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SUMMARY   

The identification of geographic areas and periods when the densities of animals are 

highest across their annual cycles is a crucial step in conservation planning, including for 
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the designation of protected areas and regulation of potentially detrimental human 

activities. Many species of marine megafauna are declining, however for the majority, the 

methods used to identify these important sites and times are usually biased towards adults, 

neglecting the distribution of other life-history stages even though they can represent a 

substantial proportion of the total population. Here we develop a methodological framework 

for estimating population-level density distributions at quarterly and annual resolutions, 

incorporating tracking data for all major life-history stages (adult breeders, adult non-

breeders, juveniles and immatures). We incorporate demographic information (adult and 

juvenile survival, breeding frequency and success, age at first breeding) and phenological 

data (average timing of breeding and migration) to appropriately weight distribution grids 

according to the proportion of the population represented by each life-history stage. We 

demonstrate the utility of this framework by applying it to 21 species (including 28 

populations) of albatrosses and petrels. The resulting distribution grids accounting for all 

major life-history stages highlight that omitting juveniles, immatures and adult non-breeders 

leads to spatial biases, particularly as these classes may account for 55-75% of all 

individuals for many species. As such, ignoring the distributions of pre-breeders and adult 

non-breeders is likely to bias estimates of overlap with threats, and potentially lead to 

suboptimal targeting of resources directed at management and conservation. Our 

framework synthesizes and improves on previous approaches to estimate seabird densities 

at sea, and provides a standard and replicable methodology that can be easily updated as 

new tracking and demographic data become available.  

 

1. INTRODUCTION 

Understanding how marine megafauna overlap and interact with threats in space and time is 

crucial to their conservation. Biologging technology has greatly improved our knowledge of 

how animals interact with their environment and facilitated a better understanding of the spatio-

temporal distribution of marine megafauna (Hays et al., 2016; Oppel et al., 2018; Sequeira et 

al., 2018). In the past, the distribution of marine megafauna was mapped based on presence-

absence data or static range maps, which simplistically assumed homogeneous distribution 

within the species range (Williams et al., 2014). However, many marine animals show a 

distinctly non-homogenous distribution throughout their range, and the identification of areas 

with highest densities of individuals is potentially paramount for conservation planning (Dias et 

al., 2017; Hays et al., 2019; Johnston et al., 2015; Nur et al., 2011). This is particularly relevant 

for seabirds, which comprise the most mobile marine species that can show high spatial 

aggregations at sea (Burger et al., 2004; Clua and Grosvalet, 2001; Duffy, 1989). 

Although utilization distributions (i.e. probability distributions of space use; Fieberg et al., 2005) 

based on seabird tracking data can identify areas most frequently used and improve spatial 

priority-setting compared to range maps, studies using this approach generally cannot 

extrapolate densities at the population level due to common biases in data collection. Most 

tracking studies have focused on breeding adults, neglecting the distribution of non-breeding 

individuals even though they represent a large proportion of the total population (Péron and 

Grémillet, 2013; Weimerskirch et al., 2014). Young age classes and adult non-breeders are 

generally under-represented in tracking studies because they spend extensive periods at sea 

and are therefore more difficult to track (Gutowsky et al., 2014; Phillips et al., 2017). Due to 

their more dispersed distributions, these life-history stages may be more susceptible to 

anthropogenic threats (Gianuca et al., 2017; Lewison et al., 2012; Pardo et al., 2017; Riotte-
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Lambert and Weimerskirch, 2013). Thus, current approaches to estimate the distribution of 

seabirds are frequently unable to include certain key life-history stages (e.g. Augé et al., 2018; 

Block et al., 2011), and may therefore underestimate the potential risk from threats such as 

bycatch in fisheries. Assessing the potential impact of threats at the population level, however, 

requires reliable estimates of the density distribution of all life-history stages of a given species 

(Clay et al., in press).  

