsr did indicate some
differentiation between the other colonies, mainly between colonies in different
ocean basins, with the exception of Chatham Islands and Auckland, which were

differentiated.

Analysis of molecular variance (AMOVA) showed that 52.7% (Fst = 0.52,
p<0.0001) of variance could be explained between species, with 47.4% of
variance within species. No obvious groupings were suggested by either the
trees or MSN for the Northern Giant Petrel, and analysis of variance suggested
that 26.4% (Fst = 0.26, p<0.001) could be explained between colonies with the
majority of variance being within colonies (73.6%). Within Southern Giant Petrels,
the two clades result in a greater proportion of variance between colonies 51.4%
(Fst =0.51, p<0.00001). When the Southern Giant Petrel was divided into those
two clades, 84.1% (Fst = 0.84, p<0.00001) of variation was explained between
the two clades. |



Table 5.4: Southern Giant Petrel Ggr values between colonies. Values in bold are significant at p<0.05. Heard Island was excluded
as only one individual was sequenced. Samples sizes are shown in brakets.

Isla Arce Isla Noir Rgf‘e%o lsstf;r?g Falklands G};g%e Gse%Lrlyt;?a Gough ';';?arfg lles Crozet  Macquarie
(5) (5) ) @ (10) @) 5) 7) 10) (10) )
Isla Arce 0
isla Noir 0.25 0
Gran Robredo -0.26 0.39 0
Staten Island 0.10 0.08 0.10 0
Falklands 0.11 0.01 0.14 -0.15 o
King George 0.19 0 0.33 0 -0.03 0
South Georgia 0.17 0 0.25 0.04 0.03 -0.08 0
Gough 0.80 1 0.81 0.58 0.60 1 0.83 0
Marion Island 0.20 0.20 0.17 0.03 0.16 0.18 0.19 0.31 0
lles Crozet 0.44 0.44 0.41 0.25 0.39 0.40 0.43 0.41 0.07 g
Macquarie 0.96 0.88 0.96 0.88 0.88 0.98 0.97 0.88 0.54 0.24 0

Table 5.5: Northern Giant Petrel Ggrvalues. Values in bold are significant at p<0.05.

Gsé%l:g; a I:’lz;?; lies (Csr)ozet Kerg?elen Macquarie Auclg!and Can;spbel! Antipodes %2;‘::?
) 5) 7 (5) (8) (5) ®) )
South Georgia 0
Marion island 0.34 0
lles Crozet 0.41 0.08 0
Kergueten 0.06 0.04 -0.01 0
Macquarie 0.50 -0.09 0.41 0.23 0
Auckland 0.43 -0.11 0.25 0.15 -0.14 0
Campbell 0.56 0.13 0.60 0.35 0.00 0.03 0
Antipodes 0.44 -0.18 0.11 0.11 -0.14 -0.13 0.17 0

Chatham Islands 0.03 0.33 0.33 -0.086 0.56 0.45 0.64 0.44 0



Figure 5.2: Mimimum Spanning Network showing haplotypes found within the Southern and Northern Giant Pelrels For a key to
haplotypes please refer to Table 4 2 and the appendix. Haplotypes found in the Northern Giant Petrel are in red. Southern Giant
Petrel haplotypes are in black. The size of the circles is representative of the number of indwiduals that shared the haplotype.
which is also indicated in brackets after the haplotype name. the smallest circles show haplotypes represented by a single

individual
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Figure 5.3: Unrooted tree constructed from Bayesian Inference using haplotypes (Table
5.3) from both Giant Petrel species. Probability values are given indicating support for
the topology. The same topology was shown by trees constructed by Maximum
Parsimony. Green, Northern Giant Petrels. blue, Southern Giant Petrels, red, Southemn
Giant Petrels from lles Crozet, Marion Island and Macquarie.
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Figure 5.4 Neighbor Joining reconstruction of phylogenetic relationships and bootstrap values
(after 1000 replicates, only values above 50% reported) between haplotypes of the two giant
petrel species based on 752 bp of the mitochondrial cytochrome b gene and using Kimura-2-
Paramter as model. The tree is rooted on the two fulmar species Fulmarus glacialis and F.
glacialoides. Ciosed circles represent haplotypes found in the Southern Giant Petrel, open circles
represent haplotypes from the Northern Giant Petrel.
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Figure 5.5 shows mismatch distributions for both species. The Northern Giant
Petrel fits the model of a population expansion with both SSD and Harpending’s
Raggedness Index but does not deviate from Fu's Fs statistic of neutrality. The
statistic however, is negative, albeit not significantly different from zero. What this
indicates is that the expansion was relatively small. The Tau value shows a time
of expansion of 1.45 units of mutational time, which is recent. Similarly, the
Southern Giant Petrel also fits the model of expansion using SSD and r and with
a non-significant negative Fs statistic. The calculated Tau value indicates an
expansion at 9.27 units of mutational time, which is considerably older than the
one of the North?ern Giant Petrel. As two clades were identified in the Southern
Giant Petrel, the species was split into these clades. The clade comprising
haplotypes found exclusively on lles Crozet, Marion Island and Macquarie does
not fit the model of expansion using SSD and Fs. The raggedness index r shows
an expansion, but the calculated Tau value shows an expansion time of zero.
Therefore the null hypothesis of expansion was rejected. The remaining clade
however, fit the model of expansion with both statistics. Fu's Fs was negative but
still not different from zero. An estimated 1.52 units of mutational time were given

as time of expansion.

The general mutation rate for cytochrome b in birds has been estimated at 2%
per million years (e.g. Avise et al, 1987; e.g. Qu et al., 2005) but recent
estimates suggest it may be as little as 0.64% (Pereira and Baker, 2006).
Different mutation rates for Procellariiformes have been suggested (Nunn and
Stanley, 1998), but this has been contested (Lovette, 2004; Pereira and Baker,
2006). It was not possible to calibrate a molecular clock for giant petrels,
therefore estimated times of expansion are only crude. The original expansion of
Southern Giant Petrels is estimated to have occurred 3.7 to 12.3 myr ago; but
with the major radiation 06 — 2.0 myr, similar to the expansion of Northern Giant
Petrels 0.6 to 1.9 myr ago.



Figure 5.5: Mismatch distributions for the Northern Giant Petrel (A), Southern Giant Petrel (B), Southern Giant Petrel clade llas

Crozet/Manon Island/Macquarnie (C), and Southern Giant Petrel excluding previous clade (D).
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Microsatellite analysis

Six microsatellite loci were used to type 142 Southern Giant Petrels and 87
Northern Giant Petrels from six and three colonies, respectively. Dc5 had been
found to be polymorphic in the Northern Giant Petrel previously (Burg, 2000) but
was monomorphic in the three colonies genotyped in this study. Linkage
disequilibrium was tested for all pairs of loci within all colonies and overall. No
significant values were observed and thus all loci were included. Thirteen
colony/loci pairs deviated from Hardy-Weinberg equilibrium in the Southern Giant
Petrel (Table 5.6) even after sequential Bonferroni corrections, but only two in the
Northern Giant Petrel. For the Southern Giant Petrel this could not be improved
by grouping colonies according to clades identified with cytochrome b. Most of
these deviations were due to a positive Fis value suggesting an excess of
homozygotes. In all these instances heterozygosity was less than expected
under Hardy-Weinberg expectations. Reasons for this may include non-random
mating, overlapping generations and also the effects of genetic drift on small
populations. In this respect it is surprising that the smaller colonies of the
Northern Giant Petrel do not deviate from Hardy-Weinberg expectations. In the
Southern Giant Petrel, deviations from Hardy-Weinberg expectations together
with higher expected heterozygosity may indicate a Wahlund effect and thus finer
structure. Overall heterozygosity was low with the Southern Giant Petrel showing

the lesser heterozygosity of 0.33 as opposed to 0.44 of the Northern Giant Petrel.
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Table 5.6:; Estimate of the number of alleles (NMa), expected heterozygosity (Hg) and observed
heterozygosity (Ho), the probability of deviation from Hardy-Weinberg Equilibrium (HWE p) and
Fis for seven microsatellite foci in three colonies (N number of individuals sampled) of Northern
Giant Petrel and six colonies of Southern Giant Pelrel. Significant deviations from Hardy-
Weinberg expectations after Bonferroni corrections are marked with an asterix. Locus Dcb was
genotyped but monomorphic in both species and therefore excluded in the table.

Locus Overall
Paequ3 Paequd Detl Dcis Dc26 De37
Morthern Glant Petrel
South Georgia (N=32)
# of alleles 5 4 7 4 2 1 23
H 0.512
o 0.625 0.406 0.839 0.367 0.323 Monomorphic
He 0.498 0.348 0.795 0.374 0.451 0.493
(HWE)p  0.1288 1 0.336 0.768 0.222 0.457
Fis (W&C) 0.26 0.7 -0.055 -0.056 0.233 -0.064
Hles Crozet (N=25)
# of alleles 5 8 6 4 2 1 26
H . 0.423
o 0.5 0.48 0.76 0.375 0.04 Monomorphic
He 0.649 0.746 0.824 0.363 0.223 0.561
(HWE) p 0.149 0.012 0.029 1 0.007 0.001
Fis (W&C) 0.217 0.338 0.07 -0.144 0.786 0.201
Chatham Islands (N=30)
# of alieles 7 5 5 3 2 1 23
Ho 0.621 0.467* 0.621 0.333 0.367 ) 0.388
Monomorphic
He 0.835 0.720 0.704 0.297 0.446 0.600
(HWE) p 0.032 0 0.085 1 0.656 Highly Sign.
Fis (W&C) 0.247 0.356 0.12 -0.126 0.114 0.188
Total
# of alieles 8 8 8 5 2 1 32
Ho 0.582 0.295* 0.740 0.358 0.230 0.441
He 0.661 0.805 0.774 0.344 0.373 0.552
(HWE) p 0.015 Highly Sign. 0.026 0.997 0.031 Highty Sign.
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Table 5.6 continued.

