Genetic population structure of black-browed and Campbell albatrosses, and implications for assigning provenance of birds killed in fisheries
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Abstract
1. Previous genetic studies found evidence of at least three distinct groups of black-browed Thalassarche melanophris and Campbell T. impavida albatrosses in the Southern Ocean.  Almost 350 individuals including samples from additional breeding sites on the Falkland Islands and South Georgia Island were screened using mitochondrial DNA.
2. The new sequence data using lineage specific PCR primers provided further support for the taxonomic split of T. melanophris and T. impavida and separate management of the two distinct T. melanophris groups.  
3. A total of 207 black-browed albatrosses killed in longline fisheries were screened.  Approximately 93% of the bycaught birds from the Falkland Islands belonged to the Falkland mtDNA group and the remaining birds had mtDNA from the Widespread T. melanophris group; these proportions were similar to those in the local Falklands breeding population.  The South African and South Georgia bycatch samples were predominantly comprised of the Widespread T. melanophris group, with only one bird from each area containing Falkland mtDNA.  Lastly, 81% of the albatrosses bycaught off New Zealand had T. impavida mtDNA and the remaining four birds were Widespread T. melanophris.  These differences in bycatch composition matched what is known from tracking and banding data about the at-sea distribution of black-browed albatrosses.
4. Based on the mtDNA results and current population trends, consideration should be given to assigning regional IUCN status for the different breeding populations.
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Introduction
Population geneticists have developed a suite of molecular markers in recent years that potentially allows for the differentiation of genetically-distinct populations and identification of the origin of individuals captured away from breeding areas (Abbott et al., 2006; Burg, 2008).  This is particularly important for species of conservation concern, given its usefulness for assessing different threats at regional and global scales, and developing appropriate management strategies 
 ADDIN EN.CITE 
(Baker et al., 1996; Waples et al., 2008; Ovenden et al., 2015)
.  Recent applications include genetic approaches to identify the species or origin of individuals caught in fisheries, greatly improving our understanding of spatio-temporal variation in risk and the relative impact of each fishery on different breeding populations 


(Walsh and Edwards, 2005; Baker et al., 2007; Bugoni et al., 2008; Militão et al., 2014) ADDIN EN.CITE .

The black-browed albatross (Thalassarche melanophris) is a wide ranging, pelagic seabird found throughout the Southern Ocean.  Formerly listed as Endangered, the species was down-listed in 2013 to Near-threatened by the World Conservation Union (IUCN) because of increases in population sizes at the Falklands, Ildefonso and Diego Ramirez islands, although populations continue to decrease at some locations (BirdLife International, 2015).  A closely-related species, the Campbell albatross T. impavida, which can be distinguished readily from black-browed albatross by its straw-coloured iris, is endemic to Campbell Island and is listed as Vulnerable (BirdLife International, 2015; ACAP, 2010).  Both species are at risk from fisheries-related activities, and the black-browed albatross is amongst the most common seabird species recorded as bycatch 


(Petersen et al., 2009; Brothers et al., 2010; Jiménez et al., 2010; Favero et al., 2013; Yeh et al., 2013) ADDIN EN.CITE .  Bycatch rates vary spatially and temporally, and potentially twice as many birds are killed as hauled on board longline vessels, and several times as many as are recovered on trawl warps (Watkins et al., 2008; Brothers et al., 2010).  Jiménez et al. (2010) reported rates as high as 0.276 black-browed albatross killed per 1000 hooks in pelagic longline fisheries in the south-west Atlantic; this region holds the largest number of black-browed albatrosses, globally.  While fishing effort has decreased in recent years 


(Jiménez et al., 2010; Favero et al., 2013) ADDIN EN.CITE , the number of hooks set on an annual basis remains in the hundreds of millions.  Although efforts to mitigate seabird mortality have been successful in some fisheries, black-browed albatrosses are still caught in substantial numbers over a wide area, including off South America, southern Africa, Australia, New Zealand, various sub-Antarctic islands, and in the high seas 


(Bugoni et al., 2008; Petersen et al., 2009; Jiménez et al., 2010; Favero et al., 2013; Yeh et al., 2013) ADDIN EN.CITE .  As albatrosses are long-lived, have delayed reproduction, breed at most annually, and raise a single chick, even moderate rates of bycatch have the potential to reduce populations and to delay recovery from decades of fisheries-related mortalities.