Several recent studies investigating overlap of seabirds with fisheries have incorporated data 

from different life-history stages (e.g. Carneiro et al., 2017; Clay et al., in press; Tuck et al., 

2015, 2011). By using detailed information on migratory and breeding schedules, demographic 

parameters from population models and extensive tracking datasets, Clay et al., (in press) 

were able to compare population-level distributions of four seabird species from South Georgia 

with industrial fisheries in the Southern Ocean. Here, we expand the approaches of Carneiro 

et al., (2017) and Clay et al., (in press) to provide a coherent framework to estimate the density 

distribution of seabird species at a quarterly and annual resolution. This framework can be 

used to improve the assessment of threats to seabird species by much better representing the 

distribution and abundance of all life-history stages that may be affected. We demonstrate this 

framework for 21 seabird species of global conservation concern for which tracking data for 

two or more of the major life-history stages were available. Although our approach requires 

both demographic and tracking data, the resulting density distribution maps can be readily 

updated whenever new information becomes available. 

 

2. METHODS 

2.1. Study species 

Currently, 21 of the 31 species listed under Agreement for the Conservation of Albatrosses 

and Petrels (ACAP, see https://www.acap.aq/en/acap-species for a complete list) are 

threatened with extinction (BirdLife International, 2018). Most ACAP species are bycaught in 

large numbers in fisheries, emphasizing the need to map their at-sea distributions. We 

considered all ACAP species that breed in the Southern Ocean in the analyses, except for the 

pink-footed shearwater (Ardenna creatopus), southern royal (Diomedea epomophora), Indian 

yellow-nosed (Thalassarche carteri), Campbell (T. impavida) and shy (T. cauta) albatrosses 

for which insufficient tracking data were available to confidently map their distributions. 

2.2. Framework 

Our framework constitutes ten steps:  1) data compilation (tracking, phenology and 

demography); 2) cleaning and standardisation of tracking data; 3) estimating utilisation 

distributions (UDs) for each species, breeding site, device type, age and stage of the annual 

cycle (hereafter referred to as ‘data group’); 4) applying a land mask to UDs; 5) assessing 

representativeness for each data group; 6) combining UDs into monthly distribution grids 

based on the duration of each stage in each month according to phenological data (i.e. related 

to the timing of key events such as breeding and migration schedule); 7) estimating the 

proportion of the population in each life-history stage using age- and stage-structured Leslie-

Lefkovitch matrix models; 8) estimating the abundance of birds of a given life-history stage in 

each monthly grid cell based on the distribution grids and the proportion of the total population 

in each life-history stage derived from demographic models; 9) converting the monthly 

distribution grids into quarterly or yearly distribution grids, and summing the distributions of 

https://www.acap.aq/en/acap-species


 

4 

each life-history stages into a single population-level distribution; and finally, 10) aggregating 

abundance estimates to the relevant spatial resolution.  

2.3. Tracking data compilation and standardization 

We compiled tracking data deposited in the Seabird Tracking Database 

(http://seabirdtracking.org/) for ACAP species, which includes data from the three most 

commonly used tracking devices: Global Positioning Systems (GPS), Platform Terminal 

Transmitters (PTT) and Global Location Sensors (GLS loggers or geolocators). All tracking 

data were split into data groups, which consisted of unique combinations of species, breeding 

site (using the same definition as in ACAP breeding site database; Phillips et al., 2016), device 

type (GPS, PTT or GLS), age and stage of the annual cycle. Adult non-breeding data were 

further split into year quarters: Quarter 1 (Q1, Jan–Mar), Quarter 2 (Q2, Apr–Jun), Quarter 3 

(Q3, Jul–Sep) and Quarter 4 (Q4, Oct–Dec) to facilitate temporal integration with other data. 

Juvenile (first year at sea after fledging) and immature (from the beginning of second year at 

sea until recruitment into the breeding population) data, when available, were split into 

seasonal combinations (summer: combination of Q4 and Q1, and winter: combination of Q2 

and Q3) instead of year quarters to increase data coverage, resulting in two data groups each 

for juveniles and for immatures. We assumed that seabird distributions were consistent 

between years, and data were aggregated over all available years; however, we recognise 

that weather patterns can influence location on an inter-annual basis, so results will be more 

robust where extensive tracking data exist across multiple years.  

2.4. Kernel and bootstrap analysis of tracking data 

For each data group, we estimated kernel UDs using the adehabitatHR package (Calenge, 

2006) in R. Given the wide-ranging foraging distributions of our focal species, a fixed 

smoothing parameter (h) of 50 km was used for PTT and GPS data, and 200 km for GLS data. 