Locus Ovarall
Paequ3 Paequd Dett Dete Dc26 De37
Southern Giant Petrel
South Georgia (N=23)
# of alleles 5 7 8 ] 3 3 30
Ho 0.261 0.857 0.696 0.870 0.087* 0.435 0.520
He 0.485 0.777 0.682 0.715 0.457 0.531 0.608
(HWE) p 0.025 0.447 0.462 0.011 0.000 0.666 Highly Sign.
Fis (W&C) 0.431 -0.166 -0.02 -0.222 0.8 0.116 0.088
Gough (N=20)
# of alleles 5 4 4 4 1 3 21
Ho 0.375" 0.263" 0.471 0.684 M . 0.053* 0.192
onomorphic
He 0.708 0.673 0.437 0.679 0.664 0.527
(HWE) p 0.001 0.0001 0.14 0.521 0 Highly Sign.
Fis (W&C) 0.478 0.615 -0.08 -0.009 0.923 0.423
Falklands (N=30)
# of alleles 4 7 7 2 2 4 26
Ho 0.375° 0.263 0.471 0.654 0.138° 0.053 0.240
He 0.742 0.673 0.437 0.509 1.322 0.714 0.733
(HWE) p 0.003 0.646 0.625 0.233 0.0002 0.081 0
Fis (W&C) -0.008 0.027 0.105 -0.292 0.704 0.068 0.086
fles Crozet (N=26)
# of alieles 6 8 9 5 3 5 38
Ho 0.269" 0.682 0.846 0.615 0.2 0.346 0.415
He 0.730 0.882 0.870 0.759 0.534 0.436 0.702
(HWE) p 0 0.013 0.136 0.021 0.002 0.119 Highly Sign.
Fis (W&C) 0.624 0.21 0.027 0.193 0.601 0.153 0.282
Maguarie (N=23)
# of alleles 5 6 7 6 3 4 31
Ho 0.4 0.476" 0.682" 0.55 0.1* 0.696 0.274
He 0.496 0.768 0.751 0.812 0.537 0.545 0.651
(HWE) p 0.041 0.004 0.003 0.102 0 0.026 0
Fis (W&C) 0.198 0.381 0.094 0.328 0.818 -0.351 0.256
Gran Robredo (N=20)
# of alleles 2 6 3 5 3 3 22
Ho 0.55 0.684 0.35 0.385* 0.2 0.55 0.356
He 0.512 0.683 0.353 0.831 0.531 0.612 0.587
(HWE) p 1 0.365 1 0.0002 0.005 0.248 0.001
Fis (W&C) -0.077 0.047 0127 0.54 0.502 0.103 0.204
Total
# of alleles 8 9 9 8 5 5 42
Ho 0.202* 0.414* 0.472* 0.567* 0.000 0.347* 0.333
He 0.612 0.742 0.588 0.717 0.563 0.584 0.635
(HWE)p  Highly Sign. ~ 0.000008  0.00933 £.0000 Highly Sign.  Highly Sign. Highly Sign.
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Within the Southern Giant Petrel colonies, Crozet showed the greatest number of
alleles (36) whereas Gough had the least (21) (Table 5.6). This was also
reflected in lles Crozet having the largest number of colony specific alleles (3).
Within the Northern Giant Petrel the number of alleles per colony was similar with
South Georgia having 22, lles Crozet 25 and Chatham Island 22, although again
lles Crozet had the largest number. For the Southern Giant Petrel, Crozet had
the largest number of colony specific alleles (4) with Chatham (2) following. In
comparison more private alleles were found in Northern Giant Petrel colonies
than in Southern Giant Petrel colonies. The Southern Giant Petrel had a four-fold
greater number of species-specific alleles than the Northern Giant Petrel. This
number mostly derives from one locus, De37, which is monomorphic in the
Northern Giant Petrel. It has been reported that some loci are fixed in the
Northern Giant Petrel, while being polymorphic in the Southern Giant Petrel
(Chapter 2, Burg, 2000).

Population structure is reflected in Fsr and Rgr values (Table 5.7) both within and
between species. Within the Northern Giant Petrel both Fgr and Rst show
significant values between all three colonies, however there is no correlation
between the two statistics (Mantel test p=1). Gough had been identified in the
cytochrome b study as different to the remaining colonies. Both Fsr and Rsr
show highly significant differentiation with Rsy values being up to 10 times greater
than any other pairwise comparisons, thus confirming this observation. In
addition the birds on Gough were identified as belonging to the Southern Giant
Petrel species, this was also evident in microsatellites as between species
comparisons were highest between Gough and any Northern Giant Petrel colony.
Within the Southern Giant Petrel no evidence of South Indian Ocean divergence
was found, which is in contrast to cytochrome b results. Surprisingly, seeing the
differences of significance between statistics, Mantel tests show a correlation
between them (p<0.05). Between species comparisons in both statistics are all
highly significant.
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Table 5.7: Matrix of pairwise Rgr values (above diagonal) and Ggr values (below
diagonal) for the Southern Giant Petrel (A) and Northern Giant Petrel (B). Values
significant at p< 0.05 are in bold. Within species colony values were calculated
separately to values comparing between species.

A

Macronectes giganteus - Southern Giant Petrel

Gran South .
Gough Robredo Falklands Georgia Crozet Macquarie
Gough 0.605 0.462 0.447 0.349 0.418
Gran Robredo 0.252 0.061 0.037 0.006 0.087
Falklands 0.212 0.067 -0.007 -0.015 -0.009
South Georgia  0.477 0.063 0.033 0.005 -0.021
Crozet 0.196 0.137 0.0703 0.073 -0.002
Macquarie 0.197 0.155 0.019 0.022 0.053
B
Macronectes halli - Northern Giant Petrel
South
Georgia Crozet Chatham is
South Georgia 0.0984 0.0642
Crozet 0.0477 0.0341
Chatham s 0.1159 0.0602

The principal component analysis at species level showed clear clustering of
colonies belonging to either species (Figure 5.7A). Noteworthy is that colonies
were not clustered according to geographic location but according to species
arrangement. When compared to the Northern Giant Petrel, Gough was the only
Southern Giant Petrel colony showing a negative value along the second axis
and was separate from all other colonies. Similarly when structure was
investigated at the individual level (Figure 5.7B), individuals of each species
clustered with each other rather than with individuals of the other species, except
two Southern Giant Petrels (Gough 57 and Gran Robredo 255), which clustered
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with the Northern Giant Petrel Further, within each species, additional clusters
were shown that did not correspond 1o colonies. Additional colonies need to be
genotyped to explain this pattern. Principal Component Analysis at the colony
level for each species showed Gough to be separate from all other Southemn
Giant Petrel colonies (Figure 5.8).

Figure 5.7: Factor map of the two main axes of the Principal Component Analysis
comparing the two Giant Petrel species: (A) colonies and (B) individuals of the Scuthern
Glant Petrel (red) and Norithern Giant Petrel (black)
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The Northern Giant Petrel showed no deviations from mutation-drift equilibrium,
but Southern Giant Petrels showed significant deviations as a species and for

each colony (Table 5.8), suggesting they have experienced recent bottlenecks.

Table 5.8: Deviation from mutation-drift equilibrium for Southern Giant Petrel colonies.
The occurrence of a recent bottleneck was tested for under the Infinite-allele model
(IAM) and Step-wise Mutation Model (SMM) as well as allele frequency distribution
(mode-shift or L-shaped distribution). Wilcoxon sign-ranked test was used as the
standardized differences test. Only significant values are shown.

. ; Allele
Colony Model P {2-tail test_ ff)r Hexcess p (1i-tail test for H frequency
or deficiency) excess) A
distribution
South Georgia  SMM 0.031
Gough mode-shift
Falklands 1AM 0.031 0.016
lles Crozet 1AM 0.039
Macquarie IAM 0.039

Gran Robredo 1AM 0.047 0.023 mode-shift
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DISCUSSION

Species status of the giant petrels

Gene trees are evolutionary reconstructions of the history and genetic variation of
single genes that have experienced little or no recombination. They have the
potential to bridge intra- and inter-specific evolution, at which point speciation
occurs, because haplotype trees may explore both genetic variation within
species and between closely related species (Templeton, 2001). However, there
is no theoretical basis for associating gene trees with population lineages (Avise,
2000). Recently evolved species present a problem for interpreting neutral
variation because lineage sorting is driven by genetic drift. Therefore the
equivalence between organismal and gene phylogenies, is dependant on time
(Spaulding et al., 2008). Thus there may be a lack of diagnostic lineage sorting
even in the presence of barriers to gene flow. Demographic events such as
expansions can preserve lineages and slow lineage sorting (Rogers and
Harpending, 1992). In this event, separate species may be detected by
differences in allele frequencies (Moritz, 1994). Using both mitochondrial and
nuclear data, therefore yields valuable insights otherwise lost to gene trees alone
(e.g. Oyler-McCance et al., 1999; Bench et al., 2006).

Southern and Northern Giant Petrels are phylogenetically distinct, but the
Southern Giant Petrel is paraphyletic, with one clade basal to the other Southern
Giant Petrel clade and to the Northern Giant Petrel using cytochrome b data.
However, nuclear microsatellite data shows clear separation of these two forms.
Evidence thus suggests that the Northern Giant Petrel evolved recently from one
Southern Giant Petrel lineage, which then expanded. Southern Giant Petrels
remained a cohesive nuclear gene pool, but retained ancestral mitochondrial
lineages. Molecular variance is significantly partitioned between species, but a
large percentage lies within species. No shared mitochondrial haplotypes were
found between the two species, with the exception of one bird caught on Marion
Island. This individual had the Southern Petrel typical morphology but had the
highest frequency haplotype of the Northern Giant Petrels. As hybrids have been
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described, this seems the most logical explanation, but this bird could also have
been misidentified. One fixed mutational difference was found between the two
species. Sequence divergence was 0.78%, greater than the previous estimate
(Penhallurick and Wink, 2004). The lack of shared haplotypes and the presence
of one fixed mutation, however does suggest, that there is no female gene flow
between species. Giant petrels sampled on islands where the two species occur
sympatrically clustered with their respective species, not with each other,
suggesting there is little if any gene flow. This should be interpreted with some
caution, though, because sample sizes within colonies were low. Support for
separate species status is given by the consistent separation through Minimum
Spanning Network and Ggr values of both genetic markers. The occurrence in a
coding gene of transitions in 1% and 2" codon positions and thus non-
synonymous changes as well as the presence of two transversion in the
cytochrome b gene in the Northern Giant Petrel indicates that enough time has
passed for these to occur between species. In addition, morphological

differences and reproductive isolation exists (Hunter, 1987).

An approach used in taxonomy is to compare the genetic distances to ‘good’
species within the same group or family. Cytochrome b was used to separate
Manx Puffinus puffinus and Mediterranean Shearwaters P. yelkouan given a
sequence divergence of 6.6% (Wink et al., 1993). A subsequent study further
divided Mediterranean Shearwaters into Yelkouan and Balearic Shearwaters P.
mauretanicus based on a sequence divergence of 1.6% and more than 10 fixed
differences (Genovart et al., 2005). A 1% difference between two colour morphs
of the Herald Petrel (Pterodroma heraldica) was found in addition to differences
in vocalisations, and the authors recommended species status for both forms
(Brooke and Rowe, 1996). Similarly, | found six fixed differences and a sequence
divergence of 1.7% between the White-chinned and Spectacled Petrels and thus
support their separate species status (Chapter 3). The sequence divergence of

0.78% found between the two giant petrel species is considerably lower.
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However, the presence of mechanisms for reproductive isolation as well as

distinct morphological features argues for maintaining species status.

The British Ornithologists’ Union guidelines for assigning species rank to bird
species ask two questions: i) are the taxa diagnosable and ii) are they likely to
retain their genetic and phenotypic integrity in the future (Helbig ef al., 2002, p.
519)? These guidelines have been adopted by ACAP and encompass the
General Lineage Concept (de Queiroz, 1999). Species delineations in petrels and
albatrosses are often difficult as different populations or colonies mostly do not
come into contact because their strong the philopatry. In addition, both petrels
and albatrosses show unusually low levels of genetic divergence (Nunn ef al.,
1996; Nunn and Stanley, 1998, Penhallurick and Wink, 2004), which reduces the
power of genetic analysis to resolve taxonomic uncertainties in closely related
species (Burg and Croxall, 2001, Abbott and Double, 2003; Burg and Croxall,
2004).

Giant petrels qualify on both of the above-mentioned criteria. Individuals of the
Southern and Northern Giant Petrel can be diagnosed by one or more qualitative
differences in the fixed differences of cytochrome b sequences. In addition
individuals can be identified by a combination of two or more functionally
independent characters through differences in plumage and bill colour.
Reproductive isolation can be tested in the giant petrels as both forms occur
sympatrically on some islands and it is shown here that individuals breeding
sympatrically cluster with individuals of their species and not with individuals of
the other species. In addition, nuclear microsateliite allele frequencies are
markedly different in the two forms. Hybridization has been observed on South
Georgia and Marion Island but frequencies are low (Hunter, 1983) and
hybridisation to some degree has been allowed even in the biological species
concept (O'Brien and Mayr, 1991; Mayr, 1992) as low frequencies of
hybridisation are unlikely to cause gene pools to merge (Helbig ef al., 2002).