There are an estimated 600,000 pairs of black-browed albatrosses world-wide, of which c.66% breed in the Falkland Islands (ACAP, 2010).  Black-browed albatrosses from a single sampling site in the Falklands (Saunders Island) comprise a genetically-distinct lineage known to be isolated from sampled breeding populations in the south Atlantic Ocean (South Georgia), Indian Ocean (Kerguelen), Australasia (Macquarie and Campbell Island), and the eastern Pacific (Diego Ramirez islands), and from 21,000 pairs of the Campbell albatross, T. impavida (Alderman et al., 2005; Burg and Croxall, 2001).  This population genetic structure implies that gene flow is limited between the three groups (Falklands T. melanophris, Widespread T. melanophris, and T. impavida).  Interestingly, all three lineages are represented among individuals at Campbell Island identified as black-browed albatrosses by their dark eyes, suggesting that some of these birds were hybrid progeny of T. impavida (Moore et al., 2001).  The three lineages are affected to variable extents by different threats, largely reflecting the relative overlap with different fisheries during the breeding and non-breeding seasons.  The large population of Falklands T. melanophris feed at sea mainly on the Patagonian Shelf, year-round 


(Grémillet et al., 2000; Huin, 2002; Wakefield et al., 2011; Catry et al., 2013) ADDIN EN.CITE .  Although the Widespread T. melanophris lineage has an extensive breeding distribution on 13 islands or island groups, the great majority (c. 98%) breed at South Georgia and islands off southern Chile (Wakefield et al., 2011).  Breeding adults from South Georgia feed over an extensive region of the south-west Atlantic; most then migrate to the Benguela Upwelling region, although a small proportion winter on the Patagonian Shelf or off Australasia 


(Phillips et al., 2004, 2005; Wakefield et al., 2011) ADDIN EN.CITE .  Birds from the third lineage, T. impavida, feed mainly on the Campbell Plateau and to some extent in distant, oceanic waters while breeding, and remain in Australasian and south-west Pacific waters during the non-breeding period 


(Waugh et al., 1999a, b) ADDIN EN.CITE .
The previous study of population structure using mitochondrial DNA and microsatellites concluded that Falklands T. melanophris represented a discrete breeding population, and could potentially be split taxonomically from the Widespread T. melanophris group (Burg and Croxall, 2001).  The aims of this study were to: (i) assess the distribution of the three lineages identified by mitochondrial DNA (mtDNA) by sampling more individuals and additional breeding sites, and (ii) use mtDNA to determine the provenance of black-browed albatrosses killed in fisheries off the Falkland Islands, New Zealand, South Africa and South Georgia.  By assigning bycatch in these areas to each mtDNA lineage, this will improve knowledge of mortality rates relative to the size of breeding populations, and therefore better assess the impacts of different fisheries, and gain new information on at-sea distributions.  The latter overcomes limitations of the small number of birds that can be fitted with tracking devices, and the very low recovery rates and variable reporting rates of ringed individuals. Most tracking has focused on adult birds, whereas immatures are well represented in bycatch samples (e.g., Techow et al., 2016). 
Materials and methods

Samples
Blood or feather samples were collected from black-browed and Campbell albatrosses at 11 breeding colonies between 1999 and 2016 (Figure 1, Table 1).  In total, 262 new samples were obtained from previously-sampled sites, three new islands at the Falkland Islands and South Georgia, and from the two species breeding at Campbell Island.  Given the long interval between sampling at New Island (2004 and 2016), the two sets of samples were initially analyzed separately.  Samples from individuals sequenced previously (n=73, Burg and Croxall, 2001) were also included to test the reliability of the molecular techniques for assigning provenance.  In addition, muscle was obtained from 207 birds killed in fisheries off the Falkland Islands, South Georgia, the east coast of South Africa (from 20-30ºE), and New Zealand (Figure. 1, Table 1).  Bycatch samples were collected over a number of years; each time series was analyzed separately and as a single group (Table 1).  Feather samples were stored dry, and blood and muscle samples stored in ethanol. DNA was extracted using a modified Chelex extraction (see Walsh et al., 1991; Burg and Croxall, 2001).