When tracking data were available from several breeding sites within an island or island group, 

UDs were combined by weighting the percentage of the total population involved (based on 

population estimates, i.e. number of annual breeding pairs, from ACAP species assessments 

and other sources). Tracking data from breeding sites were assumed to represent the 

distributions of the wider island or island-group population. Utilization distributions during pre-

laying, incubation and brood-guard were multiplied by 0.5 as one member of each pair is at 

the breeding colony (i.e. not at sea) at any one time (during the pre-laying phase, females are 

generally away for longer periods while males tend to guard the nest; Carneiro et al., 2016; 

Hedd et al., 2014; Quillfeldt et al., 2014). The final UDs were cropped by a land mass polygon 

so that they only included marine areas. We assessed representativeness of each dataset 

following the bootstrapping methods described in Lascelles et al., (2016) and Oppel et al., 

(2018). Preference was given to GPS and PTT data; UDs derived from GLS data were only 

used when GPS and PTT data were not available. If a data group included either fewer than 5 

individuals or representativeness was lower than 70%, we combined GPS and PTT with GLS 

data to increase sample sizes by weighting the UDs by the proportion of all individuals 

represented by each sample. A grid cell size of 10 km was used for all device types to enable 

UDs to be combined. In cases where no tracking data were available for a particular stage, the 

distribution was estimated based on a substitute life-history stage according to a set of rules 

detailed in Annex 2. At least one data group was required for both the breeding (e.g. incubation, 

brood-guard, etc.) and non-breeding periods to create distribution maps. 

2.5. Incorporating phenological data 

http://seabirdtracking.org/
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Phenological data obtained from the literature or provided by researchers were used to 

calculate monthly distributions for each life-history stage. Each month was represented by the 

duration of each stage of the annual cycle for each life-history stage (i.e. a weighted average 

of the bird distribution during the stages associated with its respective month). Utilization 

distributions were assigned to four distinct life-history stages: juvenile birds, immature birds, 

adult breeding birds and adult non-breeding birds (the latter including deferring breeders and 

sabbaticals but not failed breeders).  

2.6. Using demographic data to estimate age and life-history structure of 

populations 

An age- and stage-structured Leslie-Lefkovitch matrix model was used to calculate the 

proportion of the population represented by different life-history stages in a given year 

(Caswell, 2001). For each species, estimates of juvenile (average annual survival over the 

period from fledging until recruitment) and adult annual survival, breeding frequency (annual 

or biennial), breeding success and age at first breeding were obtained from the literature (see 

Table 1). These parameters were used in population models from which a stable-stage 

distribution was extracted to estimate the proportion of the population in each life-history stage 

(see Table 1). To convert these proportions into numbers of birds, we used population 

estimates from ACAP species assessments and other sources (Table 1) for each island or 

island group. The number of non-breeding birds (juveniles, immatures and non-breeding 

adults) was extrapolated from the proportion of the total population estimated to be 

represented by these classes, and the number of annual breeding pairs. Where no 

demographic estimates were available, we substituted with the proportions from another island 

or island group or species with similar attributes. The proportion of breeders that were 

successful was the product of the number of adult breeders (from the demographic models) 

and the breeding success; the remainder were considered to be failed breeders. For 

populations with breeding seasons spanning slightly more than one year (e.g. wandering 

Albatross, Diomedea exulans), we considered adults to be non-breeders for the short time 

between completion of a full year as a successful breeder, and fledging of the chick, in order 

to simplify the analysis and enable the same framework to be used for all species regardless 

of breeding-season duration. Monthly distribution grids for each life-history stage were 

multiplied by the total number of birds of a given population in each life-history stage based on 

the outputs of the demographic models. 