Although speciation has occurred recently (estimated around 0.39 to 1.2 myr
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ago), future integrity can be assumed as reproductive isolation mechanisms have
been formed. Thus all the data from this study are consistent with two separate

giant petrel species being recognised and conserved.

Evolutionary history

Mismatch distributions of the giant petrels identified two expansions in the
Southern Giant Petrel, one old (3.7 — 12.3 myr ago) and the other more recent
(0.6 — 2.0 myr years ago), occurring at the same time as the expansion in the
Northern Giant Petrel, the caveat being that this lineage does not have a
calibrated molecular clock. This seems to indicate that the Southern Giant Petrel
experienced fragmentation perhaps through climatic changes. It has been argued
that the pattern shown within a mismatch distribution may also be indicative of a
bottleneck or founder event (Slatkin and Hudson, 1991; Rogers and Harpending,
1992; Rogers et al., 1996) and the two are hard to distinguish. This expansion
was followed by secondary contact of the two clades of Southern Giant Petrel as
shown by haplotypes geograbhically overlapping even though one clade has a
high sequence divergence (1.1%) towards the other. Nuclear data indicates
ongoing gene flow between these two clades indicating that although population
differentiation exists, no isolation mechanisms have formed despite historical
separation. At the same time, one Southern Giant Petrel clade was separated
long enough to form isolating mechanisms as well as morphological adaptations,
so that when the two forms came into contact as shown in islands on which the
two forms occur sympatrically, barriers to gene flow existed forming the Northern
Giant Petrel.

Several lines of evidence suggest that Southern Giant Petrel was the founding
species: it has a greater diversity within both cytochrome b and microsatellites
and a greater number of alleles as well as more private alleles. Overall
heterozygosity was higher in the Northern Giant Petrel, but this should be viewed
with caution, because fewer colonies were genotyped for microsatellite DNA.

One locus polymorphic in the Southern Giant Petrel was monomorphic in the
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Northern Giant Petrel. Microsatellite data also showed the greatest number of
alleles in lles Crozet. Allelic diversity is thought to be an indicator of bottlenecks
or founder effects as low frequency alleles are often lost in founder populations
due to genetic drift in small populations (Nei ef al., 1975). This effect is found in
the low genetic diversity of the Northern Giant Petrel. With the exception of a few
private alleles most alleles are a subset of the Southern Giant Petrel. However,
investigation of recent bottlenecks also showed that all colonies of the Southern

Giant Petrel have experienced reductions in population sizes.

Within species structure

Most Northern Giant Petrels colonies are concentrated around New Zealand and
the Indian Ocean, whereas most Southern Giant Petrel colonies are concentrated
in the Atlantic and Indian Ocean sector of the Southern Ocean. The identity of
birds breeding on Gough, the colony furthest north (giant petrels previously bred
further north at Tristan da Cunha, but was extirpated in the 19" century) as well
as birds breeding on Falklands hés been debated (Voisin and Bester, 1981;
Penhallurick and Wink, 2004). Genetic analysis indicates that the birds breeding
on Gough indeed belong to the Southern Giant Petrel. However, cytochrome b
(Table A4, appendix) and especially microsatellite DNA analysis show the colony
to be differentiated from the other colonies within the Southern Giant Petrel. As
the colony is small (ca. 260 pairs, PG Ryan personal communication) and
geographically apart from the others, the data suggest that gene flow is limited
and allele frequencies have differentiated mainly due to genetic drift. Because of
this, sequence divergence is not high and no fixed mutational differences were
observed between birds breeding on Gough and elsewhere. Thus the population
on Gough does not merit subspecies status. Despite this, microsatellite data
shows highly significant Gst and Rgr values in all pairwise comparisons, and
further investigation is required with a larger sample size for both DNA markers to
investigate possible status as an Evolutionary Significant Unit. By comparison,
the Falklands and Patagonian birds are indistinguishable from the remaining
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Southern Giant Petrels breeding at South Georgia and on the Antarctic Peninsula

using cytochrome b and microsatellites.

Within the Northern Giant Petrel, cytochrome b analysis showed no
substructuring, but there was evidence for population structure within
microsatellites. As only three widely-spread colonies were genotyped for
preliminary analysis, no pattern could be identified and more colonies need to be

investigated.

Concluding remarks

This Chapter investigated species status and phylogeography of the giant
petrels. Results for microsatellite DNA are preliminary as greater sample
numbers are needed to confirm observed patterns. The two forms of giant petrel
differ only by a sequence divergence of 0.78% in cytochrome b indicating recent
divergence. However, reproductive isolation and morphological differences in
addition to genetic evidence are enough to‘ suggest that these lineages have had
separate evolutionary histories and will continue to maintain their integrity
through time and space. Preliminary microsatellite DNA analysis shows further
fine scale structuring within both giant petrel species and is worth further

investigation.



APPENDICES

Table A1: List of Southern Giant Petrels used in the genetic analysis detailing sampling

and marker information. Cyt b, mitochondrial cytochrome b; microsat, microsatellite

DNA.
Sample ID Sgﬁ; ’z:rg Origin Location 'ég:‘gg lfl'z;ne’r’il:l Marker
3 South Georgia Bird Island C Blood microsat ¢yl b
5 South Georgia Bird Island c Biood microsat  cylb
6 South Georgia Bird Island C Blood microsat
8 South Georgia Bird Island C Blood microsat
9 South Georgia Bird Island C Biood microsat
11 South Georgia Bird Island C Blood microsat  cytb
12 South Georgia Bird Island C Biood microsat  oytb
13 South Georgia Bird Island C Biood microsat
14 South Georgia Bird Isiand C Blood microsat
15 South Georgia Bird lsland C Blood microsat
16 South Georgia Bird Island C Biood microsat
18 South Georgia Bird island Cc Blood microsat
18 South Georgia Bird Island c Biood microsat
20 South Georgia Bird island C Blood microsat
21 South Georgia Bird island C Blood microsat
22 South Georgia Bird Island C Blood microsat
25 South Georgia Bird island C Biood microsat
26 South Georgia Bird Island C Blood microsat
27 South Georgia Bird island c Biood microsat
28 South Georgia Bird island C Biood microsat
29 South Georgia Bird island [ Biood microsat
30 South Georgia Bird island C Bioed microsat
32 South Georgia Bird island C Blood microsat  cytb
Gous0 7.10.2003 Gough Low Hump 40° 20'5'E; 09° 56'5'W A Blood microsat
Gou51 7.10.2003 Gough Low Hump 40° 20'5'E; 09° 56'5'W A Blood microsat  cytb
Gous2 7.10.2003 Gough Low Hump 40° 20'5°E; 08° 56'5'W A Bicod microsat
Gous3 7.10.2003 Gough Low Hump 40° 20'5°E; 08° 56'5'W A Blood microsat  cytb
Gous4 7.10.2003 Gough Low Hump 40° 20'5°E; 09° 58'5'W A Blood microsat  cytb
Gouss 7.10.2003 Gough Low Hump 40° 20'5°E; 09° 56'5'W A Biood microsat
Gous6 7.10.2003 Gough Low Hump 40° 20'5°E; 09° 56'5'W A Blood microsat
Gous7 7.10.2003 Gough Low Hump 40° 20'5°E; 09° 56'5'W A Blood microsat  cytb
Gous8 7.10.2003 Gough Low Hump 40° 20'5'E; 09° 86'5'W A Blood microsat  cytb
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Table A1 continued

Sample iD S‘gf’;;,,f’,: s Origin Location AduiyChick ~ SATPIe  paryer
Gous9 7.10.2003 Gough Low Hump 40° 20'5'E; 09° 56'5'W A Blood microsat
Gouso 7.40.2003 Gough Low Hump 40° 20'8'€; 09° 56'5'W A Blood microsat  cytb
Gous1 7.10.2003 Gough Low Hump 40° 20'8'E; 09° 56'5'W A Blood microsat  cytb
Goub2 7.10.2003 Gough Low Hump 40° 20'5'E; 09° 56'5'W A Bioad microsat  coytb
Goub3 7.10.2003 Gough Low Humnp 40° 205°E; 09° 56'5'W A Blood microsat  coylb
Goubd 7.10.2003 Gough Low Hump 40° 20'5°E; 09° 56'5'W A Blood microsat
Goubs Gough Low Hump 40° 20'5°E; 03° 56'5'W A Biood microsat  cytb
Gou1t Gough Low Hump 40° 20'5°E; 08° 56'5'W A Bilood microsat
Gouz Gough Low Hump 40° 20'5°E; 08° 56'5'W A Blood microsat
Gou3d Gough Low Hump 40° 205°E; 09° 56'5'W A Biood microsat
Goud Gough Low Hump 40° 205°E; 08° 86'5'W A Bilocd microsat
Falk1 Feb-03 Falkland Islands George island C Blood microsat  cytb
Falk2 Feb-03 Falkland Islands George Island Cc Biood microsat
Falk3 Feb-03 Falkland Islands C Blood microsat
Falk4 Feb-03 Falkland Islands George Island C Biood microsat
Falks Feb-03 Falkland Islands C Blood microsat
Falké Feb-03 Falkland Islands George Island C Blood microsat cytb
Falk? Feb-03 Falkland Istands C Biood microsat  cytb
Falk8 Feb-03 Falkland islands George Island C Biood microsat  cytb
Falkg Feb-03 Falkland islands C Biood microsat  cytb
Falk10 Feb-03 Falkland Isiands C Biood microsat  cytb
Falk11 Feb-03 Falkland Islands C Biood microsat  cytb
Falk12 Feb-03 Falkland Islands C Blood microsat  cytb
Falk13 Feb-03 Falkiand Islands C Biood microsat  cytb
Falk14 Feb-03 Falkland Islands C Blood microsat cytb
Falk1s Feb-03 Falkdand islands C Blood microsat
Falk16 Feb-03 Failkiand islands C Blood microsat
Falk17? Feb-03 Falkland Islands C Blood microsat
Falkig Feb-03 Falkiand Islands C Blood microsat
Falk1g Feb-03 Falkiand Islands C Blood microsat
Falk20 Feb-03 Falkland Islands C Blood microsat
Falk21 Feb-03 Falkiand Islands C Biood microsat
Falk22 Feb-03 Falkland Islands C Blood microsat
Falk23 Feb-03 Falkland Islands C Biood microsat
Falkz4 Feb-03 Falkland isiands C Blood microsat
Falk25 Feb-03 Falkland Islands C Blood microsat
Falk28 Feb-03 Falkland Islands C Blood microsat
Falk27 Feb-03 Falkiand Islands C Blood microsat
Falk28 Feb-03 Falkiand Islands Cc Blood microsat
Falk29 Feb-03 Falkiand Islands c Blood microsat
Falk30 Feb-03 Falkiand Islands C Blood microsat
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Table A1 continued