Individuals were assigned to Falklands T. melanophris, Widespread T. melanophris and T. impavida using mtDNA markers.  H-strand primers were designed with a unique eight nucleotide sequence at the 3’ end such that each would amplify individuals belonging to one of the three lineages when used with ND6* on the L-strand (Burg and Croxall, 2001).  H400DiC (CGAGCACTGCCGTATGCRGCTGG), H400DmFI (CGAGCACTGCCGTATATTGTCAG) and H400Dm (CGAGCACTGCCGTATATTGCTGA) amplify individuals from the T. impavida, Falklands T. melanophris and Widespread T. melanophris groups, respectively (Moore et al., 2001).  Approximately 100 ng of genomic DNA was amplified using 200 µM dNTP, 1.5 mM MgCl2, 1x PCR buffer, 0.2 U Taq, and 5 pmol of ND6* and one H400 primer in a 25 µL reaction.  For each individual, polymerase chain reactions (PCR) were carried out with each of the H400 primers.  Amplification consisted of one cycle of 120 s at 94°C, 45 s at 50°C, 120 s at 72°C; six cycles of 60 s at 94°C, 45 s at 50°C, 90 s at 72°C; 27 cycles of 60 s at 93°C, 30 s at 55°C, 60 s at 72°C and one final cycle for 5 min at 72°C. PCR products were visualised a 0.7% agarose gel stained with ethidium bromide.  Individuals were assigned to one of the three lineages based on the presence of a DNA band in one of the three PCR reactions.  A subset of samples were run multiple times to ensure consistent amplification and scoring.
Results

The specificity of the H400 primers was confirmed by the correct assignment of all 73 birds sequenced by Burg and Croxall (2001).  All 522 birds screened with the H400 primers were assigned to one of the three mitochondrial lineages (Table 1).  Fifty samples were screened twice with the H400 primers, which confirmed that the results were consistent.  An additional 32 individuals from three other sites (Macquarie, Ildefonso and Diego de Almagro islands) from Alderman et al. (2005) were assigned to mtDNA lineages.

Samples from breeding colonies
Samples from the Falklands were from three islands, including Saunders Island where samples had been obtained previously by Burg and Croxall (2001). Fifteen (9.0%) of the 166 samples from the Falkland Islands matched mtDNA from the Widespread T. melanophris group (see Burg and Croxall, 2001), and the remaining 151 (91%) matched the Falklands T. melanophris group (Table 1, Figure 1).  The proportion of Widespread T. melanophris ranged from 4.3% on Beauchêne to 13.5% on Saunders Island.
All 83 samples from Bird and Annenkov Islands (South Georgia) and Diego de Almagro matched the Widespread T. melanophris group (Figure 1).  More than 90% of birds from the two other Chilean islands, Ildefonso and Diego Ramirez, and from Macquarie Island were from the Widespread lineage.  All 30 Campbell albatross from Campbell Island belonged to the T. impavida lineage, but of the 19 Campbell Island samples identified as black-browed albatrosses based on iris colour, including the subset typed by Moore et al. (2001), 3 (15.8%), 10 (52.6%) and 6 (31.6%) matched Falklands T. melanophris, Widespread T. melanophris and T. impavida, respectively.
Bycatch samples
In total, 93% of the 75 birds killed in fisheries around the Falkland Islands from 2002 to 2009 belonged to the Falklands T. melanophris group; the remaining five matched the Widespread T. melanophris lineage (Table 1, Figure 2).  These five birds were caught in two of the four years for which samples were available: 2002 (n=3 of 36 samples) and 2009 (n=2 of 17 samples).  Only one of the 93 bycaught birds from fisheries around South Georgia sampled from 1999 to 2009 was assigned to the Falklands T. melanophris group; the remainder matched the Widespread T. melanophris lineage. Seventeen (94%) and one (6%) of the bycaught birds from South African fisheries sampled from 2002 to 2013 were Widespread T. melanophris and Falklands T. melanophris, respectively.  Most (81%) of the 21 bycaught samples from New Zealand sampled between 2006 and 2013 were assigned to T. impavida; the remaining four (19%) were Widespread T. melanophris with no records of Falklands T. melanophris.  These samples were collected from all around New Zealand, with no obvious geographic clustering of the lineages.
Discussion