2.7. Aggregation of distribution grids 

The resulting monthly distributions for each life-history stage were given equal weight in 

generating quarterly and yearly distribution grids for each of the islands and island groups. In 

order to standardise the results, distribution grids were aggregated into a coarse 5 x 5 degree 

resolution. We chose this relatively coarse spatial resolution to enable a comparison of overlap 

with fishing effort data, which are often reported at this spatial resolution to many fisheries 

management organizations (Tuck et al., 2003). However, we note that the spatial resolution of 

the calculated distribution grids should always relate to the spatial scale of interest (e.g. the 

threat). Here we present quarterly and annual at-sea distributions, with each 5 x 5 degree cell 

coloured according to the percentage of the population contained within that cell. The total 

proportion of the population represented does not always scale to 1 as for some quarters, one 

member of each pair may spend extensive periods at the colony (during the pre-laying, 

incubation and brood-guard periods). All analyses were carried out in R software (R Core 

Team, 2018).  
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3. RESULTS 

We modelled the distribution of 21 species of albatrosses and petrels. The distributions of more 

than half of those species (n = 13, 52%) were based on tracking data from islands and island 

groups accounting for more than 50% of their global populations. The species for which the 

greatest number of individuals were tracked were wandering and black-browed albatrosses 

Thalassarche melanophris (over 1,000 individuals each). The analyses of tracking data 

representativeness showed that sample sizes were adequate for the majority of adult breeding 

datasets, except for the pre-egg stage where data from only four out of 28 populations were 

representative (see Appendix 2). Juvenile and immature data were lacking or not 

representative for most populations; consequently, adult distributions were used as 

replacements for 68% of populations (Appendix 2). Demographic parameter estimates for 

annual juvenile and adult survival were missing for some species (see Table 1). 

Population models showed that adult breeders always represented less than 50% of the total 

number of individuals of any species (mean: 31%, range 22–43%), and that pre-breeding birds 

(juveniles and immatures) accounted for over 50% of the population in 12 (43%) out of 28 

populations, and over 40% in 24 (86%) of those populations (Fig. 1, Table 1). When all life-

history stages were incorporated, the population-level distributions were generally less centred 

on breeding sites than if only adult breeders were considered. For example, the use of the 

Benguela Current during Quarter 1 and 4 by black-browed albatrosses from South Georgia is 

only highlighted when using the framework presented here, i.e., by including data on failed 

breeders, adult non-breeders (i.e. differing breeders), juveniles and immatures (Fig. 2). 

Similarly, the distribution of adult breeders of the biennially breeding wandering albatross from 

Crozet shows the year-round use of only the western Indian Ocean from Antarctic to 

subtropical waters (Fig. 3). However, if adult non-breeders (i.e. sabbaticals) and pre-breeders 

are taken into account, areas around the southern and eastern coast of Australia and off 

eastern New Zealand and Chile are also highlighted (Fig. 3). For wandering albatross, even 

when including data on adult non-breeders as well as breeders, the lack of data from pre-

breeders reduces the importance of areas used in Australia (including the Tasman Sea) 

throughout the year, Chile during Quarters 2 and 3, and New Zealand in Quarter 3 (Fig. 3). 

Species-specific density distributions at quarterly and annual resolutions according to the 

framework presented here are available for all populations in Annex 2.  

Combining the year-round population-level distributions of all species highlighted the 

importance of neritic areas such as the Patagonian Shelf, south Brazil Shelf, New Zealand 

Shelf and Chatham Rise, as well as the Humboldt Current, for albatrosses and petrels breeding 

in the Southern Ocean (Fig. 4). The main breeding sites for these species including the 

Falkland Islands (Islas Malvinas), South Georgia (Islas Georgias de Sur), Gough and Tristan 

da Cunha, Prince Edward Islands, Crozet, Kerguelen, Amsterdam and St Paul, and New 

Zealand subantarctic islands were used year-round, but more intensely during Quarters 4 and 

1, corresponding to the austral spring and summer when most species are breeding. In 

Quarters 2 and 3 seabird distributions were generally more dispersed, with much greater use 

of the Benguela Current and the southeast Australian Shelf (Fig. 5).  

 

4. DISCUSSION 
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This study presents a detailed framework and analytical tools which allow estimation of seabird 

density distributions at different spatial and temporal resolutions, incorporating all major life-

history stages. By incorporating demographic parameters and counts of breeding adults, our 

approach allows the abundance of non-breeding individuals to be estimated. These often 

constitute >50% of all individuals of a population. Our approach incorporates phenological data 

for each life-history stage to facilitate temporally flexible estimates of the distribution of highly 

mobile species such as seabirds, and allows rapid updates of the at-sea distributions as new 

data become available. 