Sample ID s‘:fnt: hf’rfg Origin Location Adutt/Chick 2P Marker
Croz1 Crozet Pointe Basse [ Biood microsat cytb
Croz2 Crozet Pointe Basse C Biood microsat
Croz3 Crozet Pointe Basse C Biood microsat cytb
Croz4 Crozet Poinie Basse c Biood microsat  cytb
Crozh Crozet Pointe Basse C Biced microsat  cytb
Croz6 Crozet Pointe Basse c Blood microsat cytb
Croz7 Crozet Poinie Basse C Blood microsat
Croz8 Crozet Pointe Basse C Blood microsat
Croz9 Crozet Jardin Japonais c Biood microsat
Croz10 Crozet Jardin Japonais C Blood microsat
Croz11 Crozet Jardin Japonais Cc Blood microsat
Croz31/CF40231 Crozet Pointe Basse C Blood microsat
Croz32/CF40232 Crozet Pointe Basse C Blood microsat
Croz33/CF40233 Crozet Pointe Basse C Blood microsat
Croz34/CF40234 Crozet Pointe Basse C Blood microsat
Croz35/CF40235 Crozet Pointe Basse C Blood microsat
Croz36/CF40236 Crozet Pointe Basse C Blood microsat
Croz37/CF40237 Crozet Pointe Basse C Blood microsat
Croz38/CF40238 Crozet Pointe Basse C Blood microsat
Croz17/CF42004 Crozet Pointe Basse C Blood microsat cytb
Croz19/CF42005 Crozet Pointe Basse C Blood microsat cytb
Croz2 HCF42006 Crozet Pointe Basse C Blood microsat  cytb
Croz23/CF42007 Crozet Pointe Basse C Blood microsat  cytb
Croz25/CF42008 Crozet Pointe Basse C Blood microsat cytb
Croz27/CF42009 Crozet Pointe Basse C Blood microsat  cytb
Croz29/CF42010 Crozet Pointe Basse Cc Blood microsat
King17/055178 8. Shetland/King George C Blood cytb
King25/055186 8. Shetland/King George C Blood cytb
King5162 8. Shetland/King George C Blood cytb
King5182 S. Shetland/King George C Biood cytb
King5183 5. Shetiand/King George C Blood cytb
Mac1 Macquarie Biood microsat cytb
Mac2 Macquarie Blood microsat  coytb
Mac3 Macquarie Biood microsat  cytb
Mac4 Macquarie Biood microsat cytb
Mac5 Macquarie Biood microsat
Mact Macquarie Blood microsat
Mac? Macquarie Biood microsat  cytb
Macs Macquarie Blood microsat
Mac9 Macquarie Biood microsat  cytb
Mac10 Macquarie Biood microsat  cytb
Maci Macquarie Biood microsat
Mac12 Macquarie Blood microsat
Mact3 Macquarie Biood microsat  cytb

Mac14 Macquarie Blood microsat
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Table A1 continued

Sample ID S‘z:f: "?:g Origin Location Adutt/Chick  S2PS  Marker
Mac1s Macguarie Blood microsat
Mac186 Macquarie Blood microsat
Mac18 Macquarie Blood microsat
Mac19 Macquarie Blood microsat
Mac20 Macquarie Blood microsat  covlb
Mac21 Macquarie Blood microsat
Mac22 Macquarie Blood microsat
Mac23 Macquarie Biood microsat
Staten 1s10 Argentina Staten Island (Isla de los Est) A Biood cyth
Staten 115 Argentina Staten Island (Isla de los Est) Biood cytb
Staten Is16 Argentina Staten Island (Isla de los Est) Blood cyth
Staten 1826 Argentina Staten island (Isla de los Est.) Biood cytb
Arcet Argentina Isla Arce Biood cvtb
Arced Argentina Isla Arce Blood cytb
Arced Argentina Isla Arce Blood cytb
Arcet1 Argentina Isla Arce Biood cytb
Arce17 Argentina isla Arce Blood cytb
Gran2 Argentina Gran Robredo Blood microsat cytb
Grand Argentina Gran Robredo Blood microsat  cytb
Granb Argentina Gran Robredo Blood microsat
Gran8 Argentina Gran Robredo Blood microsat cytb
Grani2 Argentina Gran Robredo Blood microsat  cvtb
Gran18 Argentina Gran Robredo Blood microsat
Gran20 Argentina Gran Robredo Blood microsat
Gran251 Argentina Gran Robredo Blood microsat
Gran255 Argentina Gran Robredo Blood microsat
Gran256 Argentina Gran Robredo Blood microsat cytb
Gran257 Argentina Gran Robredo Blood microsat
Gran258 Argentina Gran Robredo Blood microsat
Gran259 Argentina Gran Robredo Biood microsat
Gran260 Argentina Gran Robredo Blood microsat
Gran262 Argentina Gran Robredo Biocd microsat
Granz263 Argentina Gran Robredo Biood microsat
Granz70 Argentina Gran Robredo Blood microsat
Grand01 Argentina Gran Robredo Blocd microsat
Gran402 Argentina Gran Robredo Biood microsat
Grand03 Argentina Gran Robredo Biood microsat
Chile1 isia Noir Ista Noir A Blood cytb
Chile2 Isla Noir Ista Noir A Blood cytb
Chited Ista Noir isla Noir A Blood cytb
Chiled Isla Noir isla Noir A Blood cytb
Chile5 Isla Noir isla Noir A Blood cytb
Heards Heard Isiand Tissue cytb
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Table A1 continued
Date of i . ; Sample
Sample ID Sampling Origin Location Adult/Chick Material Marker

Mar1 20086 Marion Island Blood cytb
Mar2 2008 Marion Island Blood cytb
Mar3 2008 Marion Island Blood cytbh
Mar4 2008 Marion Island Blood cytb
Mars 20086 Marion Island Blood cytb
Mart 2006 Marion Island Blood cytb
Mar? 2008 Marion Istand Blood cytb
Mard 2006 Marion Island Blood cytb
Marg 2008 Marion Istand Blood cyt b
Mar10 2008 Marion istand Blood cytb
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Table A2: List of Northern Giant Petrels used in the genetic analysis detailing sampling

and marker information. Cyt b, mitochondrial cytochrome b; microsat, microsatellite

DNA.
Sample ID sg::: h?:g Origin Location  Adult/Chick 32 mpre Marker

Y1 South Georgia Bird Island C Blood microsat  cytb

Y2 South Georgia Bird Island C Blood microsat  cyib

Y3 South Georgia Bird Island C Blood microsat  cytb

Y4 South Georgia Bird Island C Blood microsat  cylb

Y5 South Georgia Bird Island C Biood microsat

Y8 South Georgia Bird Island C Blood microsat

Y7 South Georgia Bird Island Cc Blood microsat

Y8 South Georgia Bird island C Blood microsat

Y8 South Georgia Bird Island C Blood microsat

Y10 South Georgia Bird Island 9 Blood microsat  cytb

Y11 South Georgia Bird Island C Bilood microsat

Y12 South Georgia Bird Island C Blood microsat

Y13 South Georgia Bird island C Blood microsat

Y14 South Georgia Bird Island o3 Blood microsat

Y15 South Georgia Bird Island C Biood microsat

Y18 South Georgia Bird island C Biood microsat

Y17 South Georgia Bird Island C Blood microsat

Y18 South Georgia Bird Island c Blood microsat

Y19 South Georgia Bird Island C Blood microsat

Y20 South Georgia Bird Island C Blood microsat cytb

Y21 South Georgia Bird island C Blood microsat

Y22 South Georgia Bird Island C Biood microsat

Y23 South Georgia Bird Island c Blood microsat

Y24 South Georgia Bird Isiand o} Blood microsat

Y25 South Georgia Bird Island C Blood microsat

Y26 South Georgla Bird Island C Blood microsat

Y27 South Georgia Bird Island C Biood microsat

Y28 South Georgia Bird Island c Blood microsat

Y29 South Georgla Bird Island C Blood microsat

Y30 South Georgia Bird Island C Bilood microsat

Y31 South Georgia Bird Island c Blood microsat

Y32 South Georgla Bird Island C Blood microsat
Cam Campbell island Biood cytb
Cam2 Campbell Island Blood cytb
Cam3 Campbell Isiand Biood cytb
Camd4 Campbell Island Blood cytb
Cam5 Campbell Island Blood cytb
Chat1 Chatham Islands Fourty Fours C Blood microsat  cytb
Chat2 Chatham Islands Fourty Fours C Blood microsat  cytb
Chat3 Chatham Islands Fourty Fours C Blood microsat  cytb
Chatd Chatham Islands Fourty Fours ¥ Biood microsat  cytb
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Table A2 continued

Sampie iD Sg:,t; "f:’fg Origin Location Adult/Chick I‘;:’:;ﬂ; Marker
Chaté Chatham Islands Fourty Fours C Blood microsat
Chat7 Chatham Islands Fourty Fours ¥ Bicod microsat
Chat8 Chatham Islands Fourty Fours C Blood microsat
Chat® Chatham Islands Fourty Fours C Blood microsat
Chat10 Chatham Islands Fourty Fours C Biood microsat  cytb
Chat11 Chatham Islands Fourty Fours [ Blood microsat
Chat12 Chatham Islands Fourly Fours C Biood microsat
Chat13 Chatham Islands Fourty Fours [ Blood microsat
Chat14 Chatham Islands Fourty Fours Cc Blood microsat
Chat15s Chatham Islands Fourty Fours C Blood microsat
Chat186 Chatham Islands Fourty Fours C Blood microsat
Chat17 Chatham Islands Fourty Fours C Blood microsat
Chat18 Chatham islands Fourty Fours C Biood microsat
Chat18 Chatham Islands Fourty Fours C Blood microsat
Chat20 Chatham islands Fourty Fours Cc Blood microsat
Chat21 Chatham Islands Fourty Fours C Biood microsat
Chat22 Chatham Islands Fourty Fours C Blood microsat
Chat23 Chatham Islands Fourty Fours C Blood microsat
Chat24 Chatham Islands Fourty Fours C Blood microsat
Chat2s Chatham islands Fourty Fours Cc Blood microsat
Chat26 Chatham Islands Fourty Fours C Biood microsat
Chat27 Chatham Islands Fourty Fours C Biood microsat
Chat28 Chatham Islands Fourty Fours C Blood microsat
Chatz9 Chatham islands Fourty Fours C Biood microsat
Chat30 Chatham Islands Fourty Fours C Blood microsat
Mar1 Marion Island Prince Edwards Blood eyt
Mar2 Marion lsland Prince Edwards Bloodr cyth
MargA04756 Marion Istand Prince Edwards Blood cytb
Mar973529 Marion Island Prince Edwards Blood cytb
Mara68254 Marion Istand Prince Edwards Blood cytb
Croz1 Crozet Pointe Basse C Blood microsat
Croz2 Crozet Pointe Basse Cc Blood microsat
Croz3 Crozet Pointe Basse c Blood microsat  cytb
Croz4 Crozet Pointe Basse C Blood microsat  oytb
Crozs Crozet Pointe Basse c Blood microsat
Croz6 Crozet Pointe Basse c Blood microsat
Croz? Crozet Pointe Basse C Blood microsat
Croz8 Crozet Pointe Basse G Biood microsat  cytb
Croz9 Crozet Pointe Basse C Blood microsat
Croz10 Crozet Pointe Basse Cc Blood microsat
Croz11 13.01.2004 Crozet Pointe Basse C Biood microsat  cytb
Crozi2 13.01.2004 Crozet Pointe Basse C Blood microsat
Crozi3 13.01.2004 Crozet Pointe Basse c Blood microsat
Crozi4 13.01.2004 Crozet Pointe Basse c Blood microsat
Crozi5s 13.01.2004 Crozet Pointe Basse C Blood microsat oytb
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Table A2 continued

Sample ID S‘ng: ”?:g Origin Location  Adult/Chick ,f,:;’;’r’f:, Marker
Croz16 13.01.2004 Crozet Pointe Basse C Biood microsat
Croz17 13.01.2004 Crozet Pointe Basse C Blood microsat
Croz18 13.01.2004 Crozet Pointe Basse c Biood microsat
Croz19 13.01.2004 Crozet Puointe Basse C Blood microsat
Croz20 13.01.2004 Crozet Pointe Basse Cc Biood microsat
Croz21 13.01.2004 Crozet Pointe Basse Cc Blood microsat
Croz22 13.01.2004 Crozet Pointe Basse C Blood microsat
Croz23 13.01.2004 Crozet Pointe Basse C Biood microsat
Croz24 13.01.2004 Crozet Pointe Basse C Biood microsat
Croz25 13.01.2004 Crozet Pointe Basse C Blood microsat
Mac2 Macquarie Blood cytb
Mac3 Macguarie Blood cytb
Mac4 Macquarie Blood cytb
Macs Macquarie Biood cytb
Macg Macguarie Biood cytb
Adams1 Auckland Adams C Blood cytb
Adams2 Auckiand Adams c Blood cytb
Adams3 Auckland Adams C Blood cytb
Adams4 Auckland Adams C Blood cytb
Adamss Auckland Adams Cc Blood cytb
End1 Auckland Auckland C Blood cytb
End2 Auckiand Auckland C Blood cytb
End3 Auckiand Auckland C Blood cytb
End4 Auckland Auckiand C Blood cytb
Ends Auckiand Auckland C Blood cytb
Antip2 Antipodes Feather cytb
Antip3 Antipodes Feather cytb
Antip4 Antipodes Biood cytb
Antips Antipodes Blood cytb
Antipg Antipodes Blood cytb
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Table A3: Mitochondrial cytochrome b alignments of haplotypes found in the two forms
of Giant Petrels (Macronectes giganteus and M. halli)y and the fulmars (Fulmarus
glacialis and F. glacialoides) used as outgroups in phylogenetic analysis. Published
sequences are in lower case, lower case letters within haplotypes indicate nucleotides

edited by visual inspection and/or reverse sequencing.