Population genetic structure 

By increasing the number of birds sampled at islands in previous studies (Burg and Croxall, 2001; Alderman et al., 2005), and sampling at new sites at the Falklands and South Georgia, this study confirms the existence of three evolutionary lineages among T. melanophris/T. impavida.  Although the two T. melanophris lineages are genetically distinct, there is some overlap in their distributions.  In addition, this is the first study to examine the affinities of albatrosses nesting on Beauchêne, which is the second largest breeding colony and holds 17% of the global population.  Due to the geographic isolation of this colony and slight differences in breeding phenology from elsewhere in the Falkland Islands, it was critical to establish if these birds were distinct from other groups.  However, the results presented here indicate that 96% of individuals had the Falkland mtDNA.
The presence of two genetically-distinct mtDNA lineages at the Falkland Islands and some Pacific colonies (Table 1) could be the result of gene flow or incomplete lineage sorting.  It is unlikely that the birds with Widespread T. melanophris mtDNA were immigrants fledged from other colonies, as there have been no recoveries at breeding colonies in the Falklands of any of the >10,000 birds ringed as chicks at South Georgia (Prince et al., 1998).
A genetic footprint of colonization from different albatross lineages is evident in the black-browed albatrosses breeding on Campbell Island (Moore et al., 2001; this study).  This species apparently established breeding sites at Campbell Island only last century (1970s) and the mtDNA data suggest founders from multiple sites (Table 1, Moore et al., 2001).  Similar patterns of gene flow have been reported in other avian species as the result of hybridization or recent colonisation 


(Steeves et al., 2005; Krosby and Rohwer, 2009; Morris-Pocock et al., 2011) ADDIN EN.CITE .  Alternatively, incomplete lineage sorting could explain the absence of monophyletic lineages in T. melanophris.  Sequence data from multiple nuclear loci and coalescent analyses might allow us to differentiate between these two hypotheses (Qu et al., 2012), but is beyond the scope of the current study.

As suggested by Alderman et al. (2005), the initial driver of population divergence between black-browed and Campbell albatrosses may have been isolation during the major glacial cycles in the Pleistocene.  The Falkland Islands and New Zealand sub-Antarctic islands were unglaciated (Chown et al., 1998), whereas glaciation was extensive at South Georgia and southern Chile (Fraser et al., 2012).  Two of the three lineages of black-browed and Campbell albatrosses could have arisen through allopatric speciation in their current locations.  However, given that the four largest contemporary breeding sites of the Widespread T. melanophris lineage were completely ice-covered in the Pleistocene, an alternative site for speciation could be the now-submerged islands along the Scotia Arc to the east and south-east of South Georgia.  Vast quantities of fresh water were locked in permanent ice sheets, and global sea level was lower; hence, those islands would have been exposed and could have provided suitable breeding habitat. Alternatively, this lineage may have persisted on other islands and colonized these areas following the last glacial maximum.

The contemporary genetic structure is likely maintained by low or negligible levels of immigration, reflecting current differences in at-sea distributions of the three lineages (Burg and Croxall, 2001).  During the breeding season (incubation and chick-rearing), black-browed albatrosses usually forage in shallow waters near their breeding colonies; however, birds from South Georgia, Macquarie and Chilean colonies also forage in distant, pelagic waters 


(Huin, 2002; Wakefield et al., 2011) ADDIN EN.CITE .  At-sea overlap during the breeding season of birds from different island groups is therefore usually low or nil, with the exception of the main Chilean populations (Wakefield et al., 2011).  In addition, Campbell albatrosses overlap to a small extent with black-browed albatrosses from Macquarie Island (Waugh et al., 1999b; Terauds et al., 2006).  There is more overlap at-sea, albeit at a low level, in non-breeding distributions among the three lineages, particularly on the Patagonian Shelf between small proportions of birds from Diego Ramirez (and potentially other Chilean colonies) and South Georgia, and the great majority of birds from the Falkland Islands (BirdLife International, 2004; Phillips et al., 2005).