Although the framework was developed for albatrosses and petrels, it can easily be modified 

for use with other groups and taxa for which some information on all key life-history stages is 

available. The resulting density distributions better reflect spatial patterns of entire populations 

throughout the year, and therefore will improve assessments of overlap with threats and spatial 

prioritisation of management actions. Our results confirmed that multiple threatened 

albatrosses and petrels target key areas (Patagonian Shelf, south Brazil Shelf, New Zealand 

Shelf and Chatham Rise, Humboldt Current) where local physical features or processes 

increase primary production; these same areas have previously been highlighted as important 

for the conservation of seabirds in general (Croxall and Wood, 2002; Delord et al., 2014; Dias 

et al., 2017; Lascelles et al., 2016).  

This is the most comprehensive, multi-species tracking study of seabirds to date. While others 

have attempted to map the year-round movements and distributions of adult seabirds at global, 

national or regional scales (Augé et al., 2018; BirdLife International, 2004; Block et al., 2011; 

Raymond et al., 2015), relatively few have considered more than one life-history stage (but 

see Weimerskirch et al 2014, Carneiro et al., 2017; Tuck et al. 2011; Clay et al., in press). 

There are still major data gaps in our knowledge of the distribution of younger age classes 

(juveniles and immatures) and adult non-breeders for many seabirds (Phillips et al., 2017). 

However, several studies have found differences between the distributions of juveniles and 

immatures, and those of adults (de Grissac et al., 2016; Fayet et al., 2015; Gutowsky et al., 

2014; Riotte-Lambert and Weimerskirch, 2013; Thiers et al., 2014; Votier et al., 2011). Our 

results reveal that omitting non-breeding adults from calculation of density distributions leads 

to an underestimation of the importance of oceanic areas which are mostly used by those life-

history stages. The use of the Benguela Current by black-browed albatrosses during spring 

and summer, for example, is probably a result of incorporating failed and non-breeders 

(deferring breeding), which leave the colony much earlier than successful breeders (Phillips et 

al., 2005). A similar temporal pattern of movements is also seen in other seabirds (Bogdanova 

et al., 2011; Carneiro et al., 2016; Catry et al., 2013; Clay et al., 2016). Earlier in the season, 

however, non-breeders often attend the colony and their distribution is similar to that of 

breeding birds (Phillips et al., 2005, 2017). Hence the importance of including tracking data on 

juveniles, immatures and non-breeding adults depends on which period is of interest in the 

annual cycle, as they are often necessary for generating an at-sea distribution that adequately 

represents the total population. Moreover, without these data, critical marine areas may not 

feature in the annual population-level distributions.  

For near-obligate biennial breeders such as the great albatrosses Diomedea spp., sooty 

albatrosses Phoebetria spp. and grey-headed albatross Thalassarche chrysostoma, a 

proportion of individuals spend the sabbatical period entirely at sea, and so segregation 

between different life-history stages is likely to be higher than in annual breeders. Extensive 

dispersal capabilities, including multiple circumpolar migrations in a single sabbatical year, 

may further increase segregation as many oceanic regions are available to non-breeding birds 

(Clay et al., 2016; Croxall et al., 2005; de Grissac et al., 2016; Weimerskirch et al., 2015). Also, 
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the post-fledging movements of juvenile birds generally take them away from their natal 

colonies to reduce competition with breeding adults, which are present around the colony 

throughout the year (Gutowsky et al., 2014; Weimerskirch et al., 2006). All these factors 

contribute to the much broader dispersion of wandering albatrosses in all seasons highlighted 

by our framework by accounting for all life-history stages.  