M. giganteus 1 tagectttctec atccgtigee catacatgece gaaatgtaca 40
gp1 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
ngpl 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
ngp2 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
ngp3 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
ngpCh4 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
ngpSG5 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
ngpMart 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
ngpCa? 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
ngpk8 1 TAGgTTTcTC ATCCGTTGcecC cATAcaTGeccec GAAATGTACA 40
sgp1 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
sgpPat2 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC CGAAATGTACA 40
sgpGould 1 TAGCTTTcTC ATcCGTTGece CATACATGCC GAAALGTaCA 40
sgp4 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
sgpMac5s 1 TAGCTTTCTC ATcceGTTgece CATACATGCC GAAAtGTacCA 40
sgpPaté 1 TAGCTTTCTC ATCCGTTGLCC CATACATGCC GAAATGTACA 40
sgpSG7 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
sgpMar8 1 TAGcTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
sgp9 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
sgpFalt 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
sgpCri1 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
sgpCri2 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
sgpCr13 1 TAGCTTTCTC ATCCGTTGCC CATACATGCC GAAATGTACA 40
F.glacialis 1 tagccecttctc atcecgttgee cacacatgece gaaacglaca 40
1

F.glacialoides

tagccticte

atccgttget

catacatgce

gaaacgtaca

M. giganteus 41 atatggectga ctcatccgaa atctacatge aaatggagcec 80
gp1 41 ATATGGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
ngp1 41 ATATGGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
ngp2 41 ATATGGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
ngp3 41 ATATGGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
ngpCh4 41 ATATGGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
ngpSG5 41 AtAtGGTTGA CTCATCCGAA ATCTACATGC AAATGGAgCC 80
ngpMarg 41 ATATGGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
ngpCa7 41 ATATGGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
ngpK8 417 ATATGGt TGA CTCATCCGAA ATcTACATGC AAATGGAGCC 80
sgpt 41 AtAtgGcectGA CTCATCCGAA ATCTACATGC AAATGGAgCC 80
sgpPat2 41 ATATGGCTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
sgpGou3 41 ATATgGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCEe 80
sgp4 41 ATACGGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
sgpMac5h 41 ATaCGgtTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
sgpPats 41 ATATGGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
sgpSG7 41 ATATGGCTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
sgpMar8 41 ATACGGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
sgp8 4 ATATGGCTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
sgpFal0 41 ATATGGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
sgpCrii 41 ATATGGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
sgpCri2 41 ATATGGTTGA CTCATCCGAA ATCTACATGC AAATGGAGCC 80
sgpCri3 41 ATATGGCTGA CTCATTCGAA ATCTACATGC AAATGGAGCC 80
F.glacialis 41 gtacggectga ctcattcgaa atctacatge @saaacggagec 80

F.glacialoides

atatggectitga

ctcattcgaa

atctacatgce

aaacggagecec

M. giganteus 81 tcattttttt tcatctgecat ttacctacac attggacgag 120
gpl 81 TCATTCTTTT TCATCTGCAT TTACCTACAT ATTGGACGAG 120
ngp1 81 TCATTCTTTT TCATCTGCAT TTACCTACAT ATTGGACGAG 120
ngp2 81 TCATTCTTTT TCATCTGCAT TTACCTACAT ATTGGACGAG 120
ngp3 81 TCATTCTTTT TCATCTGCAT TTACCTACAT ATTGGACGAG 120
ngpCh4 81 TCATTCTTTT TCATCTGCAT TTACCTACAT ATTGGACGAG 120
ngpSG5 81 TCATTCTTTT TCATCTGCAT TTACCTACAT ATTGGACGAG 120
ngpMaré 81 TCATTCTTTT TCATCTGCAT TTACCTACAT ATTGGACGAG 120
ngpCa7? 81 TCATTCTTTT TCATCTGCAT TTACCTACAT ATTGGACGAG 120
ngpKa 81 TCATTCTTTT TCaTCTGCAT TTaCcTACAT ATTGGACGAG 120

sgpi

tCaTTTYTTTT

TCATCTGCAT

TTACCTACAT

ATTGGACGAG

120
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sgpPat2
sgpGoud
sgp4
sgpMacs
sgpPaté
sgpSG7
sgpMars
sgpg
sgpFal0
sgpCri1
sgpCri2
sgpCr13
F.glacialis
F.glacialoides

M. giganteus
gp1

ngp1
ngp2
ngp3
ngpCh4
ngpSGS
ngpMarg
ngpCa7
ngpk 8
sgpt
sgpPat2
sgpGou3
sgp4
sgpMacs
sgpPaté
sgpSG7
sgpMar8
sgp8
sgpFal0
sgpCri
sgpCri2
sgpCr13
F.glacialis
F.glacialoides

M. giganteus
gp1
ngp
ngp2
ngp3
ngpCh4
ngpSGs
ngpMaré
ngpCa7?
ngpks
sgp1
sgpPat2
sgpGould
sgp4
sgpMacs
sgpPats
sgpSG7
sgpMarg
sgp8
sgpFal0
sgpCrii
sgpCri2

81
81
81

121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
124
121
121
121
121
121

161
161
161
161
161
161
181
161
161
161
161
161
161
161
161
161
161
161
181
161
161
161

TCATTTTTTT
TCATTtTTTHt
TCATTCTTTT
TCAtTCTt tt
TCATTCTTTT
TCATTTTTTT
TCATTCTTTT
TCATTTTTTT
TCATTCTTTT
TCATTTTTTT
TCATTTTTTT
TCATTTTTTT
tcattetttt
teattctttt

gattctacta
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
GATTCTACTA
gattctacta
gattctacta

cacaggaatc
CACAGGAATT
CACAGGAATT
CACAGGAATT
CACAGGAATT
CACAGGAATT
CACAGGAATT
CACAGGAATT
CACAGGAATT
CACAGGAATT
CACAGGAATC
CACAGGAATC
CACAGGAATT
CACAGGAGTT
CACAGGAGTT
CACAGGAATT
CACAGGAATC
CACAGGAGTT
CACAGGAATC
CACAGGAATT
CACAGGAATC
CACAGGAATC

TCATCTGCAT
TCATCTGCAT
TCATTTGCAT
TCATTTGCAT
TCATCTGCAT
TCATCTGCAT
TCATTTGCAT
TCATCTGCAT
TCATCTGCAT
TCATCTGCAT
TCATCTGCAT
TCATCTGCAT
tcatctgcecat
tcatctgcat

tggectcectac
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
TGGCTCCTAC
tggectcctac
tggctcctac

atccttctac
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTaC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC
ATCCTTCTAC

TTACCTACAT
TItACCTACAT
TTACCTACAT
TTACCTACAT
TTACCTACAT
TTACCTACAT
TTACCTACAT
TTACCTACAC
TTACCTACAT
TTACCTACAT
TTACCTACAT
TTACCTACAC
ttacctacat
ttacctacat

ctittacaaag
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CtTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
CTTTACAAAG
ctttacaaag
ctttacaaag

tcaccctcat

TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TcACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT
TCACCCTCAT

ATTGGACGAG
ATIGGACGAG
ATTGGACGAG
ATTGGACGAG
ATTGGACGAG
ATTGGACGAG
ATTGGACGAG
ATTGGACGAG
ATTGGACGAG
ATTGGACGAG
ATTGGACGAG
ATTGGACGAG
attgggegag
attggacgag

aaaccltgaaa
AAACCTGAAA
AAACCTGAAA
AAACCTGAAA
AAACCTGAAA
AAACCTGAAA
AAACCTGAAA
AAACCTGAAA
AAMACCTGAAA
AAACCTGAAA
AAACCTGaAA
AAACCTGAAA
AAACCTGAAA
AAMACCTGAAA
AAACCTGAAA
AAACCTGAAA
AAACCTGAAA
AAACCTGAAA
AAACCTGAAA
AAACCTGAAA
AAACCTGAAA
AAACCTGAAA
AAACCTGAAA
aaacctgaas
aaacctgaaa

agcaaccgcce
AGCAACCGCC
AGCAACCGCC
AGCAACCGCC
AGCAACCGCC
AGCAACCGCC
AGCAACCGCC
AGCAACCGCC
AGCAACCGCC
AGCAACCGCC
AGCAACCGCC
AGCAACCGCC
AGCAACCGCC
AGCAACCGCC
AGCAaCCGCc
AGCAACCGCEC
AGCAACCGCC
AGCAALCCGCC
AGCAACCGCC
AGCAACCGCC
AGCAACCGCC
AGCAACCGCC

120
120
120
120
120
120
120
120
120
120
120
120
120
120

160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
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sgpCri13
F.glacialis
F.glacialoides

M. giganteus
gpt

ngpi
ngp2
ngp3
ngpCh4
ngpSG5
ngpMaré
ngpCa7
ngpké
sgpt
sgpPat2
sgpGoud
sgp4
sgpMac5
sgpPaté
sgpSG7
sgpMard
sgp9
sgpFald
sgpCri1
sgpCri2
sgpCri3
F.glacialis
F.glacialoides

M. giganteus
gp1

ngp1
ngp2
ngp3
ngpCh4
ngpSG5
ngpMaré
ngpCa7
ngpks
sgp1
sgpPat2
sgpGoud
sgp4
sgpMac5
sgpPat6
sgpSG7
sgpMars
sgp9
sgpFal0d
sgpCri1
sgpCri2
sgpCri3
F.glacialis
F.glacialoides

M. giganteus
gp1

ngp1

nap2

ngp3
ngpCh4
nopSGs

161
161
161

201
201
201
201
201
201
201
201
201
201
201
201
201
201
201
201
201
201
201
201
201
201
201
201
201

241
241
241
241
241
241
241
241
241
241
241
241
241
241
241
241
241
241
241
241
241
241
241
241
241