Provenance of bycaught birds
Birds with mtDNA that matched T. impavida occurred only at Campbell Island; hence the provenance of all bycaught individuals of this type can be assigned with 100% certainty.  The great majority (93%) of black-browed albatrosses killed near the Falklands were from the local breeding lineage, Falklands T. melanophris, as were a small proportion (1%) of the South Georgia bycatch birds.  In general, the mtDNA composition of birds caught in fisheries around the Falklands and South Georgia mirrored the mtDNA ratios of the local population.  It is highly likely, therefore, that birds killed around South Georgia originated almost entirely from local colonies, given their very close proximity and evidence from tracking studies that black-browed albatrosses from the Falklands or Chilean islands do not utilize the area even during the non-breeding period (BirdLife International, 2004).

Almost all the birds killed off South Africa were assigned to Widespread T. melanophris and may have originated from the South Georgia population, >90% of which winter in and around the Benguela Upwelling region (Phillips et al., 2005).  Some of the South African bycatch may be from colonies at Crozet or Kerguelen, but these colonies are small (total c. 4,000 pairs vs. c. 74,000 at South Georgia). Adults from Kerguelen are thought to winter largely in Australian waters (ACAP, 2010), but at least some ringed birds have been recovered from South Africa (Weimerskirch et al., 1985).  The small proportion of Falklands T. melanophris in the bycatch samples off South Africa and South Georgia could in theory have originated from a number of breeding sites.  However, it is extremely unlikely that they are from the black-browed albatross colonies at Macquarie or Campbell islands, which are tiny (<200 pairs) (ACAP, 2010).  Nor are they likely to be from Chile, where the proportion of Falklands T. melanophris is relatively low (Alderman et al., 2005; this study), and adults have not been tracked to South Georgia, the east Atlantic Ocean, or Indian Ocean during either the breeding or non-breeding periods (Wakefield et al., 2011; BirdLife International, 2004).  The most probable origin of the two Falklands T. melanophris killed in fisheries off South Georgia and South Africa is therefore the Falkland Islands.  Although tracking data indicate that adults from the Falklands remain on the Patagonian Shelf year-round (BirdLife International 2004), there have been several recoveries of chicks ringed at the Falklands off South Africa (P. Catry unpubl. data; Tickell, 1967).

The New Zealand bycaught birds were a mix of Widespread T. melanophris and T. impavida.  The former were caught off the west coast of the South Island (n=2) and near the Bay of Plenty off the North Island (n=2).  They are unlikely to be from Campbell or Macquarie islands as those populations are so small, nor from Antipodes Island for the same reason (115 pairs; not sampled), but could be from larger colonies on Heard Island, South Georgia, Chile or Kerguelen, as tracked adults from South Georgia and Diego Ramirez, and ringed birds from Kerguelen have been tracked to Australasia, and juveniles probably travel even further afield (BirdLife International 2004).

The results suggest that birds killed in fisheries off the Falkland Islands are mainly birds from the Falklands breeding population.  As such, future efforts to reduce bycatch of declining populations should concentrate in other areas where these birds are known to aggregate.  For the birds from South Georgia, this includes Namibia, Angola and the High Seas, as bycatch mitigation measures in other parts of their at-sea range South Georgia and South Africa are currently considered to be effective.

Conclusions

The mitochondrial markers used in this study provided a straightforward and accurate method for genetic typing of black-browed and Campbell albatrosses.  While some mixing of the two T. melanophris mtDNA lineages occurs (e.g. up to 10% of the birds sampled at the Falklands, Chilean islands and Macquarie Islands had mtDNA from the other lineage), the molecular data provide valuable information.  Using this suite of molecular markers on birds killed in fisheries highlighted varying levels of fishing impacts on different breeding populations, and also provided valuable information on at-sea distributions to supplement data from tracking studies, which are rarely of immature birds and from ring recoveries which are prone to reporting biases.  The data show clear mtDNA differences between the Falklands and Widespread black-browed albatross.  Additional nuclear data from a larger number of samples would be informative; however, notes that a previous study has already confirmed that nuclear differences exist between the Falkland Island and other T. melanophris populations.  With approximately 70% of the world’s population of black-browed albatrosses breeding on the Falkland Islands, and evidence that these are to some extent genetically distinct,  these two groups should be considered as distinct population segments for management purposes.  When these results are combined with large differences in population sizes, and in trends at different island groups, the conservation concerns are even more critical and must be addressed.  Strong consideration should be given to assigning regional Red List (IUCN) status for some breeding populations as the main driver for the downlisting of the species to Near-threatened by IUCN in 2013 to listing of Near-threatened was the increase at the Falkland Islands, which represented 70% of the global numbers.  In contrast, the population at South Georgia is in steep decline (Poncet et al., in press).  Associated with this, there is a need to develop action plans for specific breeding populations, and management plans for fisheries where bycatch is predominantly of birds from populations that are in decline or with unknown status.  Future genetic sampling and analyses should be directed at using nuclear markers and studying the provenance of bycaught black-browed albatrosses from other fisheries to obtain a more comprehensive picture.
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Table 1. Assignment of black-browed and Campbell albatrosses sampled at breeding islands or killed in fisheries, based on H400 PCR; percentages in brackets.  The number of samples analyzed (N) is shown for each island or time period.  Birds from Alderman et al. (2005) were assigned based on sequence data.  FI Tm = Falklands T. melanophris, W Tm = Widespread T. melanophris, Ti = T. impavida.
	Sampling locations
	FI Tm
	W Tm
	Ti
	N
	Source