The bias in the population-level density distributions caused by omitting non-breeding life-

history stages has important implications for management and conservation, especially as 

mortality of young age classes can reduce recruitment below the minimum level needed to 

maintain population stability (Fayet et al., 2015; Gianuca et al., 2017). Our framework provides 

a pragmatic approach to overcome this problem, but requires juvenile and immature tracking 

data. Currently, very few tracking data are available for these age classes and we had no 

option but to substitute distributions of other life-history stages for many populations. The 

replacements we used were based on general a priori assumptions of seabird movements 

during these stages. In the Southern Hemisphere, after leaving the natal colony, the juveniles 

of several species of albatrosses and petrels disperse more widely and more to the north of 

the species range, often to less productive waters than adults (Riotte-Lambert and 

Weimerskirch, 2013; Weimerskirch et al., 2014). Therefore, when not available, the juvenile 

distribution was replaced by the distribution of adults during the non-breeding season. In this 

season, birds are away from the colony and not constrained by central-place foraging, so their 

distribution is more similar to that of juveniles. Although there is segregation between adult 

breeders, non-breeders and pre-breeders in some species, this is not universal (Clay et al., 

2018; Péron and Grémillet, 2013). For immatures, we therefore used the annual distribution of 

adults as surrogate, given that older immatures also visit the colony and can have similar 

attendance patterns and distributions to breeders, at least in the early-mid breeding season 

(de Grissac et al., 2017; Fayet et al., 2015; Jaeger et al., 2014; Weimerskirch, 2018). While 

our approach facilitates a rapid update of estimated distributions when new data become 

available, the data already in-hand provide a reasonable extrapolation that improves greatly 

upon estimates based solely on the distribution of breeding adults.  

The importance of accounting for demographic variation among species and the correct 

weighting of the distribution maps by the number of individuals in each life-history stage also 

proved essential for assessment of the density of birds in different oceanographic regions over 

the annual cycle. This is especially true for albatrosses and petrels where pre-breeders and 

adult non-breeders can represent more than half of the total population (de Grissac et al., 2016; 

Gutowsky et al., 2014; Pardo et al., 2017; Clay et al., in press, this study). Since these life-

history stages may have different distributions and vulnerability to certain threats, non-

breeders may be exposed to different sources of mortality. Density distribution maps should 

be combined with cumulative threat layers in risk-mapping exercises for examining the 

vulnerability of each species and life-history stage. This would allow inferences to be drawn on 

whether some species or life-history stages are inherently more vulnerable to specific threats, 

or whether higher mortality is a result of different distributions (Gianuca et al., 2017). 

Our results emphasize the urgent need to collect data on little-known life-history stages such 

as juveniles and immatures, and at colonies holding an important percentage of the global 

population. The lack of tracking data for juveniles, immatures and adult non-breeders is likely 

to bias estimates of overlap with threats and therefore potentially result in ineffective targeting 

of often-limited resources available for management, monitoring and conservation. Ideally, 

only a dataset consisting of large numbers of individuals of both sexes, collected in multiple 

years, and covering all major life-history stages can provide an unbiased assessment of the 

most important areas used by a species across all seasons (Delord et al., 2014; Clay et al., in 
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press). Notwithstanding these potential limitations for some of the species, our framework and 

extensive multi-species analysis represents a major improvement on previous assessments. 
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ANNEX 1: TABLES AND FIGURES 
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Figure 1. The proportion of the population represented by each major life-history stage for 21 

species of albatrosses and petrels (28 populations) breeding in the southern ocean. Four 

distinct life-history stages were considered here: juveniles during their first year at sea, 

immatures (from second year at sea until recruitment into the breeding population; both 

combined also referred to as ‘pre-breeders’), adult breeders and adult non-breeders.  
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Figure 2: The quarterly density distributions of black-browed albatrosses from South Georgia 

(Islas Georgias del Sur). The colour gradient refers to the percentage of the population 

represented within each 5 x 5° grid. Darker shades (of blue) depict a greater density of birds. 

a) Density distribution grids based solely on adult successful breeders (i.e. including pre-egg, 

incubation, brood-guard, post-guard and non-breeding stages). Density is represented as 

percentage of the total number of adult successful breeders at-sea in each quarter; b) 

population-level density distributions created using this framework (incorporating information 

on adult successful and failed breeders, adult non-breeders, juveniles and immatures). Density 

is represented as percentage of the total population in each quarter. 
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Figure 3. The quarterly density distributions of wandering albatrosses from Crozet. The colour gradient refers to the percentage of the population 

represented within each 5 x 5° grid. Darker shades (of blue) depict a greater density of birds. a) Density distribution grids based only on adult 