281
281
281
281
281
281
281

CACAGGAATC
cacaggaatt
cacaggaatt

ttegtaggat
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
t TCGTAGGAT
TTCGTAGGAT
t TcGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
TTCGTAGGAT
ttcgtaggagt
ttcgtgogggt

gaggggccac
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGcCaC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
GAGGGGCCAC
gaggggccac
gaggggccac

ctatattggec
CTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC

ATCCTTCTAC
atccttctac
atcctecectac

atgtcttace
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTacCC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
ATGTCTTACC
atgtcctace
atgtcectace

agtcatcacc
AGTCATCACC
AGTCATCACC
AGTCATCACC
AGTCATCACC
AGTCATCACC
AGTCATCACC
AGTCATCACC
AGTCATCACC
AGTCATCACC
AGtCATCACC
AGTCATCACC
AGTCATCACC
AGTCATCACC
AGTCATCACcCC
AGTCATCACC
AGTCATCACC
AGTCATCACC
AGTCATCACC
AGTCATCACC
AGTCATCACC
AGTCATCACC
AGTCATCACC
agtaatcact

agtgatcact

cagaccctcg
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG

TCACCCTCAT
tcaccectitcat
tcaccctcat

ctgaggccaa
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
ctGAGgCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
CTGAGGCCAA
ctgaggccaa
ctgaggccaa

aatctattct

AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTcT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
AATCTATTCT
aatctatict

aatctattoct

tagaatggyge
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC

AGCAACCGCC
agcaaccgcc
agcaaccgcec

atatcattct

ATATCATTCT
ATATCATTCT
ATATCATTICT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
ATATCATTCT
atatcattct

atatcattct

cggeccattce
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGgCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
CGGCCATTCC
cggccattcecce
cggeccatice

ctgaggggga
CTGAGGGGGA
CTGAGGGGGA
CTGAGGAGGA
CTGAGGGGGA
CTGAGGGGGA
CTGAGGAGGA

200
200
200

240
240
240
240
240
240
240
240
240
240
240
240
240
240
240
240
240
240
240
240
240
240
240
240
240

280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280

320
320
320
320
320
320
320
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Table A3 continued.

ngpMarg
ngpCa7
ngpK8
sgp1
sgpPat2
sgpGould
sgp4
sgpMach
sgpPats
sgpSG7
sgpMarg
sgp9
sgpFat0
sgpCrit
sgpCri2
sgpCri3
F.glacialis
F.glacialoides

M. giganteus
gpl

ngp1
ngp2
ngp3
ngpCh4
ngpSGS
ngpMarg
ngpCa7
ngpks
sgpt
sgpPat2
sgpGou3
sgp4
sgpMacs
sgpPaté
sgpSG7
sgpMard
sgpY
sgpFaltl
sgpCr11
sgpCri2
sgpCri3d
F.glacialis
F.glacialoides

M. giganteus
gpt
ngp1
ngp2
ngp3
ngpCh4
ngpSG5
ngpMart
ngpCa7
ngpks
sgp1
sgpPat2
sgpGou3
sgp4
sgpMac5
sgpPatb
sgpSG7
sgpMar8

281
281
281
281
281
281
281
281
281
281
281
281
281
281
281
281
281
281

321
321
321
321
321
a
321
3
a1
31
321
321
321
321
321
321
321
321
321
321
321
321
321
321
321

361
361
361
361
361
361
361
361
361
361
361
361
361
361
361
361
361
361

CTATATTGGC
CTATATTGGC
TTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC
CTATATTGGC
ctatattgge
atatattgagt

ttttcagtag
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
TTTTCAGTAG
ttttcggtag
ttttecagtag

tacactitccoct

TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT

CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
CAGACCCTcG
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
CAGACCCTCG
caaaccctoeg
caaacccicg

ataaccccac
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ATAACCCCAC
ataaccccac
ataatccecac

cetececcocttd

CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTtt

CCTCCCCTTT
CCTCcCcttt

CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTTT

TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
TAGAATGGGC
tagaatgage
tagagtitgage

actaacccga
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAAcCCCGA
ACTAACCCGA
ACTAAcCCCcGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
ACTAACCCGA
actaacccga
actaacccga

gecaattgecag
GCAATTGCAG
GCAATTGCAG
GCAATTGCAG
GCAATTGCAG
GCAATTGCAG
GCAATTGCAG
GCAATTGCAG
GCAATTGCAG
GCAATTGCAG
GCAATTGCAG
GCAATTGCAG
GCAATtGCAG
GCAATTGCAG
GCAATtgCAG
GCAATTGCAG
GCAATTGCAG
GCAATTGCAG

CTGAGGAGGA
CTGAGGGGGA
CTGAGGAGGA
CTGAGGGGGA
CTGAGGGGGA
CTGAGGGGGA
CTGAGGGGGA
CTGAGGGGGA
CTGAGGGGGA
CTGAGGGGGA
CTGAGGGGGA
CTGAGGGGGA
CTGAGGGGGA
CTGAGGGGGA
CTGAGGGGGA
CTGAGGGGGA
ttgaggggga
ctgaggggga

ttctttgecece
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
TTCTTTGCCC
ttectttgecc
ttectttgecet

gacttaccct
GACTTACCCT
GACTTACTCT
GACTTACCCT
GACTTACCCT
GACTTACCCT
GACTTACCCT
GACTTACCCT
GACTTACCCT
GACTTACCCT
GACTTACCCT
GACTTACCCT
GACTTACCc T
GACTTACCCT
GACTTACCc T
GACTCACCCT
GACTTACCCT
GACTTACCCT

320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320
320

360
360
360
360
360
360
360
360
360
360
360
360
380
360
360
360
360
360
360
360
360
360
360
360
360

400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
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Table A3 continued.

sgp9
sgpFato
sgpCri11
sgpCri2
sgpCri3
F.glacialis
F.glacialoides

M. giganteus
gpt

ngp1
ngp2
ngp3
ngpCh4
ngpSG5
ngpMart
ngpCa7
ngpka
sgp1
sgpPat2
sgpGou3
sgp4
sgpMach
sgpPaté
sgpSG7
sgpMard
8gp9
sgpFal0
sgpCri1
sgpCri2
sgpCri3
F.glacialis
F.glacialoides

M. giganteus
ap1

ngpi
ngp2
ngp3
ngpCh4
ngpSGS
ngpMart
ngpCa7
ngpks
sgp1
sgpPat2
sgpGould
sgp4
sgpMac5
sgpPaté
sgpSG7
sgpMarg
sgp8
sgpFal0
sgpCrit
sgpCri2
sgpCri3
F.glacialis
F.glacialoides

M. giganteus
gpt
ngp1

361
361
361
361
361
361
361

401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401

441
441
441
441
441
441
441
441
441
441
441
441
441
441
441
441
441
441
441
441
441
441
444
441
444

481
481
481

TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
TACACTTCCT
tacacttcot

tacacttcct

aattcaccte
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
AATTCACCTC
aattcacctt

aattcacctit

cccctaggea
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCA
cccctAGGCA
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCA
CCCCTAGGCcA
CCCCTAGGCA
CCCCTAGGCcA
CCCCTAGGCcA
cccctaggcea
cccctaggceca

atccctactt
ATCCCTACTT
ATCCCTACTT

CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTTT
CCTCCCCTTT
cecticeocecitt
cecttcecocttt

accticecttic
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
ACCTTCCTTC
accttececttc
accttccttic

tcgtatcaaa
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
TCGTATCAAA
tcgtatcaaa
tcgtatcaaa

caccctaaaa
CACCCTAAAA
CACCCTAAAA

GCAATTGCAG
GCAATTGCAG
GCAATTGCAG
GCAATTGCAG
GCAATTGCAG
gcaattgcecag
geaattitgcocag

acgaatcagg
ACGAATCAGG
ACGAATCAGG
ACGAATCAGG
ACGAATCAGG
ACGAATCAGG
ACGAATCAGG
ACGAATCAGG
ACGAATCAGG
ACGAATCAGG
AcGAATCAGG
ACGAATCAGG
aCGAATCAGG
ACGAATCAGG
aCGAATCAGG
ACGAATCAGG
ACCGAATCAGG
ACGAATCAGG
ACGAATCAGG
ACGAATCAGG
ACGAATCAGG
ACGAATCAGG
ACGAATCAGG
acgaatcagg
acgagtcagg

ctgtgacaaa
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGIGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
CTGTGACAAA
ctgtgacaaa
ctgtgacaaa

gacatcctag
GACATCCTAG
GACATCCTAG

GACTTACCCT
GACTTACCCT
GACTTACCCT
GACTTACCCT
GACTTACCCT
ggecttaccct

gacttacctt

ctcaaacaac
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAaCAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
CTCAAACAAC
ctcaaacaac
ctcaaacaac

atcccattce
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
ATCCCATTCC
atcccatttc
atcccattcecc

gecttcgecact
GCTTCACACT
GCTTCACACT

400
400
400
400
400
400
400

440

480
480
480
480
480
480
480
480
480
480
480
480
480
480
480
480
480
480
480
480
480
480
480
480
480

520
520
520
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Table A3 continued.

ngp2
ngp3
ngpCh4
ngpSGS
ngpMarg
ngpCa7
ngpks
sgp1
sgpPat2
sgpGoul
sgp4
sgpMach
sgpPat6
sgpSG7
sgpMar8
sgpd
sgpFato
sgpCr11
sgpCri2
sgpCri13
F.glacialis
F.glacialoides

M. giganteus
gpt

ngp1
ngp2
ngp3
ngpCh4
ngpSG5
ngpMars
ngpCa7
ngpk8
sgp1
sgpPat2
sgpGoud
sgp4
sgpMach
sgpPats
sgpSG7
sgpMarg
sgp9
sgpFall
sgpCrit
sgpCr12
sgpCri3
F.glacialis
F.glacialoides

M. giganteus
gp1
ngp1
ngp2
ngp3
ngpCh4
ngpSGS
ngpMart
ngpCa7
ngpiKs
sgp1
sgpPat?
sgpGou3d
sgp4

481
481
481
481
481
481
481
481
481
481
481
481
481
481
481
481
481
481
481
481
481
481

521
521
521
521
521
521
521
521
521
521
521
521
521
521
521
521
521
521
521
521
521
521
521
5§21
521

561
561
581
561
561
561
561
561
561
561
561
561
561
561

ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
ATCCCTACTT
acccectactt

acccctactt

catagtcctce
CATAGTCCTC
CATAGTCCTC
CATAATCCTC
CATAGTCCTC
CATAATCCTC
CATAATCCTC
CATAGTCCTC
CATAGTCCTC
CATAATCCTC
CATAGTCCTC
CATAGTCCTC
CATAGTCCTC
CATAGTCCTC
CATAGTCCTC
CATAGTCCTC
CATAGTCCTC
CATAGTCCTC
CATAGTCCTC
CATAGTCCTC
CATAGTCCTC
CATAGTCCTC
CATAGTCCTC
catattccte
catattcecte

aacctactag
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG

CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
CACCCTAAAA
caccctaaaa
caccctaaaa

ccactaacat

CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACtAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
CCACTAACAT
ccactaacat

ccactaacat

gagacccaga
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA

GACATCCTAG
GACATCCTAG
GACATCCTAG
GACATCCTAG
GACATCCTAG
GACATCCTAG
GACATCCTAG
GACaTCCTAG
GACATCCTAG
GACATCCTAG
GACATCCTAG
GACATCcTAG
GACATCCTAG
GACATCCTAG
GACATCCTAG
GACATCCTAG
GACATCcTAG
GACATCCTAG
GACATCCTAG
GACATCCTAG
gacatcctag
gacatcctag

ccectagcectet
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCCCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCCCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
CCCTAGCTCT
cecctagcecceccet
ccoctagcecccot

aaactttacc
AAACTTTACC
AAACTTTACC
AAACTTTACC
AAACTTTACC
AAACTTTACC
AAACTTTACC
AAACTTTACC
AAACTTTACC
AAACTTTACC
AAACTTTACC
AAACTTTACC
AAACTTTACC
AAACTTTACC