	Breeding islands
	
	
	
	
	

	Black-browed albatross
	
	
	
	
	

	Falkland Islands
	
	
	
	
	

	  Beauchêne
	44 (96)
	2 (4)
	
	46
	This study

	  New
	75 (90)
	8 (10)
	
	83
	This study

	  Saunders
	32 (86)
	5 (14)
	
	37
	This study, Burg and Croxall, 2001

	Chile
	
	
	
	
	

	  Diego de Almagro
	
	10 (100)
	
	10
	Alderman et al. 2005

	  Ildefonso
	1 (10)
	9 (90)
	
	10
	Alderman et al. 2005

	  Diego Ramirez
	1 (10)
	9 (90)
	
	10
	Burg and Croxall, 2001

	South Georgia
	
	
	
	
	

	  Annenkov
	
	10 (100)
	
	10
	This study

	  Bird
	
	73 (100)
	
	73
	This study, Burg and Croxall, 2001

	Macquarie
	1 (8)
	11 (92)
	
	12
	Alderman et al. 2005

	Kerguelen
	
	7 (100)
	
	7
	Burg and Croxall, 2001

	Campbell
	3 (16)
	10 (53)
	6 (32)
	19
	This study, Moore et al. 2001

	Campbell albatross
	
	
	30 (100)
	30
	This study, Moore et al. 2001

	
	
	
	
	
	

	Fisheries bycatch
	
	
	
	
	

	Falklands
	
	
	
	
	

	  2002
	33 (92)
	3 (8)
	
	36
	This study

	  2004
	6 (100)
	
	
	6
	This study

	  2005
	16 (100)
	
	
	16
	This study

	  2009
	15 (88)
	2 (12)
	
	17
	This study

	All years
	70 (93)
	5 (7)
	
	75
	

	South Georgia
	
	
	
	
	

	  1999
	
	45 (100)
	
	45
	This study

	  2000
	
	6 (100)
	
	6
	This study

	  2002
	
	15 (100)
	
	15
	This study

	  2003
	1 (9)
	10 (91)
	
	11
	This study

	  2004
	
	8 (100)
	
	8
	This study

	  2006
	
	4 (100)
	
	4
	This study

	  2009
	
	4 (100)
	
	4
	This study

	All years
	1 (1)
	92 (99)
	
	93
	

	South Africa
2002-2013
	1 (6)
	17 (94)
	
	18
	This study

	New Zealand
	
	
	
	
	

	2006-2013
	
	4 (19)
	17 (81)
	21
	This study
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Figure 1.  Location and assigned lineages of black-browed (T. melanophris, black and grey squares) and Campbell (T. impavida, white triangle) albatrosses sampled at breeding colonies. The inset on the right shows the South American sites.  The proportion of birds from each site assigned to the three mitochondrial lineages is indicated by pie charts (T. impavida - white; Falklands T. melanophris - grey; Widespread T. melanophris - black).  See Table 1 for details.


[image: image2]
Figure 2.  Location and assigned lineages of bycaught black-browed and Campbell albatrosses obtained from fisheries.  Breeding sites for T. melanophris (black and grey squares) and T. impavida (inverted white triangle) are shown.  The proportion of birds from each site assigned to the three mitochondrial lineages is indicated by pie charts (T. impavida - white; Falklands T. melanophris - grey; Widespread T. melanophris - black).  See Table 1 for details.
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