successful breeders (i.e. using distributions of adults during the pre-egg, incubation, brood-guard, and post-guard stages); b) density distribution 

grids based on data for adult successful breeders and adult non-breeders; c) density distributions are the result of applying the framework 

presented here, which includes information for adult breeders, adult non-breeders, juveniles and immatures weighted according to the 

demographic models. 
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Figure 4. The annual density distribution of 21 species of albatrosses and petrels (28 

populations) breeding in the southern ocean based on tracking, phenology and demography 

data. Equal weight is given to each of the 28 populations (i.e. the proportions of each 

population are averaged) and are illustrated as relative density. The colour gradient refers to 

the percentage of the population represented within each 5 x 5° grid. Darker shades (of blue) 

depict a greater density of birds.  

 

 

 

 

Figure 5. The quarterly density distribution of 21 species of albatrosses and petrels (28 

populations) breeding in the southern ocean based on tracking, phenology and demography 

data. Equal weight is given to each of the 28 populations (i.e. the proportions of each 

population are averaged) and are illustrated as relative density. The colour gradient refers to 

the percentage of the population represented within each 5 x 5° grid. Darker shades (of blue) 

depict a greater density of birds. 
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Table 1. Population numbers (i.e. estimates of annual breeding pairs), demographic estimates of annual juvenile and adult survival, breeding frequency 

(annual or biennial) and success and age at first breeding for the species and island groups from which tracking data were available for the analyses. These 

parameters were input in a stage-structured Leslie-Lefkovitch matrix model to estimate the number of birds in each life-history stage (juvenile, immature, adult 

breeders, adult non-breeders). Note that data were only considered when at least 5 individuals were tracked during at least one breeding and one non-

breeding stage, and data met representativeness criteria (see text for details). 

Common name Island Group 
N. breeding 

pairs 

Ann juv.  

survival 

Ann adult  

survival 

A or 

B 

Breeding 

 success 

Age 1st  

breeding 
Reference 

Adult 

breeders 

Adult non-

breeders 
Juveniles Immatures 

Amsterdam 

Albatross 

Amsterdam and St 

Paul 40-50 0.936 0.971 B 0.677 9.4 1, 2 52 39 15 63 

Antipodean 

Albatross Antipodes Islands 3,945 0.880 0.880 B 0.600 12.0 3, 4 12,572 9,470 3,630 14,990 

 Auckland Islands 5,817 0.880 0.889 B 0.253 12.4 5,  6 10,530 4,331 1,769 11,590 

Atlantic Yellow-

nosed Albatross Gough 5,300 0.835 0.920 A 0.630 10.5 7, 8 10,600 8,764 3,331 15,864 

Black Petrel New Zealand  1,358 0.792 0.900 A 0.770 6.0 9,  10 3,300 2,787 1,351 7,484 

Black-browed 

Albatross Falkland Islands  399,416 0.653 a 0.942 A 0.620 7.5 11, 12, 13 798,832 688,467 182,768 600,772 

 South Georgia 74,296 0.653 0.875 A 0.300 12.1 13, 14 148,592 83,289 22,624 141,519 

 Kerguelen 3,215 0.776 0.910 A 0.725 10.0 13, 15, 16 6,430 6,043 2,028 7,287 

Buller's Albatross The Snares 8,713 0.910 0.950 A 0.727 12.0 13, 17 17,426 15,524 6,100 27,093 

Chatham Albatross Chatham Island 5,247 0.828 0.887 A 0.463 8.0 18, 19 9,150 6,598 2,890 17,794 

Grey Petrel Antipodes Islands 53,000 0.923 b 0.940 A 0.458 c 7.0 13, 20 106,000 62,272 29,360 232,157 

Grey-headed 

Albatross South Georgia  47,674 0.764 0.952 B 0.365 14.2 13, 14, 21 95,348 50,401 15,682 64,260 

Light-mantled 

Albatross Prince Edward Islands 657 0.876 0.959 B 0.352 11.0 13, 18 1,314 583 206 1,103 

Northern Giant Petrel Prince Edward Islands 464 0.880 d 0.880 A 0.741 10.0 13 928 830 334 1,507 

Northern Royal 

Albatross Chatham Island 5,800 0.876 0.960 B 0.427 9.0 13, 18 11,600 5,125 1,959 11,482 