GCTTCACACT
GCTTCACACT
GCTTCACACT
GCTTCACACT
GCTTCACACT
GCTTCACACT
GCTTCACACT
GCTTCGCACT
GCTTCGCACT
GCTTCGCACT
GCTTCACACT
GCTTCaCACT
GCTTCACACT
GCTTCGCACT
GCTTCACACT
GCTTCGCACT
GCTTCACACT
GCTTCGCACT
GCTTCGCACT
GCTTCGCACT
gttttacact
gecttcacact

attctceceocet

ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
aTTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
ATTCTCCCCT
attctccocccece
attctccccecce

cccgcaaace
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC

520
520
520
520
520
520
520
520
520
520
520
520
520
520
520
520
520
520
520
520
520
520

560
560
560
560
560
560
560
560
5§60
560
560
560
560
560
560
560
560
560
560
560
560
560
560
560
560

600
600
600
600
600
800
600
600
600
600
600
600
600
600
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Table A3 continued.

sgpMacs
sgpPal6
sgpSG7
sgpMar8
sgpY
sgpFatl
sgpCrii
sgpCri2
sgpCri3
F.glacialis
F.glacialoides

M. giganteus
gpt

ngp1t
ngp2
ngp3
ngpChd
ngpSGS
ngpMaré
ngpCa7
ngpKs8
sgp1
sgpPat2
sgpGou3
sgp4
sgpMac5
sgpPaté
sgpSG7
sgpMar8
sgp9
sgpFat0
sgpCrii
sgpCri2
sgpCri3
F.glacialis
F.glacialoides

M. giganteus
gpt

ngp1t
ngp2
ngp3
ngpCh4
ngpSGS
ngpMart
ngpCa7
ngpks
sgpt
sgpPat2
sgpGou3
sgp4
sgpMac5h
sgpPaté
sgpSG7
sgoMard
sgp9
sgpFaill
sgpCri1
sgpCri2
sgpCri3
F.glacialis
F.glacialoides

561
561
561
561
581
561
561
561
561
561
561

601
601
601
601
601
601
601
601
601
601
601
601
601
601
601
601
601
601
601
601
601
601
601
601
601

641
641
641
641
641
641
641
641
641
641
641
8641
641
641
641
641
641
641
641
641
541
841
641
641
641

AaCCTACcTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
AACCTACTAG
aatctactgg
aatctactgg

cgctagttac
CGCTAGTTAC
CgCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CACTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
CGCTAGTTAC
cactagtcac
cactagtcac

cectattecgea
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
cCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCGCA
CCTATTCgCA
CCTATTCGCA
cttattcgca
cctattcgca

GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
GAGAcCCCAgA
GAGACCCAGA
GAGACCCAGA
GAGACCCAGA
gagacccaga
gagacccaga

accecccteat

ACCCCCTCAT
ACCCCCtCaT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCaT
ACCCCCTCAT
ACCCCCTCAT
ACCCCCTCAT
acctcecceat

acctccceccecat

tacgccatce
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
TACGCCATCC
tatgctatcc
tatgccattc

AAACTTTACC
AAACTTTACC
AAACTTTACC
AAACTTTACC
AAACTTTACC
AAACTTTACcC
AAACTTTACC
AAACTTTACC
AAACTTTACC
aaactttacec
aaactttacc

atcaaaccag
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
ATCAAaCCAG
ATCAAACCAG
ATCAAaCCAG
ATCAAAcCCAG
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
ATCAAACCAG
atcaaaccag
attaaaccag

tacgctcaalt
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TaCGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
TACGCTCAAT
tacgctcaat
tacgctcaat

CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
CCCGCAAACC
ceccgcaaacec
cctgcaaacc

agtggtactt
AGTGGTATTT
AGTGGTATTT
AGTGGTATTT
AGTGGTATTT
AGTGGTATTT
AGTGGTATTT
AGTGGtATTT
AGTGGTATTT
AGTGGTATTT
AGTGGTACTT
AGTGGTACTT
AGTGGTACTT
AGTGGTACTT
AGTGGTACTT
AGTGGTACTT
AgtGGtACTT
AGTGGTACTT
AGTGGTACTT
AGTGGTACTT
AGTGGTACTT
AGtGGTACTT
AGtGGtACTT
aatggtactt
aatggtact t

ccccaataaa
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAAtaAA
CCCCaATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAATAAA
CCCCAALtAAA
CCCCAACAAA
ccccaacaaa
ccccaacaaas

600
600
600
600
600
600
600
600
800
600
8600

640
640
640
840
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
640
840

680
680
680
680
680
€80
680
680
680
680
680
680
680
680
680
680
680
680
680
680
680
680
680
680
680
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Table A3 continued.

M. giganteus
gpl

ngpl
ngp?
ngp3
ngpCh4
ngpSG5
ngpMart
ngpCa7
ngpka
sgpi
sgpPat2
sgpGou3
sgpd
sgpMach
sgpPaté
sgpSG7
sgpMar8
sgp9
sgpFat0
sgpCri1
sgpCri2
sgpCri3
F.glacialis
F.glacialoides

M. giganteus
gpt

ngp1
ngp2
ngp3
ngpChd
ngpSG5
ngpMaré
ngpCa7
ngpk s
sgpl
sgpPat2
sgpGoul
sgp4
sgpMac5h
sgpPat6
sgpSG7
sgpMar8
sgpd
sgpFaill
sgpCri
sgpCri2
sgpCr13
F.glacialis
F.glacialoides

681
681
681
681
681
681
681
681
681
681
681
681
681
681
681
681
681
681
681
681
681
681
681
681
681

721
721
721
721
721
721
721
721
721
721
721
721
721
721
721
721
721
721
721
721
721
721
721
721
721

ttaggtggag
TTAGGTGGAG
TTAGGTGGAG
TTAGGTGGAG
TTAGGTGGAG
TTAGGTGGAG
TTAGGTGGAG
t TAGGTGGAG
TTAGGGGGAG
TTAGGTGGAG
TTAGGTGGAG
TTAGGTGGAG
TTAGGTGGAG
TTAGGTGGAG
TTAGGTGGAG
TTAGGtGGAG
t TAGGt GGAG
TTAGGCGGAG
TTAGGTGGAG
TTAGGTGGAG
TTAGGTGGAG
TTAGGTGGAG
t TAGGtGGAg
ttaggecggag
ctaggtggag

tattcctate
TATTCCTATC
TATTCCTATC
TATTCCTATC
TATTCCTATC
TATTCCTATC
TATTCCTATC
TATTCCTATC
TAt TCCTATC
TATTCCTATC
TATTCCTATC
TATTCCTATC
TATTcCTATC
TATTCCTATC
TATTCCTATC
TATTCCTATC
TATTCCTATC
TATTCCTATC
TATTCCTATC
TATTCCTATC
TATTCCTATC
TATTCCTATC
TATTCCTATC
tattcctaac
tattcctate

tattagectct
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
tATTAGCTCT
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
tATTAGCTCT
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
TATTAGCTCT
tattagettt
tattagecttt

cccattcectece
CCCATTCCTC
CCCaTTCCTC
CCCATTCCTC
CCCATTCCTC
CCCATTCCTC
CCCATTCCTC
CCCATTCCTC
CCecATTCCTC
CCCATTCCTC
CCCATTCCTC
CCCATTCCTC
CCCATTCCTC
CCCATTCCTC
CCCATTCCTC
CCCATTCCTC
CCCATTCCtC
CCCATTCCTC
CCCATTCCTC
CCCATTCCTC
CCCATTCCtC
CCCATTCCtC
CCCATTCCTC
cccattcectc
tcecattect t

agcggcecctcce
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGcGGCCTCC
AGcGGcCTCC
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGCGGCCTCC
AGtGGCCTCC
AGecGGcCTCC
agctgeccteco
agctgcctcet

cataaagoca
CACAAAGCCA
CATAAAGCCA
CATAAAGCCA
CATAAAGcCA
CATAAAGCCA
CATAAAGCCA
CaTAAAGCCA
CaCAAAGCCA
CATAAAGCCA
CATAAAGCCA
CACAAAGCCA
CATAAAGCCA
CATAAAGCCA
CATAAAGCCA
CATAAAGCCA
CAtAaAGCCA
CATAAAGCCA
CATAAAGCCA
CATAAAGCCA
CAtAAAGCCA
CATAAAGCCA
CaTAAAGCcA
cataaagcca
cacaaggcca

gtactagtcc
GTACTAGTCC
GTACTAGTCC
GTACTAGTCC
GTACTAGTCC
GTACTAGTCC
GTGCTAGTCC
GtACTAGTCC
GTACTAGTCC
GTGCTAGTCC
GTACTAGTCC
GTACTAGTCC
GTACTAGTCC
GTACTAGTCC
GTACTAGTCC
GTACTAGTCC
GtActAGTCC
GTACTAGTCC
GTACTAGTCC
GTACTAGTCC
GTACTAGTCC
GtACTAGTCC
GTACTAGTCC
gtactagtcc
gtactagtcece

752
752
752
752
752
752
752
752
752
752
752
752
752
752
752
752
752
752
752
752
752
752
752
752
752

720
720
720
720
720
720
720
720
720
720
720
720
720
720
720
720
720
720
720
720
720
720
720
720
720



Table A4: Haplotypes found within the giant petrels. Table is based on Figure 5.3 but includes details en individuals which share a

particular haplotype.
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Figure A1: Allele frequency comparisons betwesn Southern and Northern Giant Petrels

for each microsatellite locus.
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Figure A1 continued.
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Figure A1 continued
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Figure A2: Microsatellte allele frequencies far both species of giant petrels per colony.
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Figure A2 continued.
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Table AS: Microsatellite alleles shown as letters in the Southern and Northern Giant

Petrels as comparisons between colonies and species.
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Table A5 continued.

Northern Giant Petrel

Locus Colony Alleles Na No. f)f colony
specific alleles
Paequ3 SG D H K L 5 0
Cro H K L 5 1
Chat D F G H K L 7 2
Paequd 8G C F G H 4 0
Cro A B C D E F G H 8 1
Chat B C E F G 5 o
De11 SG A B C E F G H 7 1
Cro B C D E F G 6 1
Chat A B C E F 5 o
Dc16 SG B C D E 4 0
Cro A B D E 4 1
Chat B C D 3 0
Dc26 5G B C 2 C
Cro B C 2 0
Chat B C 2 0
Total SG 22 1
Cro 25 4
Chat 22 2
Species specific alleles
. No. of species
Locus Species Alleles Na specific alleles
Paequ3 SGP A E G H | K L 8 2
NGP D F G H I K L 8 2
Paequd SGP B C b E F G H I 9 2
NGP A B C D E F G H 8 1
De1t SGP A B C D E F G H I 9 1
NGP A B C D E F G H 8 0
Dc16 SGP A B C D E F 8 1
NGP A B C D E 5 0
Dc26 SGP A B C D | 5 3
NGP B C 2 0
De37 SGP A B C D E 5 4
NGP D 1 0
Total 5GP 42 13
NGP 32 3




SYNTHESIS

Seabirds have a high proportion of threatened species (BirdLife-International,
2006). Taxonomic uncertainties have become a major conservation priority
especially in Procellariiformes, because only recognised species are generally
afforded protection (Frankham ef al., 2002). In addition to ecology, knowledge of
the phylogeographic distribution and population structure is essential for
appropriate management plans to conserve threatened species and subspecies
(Gaston, 2001; Avise, 2004; Beebee and Rowe, 2004). To this end, the main
aims of this thesis were to resolve the taxonomic ranks of two species of
Procellaria, the White-chinned and Spectacled Petrels, and the two forms of
Macronecftes, the Southern and Northern Giant Petrels. In addition, the
phylogeography of the White-chinned and giant petrels was investigated, in part
to test whether birds killed at sea could be assigned to specific colonies or

regions.

Taxonomy

Current taxonomic status, although contested, for all four species is separate
species rank (Ryan, 1998; Hockey et al., 2006; Ryan ef al., 2006). Analyses of
mitochondrial cytochrome b sequence data support these rankings. The White-
chinned and Spectacled Petrels diverged relatively recently as shown by limited
sequence divergence and the fixation of only six mutations within cytochrome b.
Within Procellaria they are sister species, with the closest other species being the
Grey Petrel, which has a similar wide-ranging distribution as the White-chinned
Petrel. Phylogenetic trees show that White-chinned and Spectacled Petrels have
an ancestor that evolved from a common ancestor with the Grey Petrel. The two
New Zealand endemic Procellaria species, P. westlandica and P. parkinsoni are
sister taxa within the genus. The New Zealand region probably is where the

genus evolved and from which recent expansions took place in the White-
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chinned and Spectacled Petrels. In terms of management implications this
means that the Spectacled Petrel should continue to be recognised as a separate
species, receiving separate attention in terms of species management. Recent
reports show that the numbers are increasing (Ryan et al., 2006), however, the
species is known to breed only on Inaccessible Island and is vulnerable to threats

at sea.

Analyses of the two forms of giant petrels also supported separate species rank,
although sequence divergence in cytochrome b is limited to only one mutational
difference. This suggests a more recent speciation event than that between the
White-chinned and Spectacled Petrels. The recent timing of speciation is further
indicated in the paraphyly of the Southern Giant Petrel within cytochrome b. If it
were not for the fact that the two forms breed sympatrically on several islands
they could well be considered subspecies. Tree topologies show that individuals
cluster with their species rather than with heterospecific individuals breeding on
the same island, and microsatellite data showS a clear separation of gene pools
between the two forms. The separation of the two forms is further supported by
sexual isolation and morphological differences. Genetic findings together with the
ecological data thus indicate that the two forms should be managed separately

as two different species.

Evolutionary history of giant petrels

Speciation and phylogeography of northern hemisphere species are often
characterized by glacial cycles of the Pleistocene and Pliocene (Avise, 2000) and
expansions in high latitude bird species following these periods are common
(Pearce et al., 2002). Highly mobile species such as seabirds often present an
enigma regarding the importance of physical barriers to gene flow. Physical
barriers in the case of seabirds can be continental landmasses (e.g. Steeves ef
al., 2005) or glaciers during ice ages resulting in allopatric refugia during the
Pleistocene (e.g. Jouventin and Viot, 1985; e.g. Kidd and Friesen, 1998; Moum

and Arnason, 2001). Although seabirds have great dispersal potential, most
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choose to breed in natal colonies (Ovenden et al, 1991). If philopatry is very
strong, it may create a non-physical barrier to gene flow. However, even strongly
philopatric species such as wandering albatrosses sometimes move between
colonies (Inchausti and Weimerskirch, 2002) and only one effective movement
per generation is sufficient to maintain genetic continuity between populations
(Ridley, 1996).

Southern and northern hemisphere oceans differ in that northern hemisphere
oceans are divided by landmasses that create barriers to gene flow whereas the
southern hemisphere oceans are more continuous, although only at 50-60° S,
with a bottleneck at the Drake Passage between Cape Horn and the Antarctic
Peninsula which may have presented a barrier prior to ca. five million years ago.
In the northern hemisphere these barriers to gene flow are mostly responsible for
causing differentiation within species. The phylogeography of northern seabirds
therefore often exhibits structure (e.g. Goostrey et al., 1998; Liebers and Helbig,
2002; Pons et al., 2004). In contrast it has been found that at least some pelagic,
widespread seabird species in the southern hemisphere have diverged in the
absence of such physical barriers (e.g. Burg and Croxall, 2004; Steeves ef al.,
2005).

As mentioned earlier, evenls leading to speciation often initiated in the Pliocene,
but a small percentage originated in the Pleistocene. These are usually
characterised by small sequence divergences (Avise, 2000). The speciation
event separating Southern and Northern Giant Petrels has been recent, an
estimated 0.39 to 1.2 million years ago, which places it during recent glaciation
cycles (Avise and Walker, 1998). These climatic events also may have produced
phylogroups within the Southern Giant Petrel. Secondary contact probably
occurred after climatic changes, and although no isolating mechanisms have
evolved, ancient lineages still persist in cytochrome b within the Southern Giant
Petrel. In contrast, reproductive isolation occurred between the Southern and
Northern forms thereby leading to the formation of two species. In the giant
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petrels ancient vicariance events seem to have shaped current geographic

distributions and speciation rather than current physical barriers.

Within species phylogeography

Of the few studies of Procellariiform phylogeography in the southern hemisphere,
most have investigated albatrosses (Burg, 2000; Burg and Croxall, 2001; Abbott
and Double, 2003, 2003; Abbott, 2004; Burg and Croxall, 2004; Abbott et al.,
2008; Van Bekkum et al, 20086), with only a few studies of petrel species
(Jouventin and Viot, 1985; Ovenden ef al., 1991; Austin et al,, 1994; Austin,
1996, Browne et al., 1997, Paterson and Wallis, 2000; Friesen et al.,, 2006).
Within northern and southern hemisphere Procellariiformes both population
differentiation (e.g. Abbott and Double, 2003; Cagnon ef al., 2004, Walsh and
Edwards, 2005) and homogeneity (e.g. Burg and Croxall, 2001, 2004) have been
observed. One explanation is that species with overlapping foraging locations
and a predominantly oceanic lifestyle will show little to no structure, whereas
species which have populations with more discrete inshore 'foraging locations will
show population differentiation possibly leading to the formation of subspecies
(Burg and Croxall, 2001, 2004). Data on White-chinned Petrel foraging ranges
are scant, but it appears that foraging locations of colonies in different ocean
basins do not overlap (Phillips ef al., 2006). The species is partially oceanic in
lifestyle and has the capability to fly great distances, but mainly forages in highly
productive coastal and upwelling regions. Therefore, genetic structure between
populations can be expected within the White-chinned Petrel if foraging locations
indeed are discrete. Giant Petrels range further north as immature birds but have
more constrained ranges as adults although this differs slightly between the two
species (Marchant and Higgins, 1990). Banding recoveries indicate that Southern
Giant Petrel immatures occasionally visit other breeding colonies and sometimes
stay to breed (Marchant and Higgins, 1990). It can be expected that the two
species exhibit population genetic structuring at least between distant colonies.
On the other hand, this scenario has prompted the supported hypothesis, that

juvenile dispersal rates may provide sufficient gene flow to promote
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metapopulation structure throughout the range (Inchausti and Weimerskirch,
2002; Burg and Croxall, 2004).

Within the White-chinned Petrel, two distinct regional populations were
discovered. However, within ocean basins only weak differentiation was found.
The existence of two strong regional populations supports the observation of
effective regional but not colony-level philopatry in these birds. Assignment tests
indicated that short distance dispersal occurs at least to such an extent that
colonies within ocean basins remain connected but such that weak differentiation
is maintained as shown by microsatellite DNA and Fsy. Long distance dispersal
occurs less commonly as is shown by higher Fstand Gsy values of comparisons
of colonies further apart than colonies geographically closer. As no shared
haplotypes were found between regional populations and differentiation was
higher in cytochrome b than with microsatellite DNA, long distance dispersal is
likely to be male biased. Such male-biased dispersal has been detected through
differences in nuclear and mitochondrial DNA markers (Rassmahn et al., 1997)
and has been shown in Black-browed Albatrosses (Burg and Croxall, 2001). The
hypothesis of structured populations is supported in this species due to discrete
foraging locations and philopatry. By investigating dispersal and gene flow as
well as population structuring, it is possible to contribute to assessment studies of
human induced impacts such as longline associated mortality. My study has
shown that impacts of longlining on local populations can be considered serious
as bycatch from local fisheries originates locally rather than being a mixture of
global populations. The presence of population differentiation also means that
local extinctions are more serious than in a metapopulation, because of the loss

of associated genetic diversity.

Within the Southern Giant Petrel, two separate lineages were identified in
cytochrome b corresponding to birds found at lles Crozet, Marion Island and
Macquarie, and a second lineage comprising birds of all remaining colonies as

well as some individuals from lles Crozet and Marion Island. In contrast, nuclear
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microsatellite DNA showed that although divergence is high between these two
lineages, gene flow still exists. Microsatellites indicated further genetic structuring
within the Southern Giant Petrel, but in order to identify relationships between
colonies, more colonies need to be genotyped and included in analysis. Within
the Northern Giant Petrel, no further sub-structuring could be found with
cytochrome b, but preliminary microsatellite DNA analysis showed some
differentiation between colonies. Recent expansions, as indicated by cytochrome
b, often mean that populations/colonies are still tightly connected even if no
contemporary gene flow occurs. This would explain the lack of differentiation
found in cytochrome b. As only three colonies were genotyped in the Northern
Giant Petrel no further conclusions could be reached. Future studies are planned
to include more colonies. However, analysis does show that the hypothesis of
genetic structuring between colonies is supported rather than one of a single
metapopulation in giant petrels. Conservation implications are therefore similar to
the White-chinned Petrels; even more so, as breeding populations‘of giant

petrels are considerably smaller.

Conclusions and future work

In the White-chinned Petrel, two distinct regional populations were defined by
both mitochondrial and nuclear markers. It was further shown that local colonies
are at risk from longline fishing and local loss of genetic diversity may become a
conservation issue. Genetic analysis identified the New Zealand region as having
the greatest genetic diversity. However, this region does not contain the greater
number of breeding pairs. Management plans need to consider this information in

order to conserve the species main source of diversity.

Within the giant petrels, genetic analysis has confirmed species status of the two
forms as well as showing population differentiation between colonies within
species. The species identity of the Falkland and Gough populations has been
clarified, which will aid in the local conservation of these colonies. Further nuclear
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analysis is required in order to complete phylogeographic analysis of the two
species.

From this, it is clear then that the study of phylogeography and population
genetics can greatly contribute to conservation management by providing
insights into threatened species. By examining the processes that have shaped
the geographical distribution of species, one can develop management plans to

conserve their future.

| would recommend for future work the application of the genetic findings in these
species. In this thesis, microsatellite as well as cytochrome b sequence data was
used to assess the population composition of birds caught in Indian Ocean and
New Zealand bycatch. In order to fully assess the impact of fisheries on all
colonies, | would recommend including the remaining two colonies (Kerguelen
and Campbell Island), as well as a larger sample size for the other source
colonies, in further analysis in order to investigate the colony composition of other

fishing industries.

Similarly, the two giant petrel species are often hard to distinguish in bycatch
samples. As the world population of giant petrels is only approximately 31,000
and 11,500 breeding pairs of Southern and Northern Giant Petrels, respectively,
the species identity of bycatch is important. An easy identification based on the
fixed mutational difference in cytochrome b as well as microsatellite DNA, similar
to that developed for the White-chinned Petrel, could aid in the assessment of
bycatch. In order to do so, the preliminary microsatellite DNA analysis included in
this thesis needs to be expanded to include more colonies of both species. This
data would further aid in the characterisation of the two species phylogeography
facilitating the implication of any management plans to ensure the continued

future of giant petrels.
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