Salvin's Albatross The Snares 1,195 0.939 0.967 A 0.467 9.0 13, 18, 22 2,390 1,802 714 3,918 

Sooty Albatross Prince Edward Islands 2,493 0.883 e 0.898 e B 0.540 12.0 13 4,986 3,336 1,314 6,058 

 Tristan da Cunha 8,458 0.883 e 0.898 e B 0.480 12.0 13, 8 16,916 13,178 5,232 22,010 

Southern Giant 

Petrel Prince Edward Islands 2,343 0.840 d 0.840 A 0.461 8.0 13 4,686 3,031 1,183 7,661 
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Common name Island Group 
N. breeding 

pairs 

Ann juv.  

survival 

Ann adult  

survival 

A or 

B 

Breeding 

 success 

Age 1st  

breeding 
Reference 

Adult 

breeders 

Adult non-

breeders 
Juveniles Immatures 

Spectacled Petrel Tristan da Cunha 30,000 0.840 0.970 A 0.600 5.0 23 20,000 13,743 5,591 34,696 

Tristan Albatross Gough 1,800 0.762 0.910 B 0.230 10.0 7, 8, 24 3,526 1,694 535 2,395 

Wandering Albatross South Georgia 1,858 0.680 0.879 B 0.808 9.8 13, 14 2,840 2,290 870 3,396 

 Crozet 1,815 0.825 0.945 B 0.730 10.0 13, 25, 26 3,716 3,292 1,176 3,985 

 Kerguelen 1,184 0.825 e 0.931 e B 0.736 e 10 e 26 2,374 2,103 751 2,546 

Westland Petrel New Zealand 4,000 0.875 0.936 B 0.607 7.7 13, 27 8,000 6,682 1,740 3,925 

White-capped 

Albatross Auckland Islands 97,089 0.834 0.960 A 0.63 9.0 13, 18,  28 194,178 146,380 57,986 318,352 

White-chinned Petrel South Georgia 773,150 0.653 0.875 A 0.444 6.0 13, 29 1,546,300 958,386 386,327 2,665,822 

  Antipodes Islands 58,725 0.923 d 0.94 A 0.514 e 6.5 20 117,450 80,704 32,835 203,750 
a Values are from Black-browed Albatross at Kerguelen. b Values are from Black Petrel at Great Barrier Island. c Values are from Macquarie Island. d Replaced with adult annual survival of the 

same species at same island group. e Values are from the same species at Crozet. 
1 Jaeger et al., (2018). 2 Rivalan et al., (2010). 3 Edwards et al., (2017). 4 Elliot and Walker, (2017). 5 Francis et al., (2015). 6 Elliot et al., (2016). 7 Cuthbert et al., (2003). 8 Cuthbert et al., (2014). 9 

Bell et al., (2011). 10 Bell et al., (2007). 11 Campioni et al., (2017). 12 Catry et al., (2011). 13 ACAP, 2018. 14,15 Pardo et al., (2017a, 2017b). 16 Nevoux et al., (2010). 17 Francis and Sagar, (2012). 18 

Abraham et al., (2016). 19 Fraser et al., (2011). 20 Richard et al., (2017). 21 Clay et al., (2016). 22 Sagar et al., (2011). 23 Ryan et al., (2006). 24 Wanless et al., (2009). 25 Barbraud and Weimerskirch, 

(2012). 26 Delord et al., (2014). 27 Waugh et al., (2015). 28 Francis, (2012). 29 Clay et al., (in press). 
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ANNEX 2: APPENDIX 

Data replacements 

Adult breeding birds were further split into two status classes: successful and failed breeders. 

As very few tracks were available for failed breeders, we assumed that their distribution 

equalled the distribution of adult successful breeders until half-way through the breeding 

season, and that after this date, failed breeders used the same areas as adult non-breeders. 

This assumption may have some inaccuracies if birds fail earlier or later during the breeding 

season, and the framework can be refined with more information on how the accumulation 

curve of failed breeders throughout the breeding season is, to better reflect which proportion 

of birds moves from the breeders to non-breeders distributions during each month. The 

distribution of adult breeders started from the beginning of the breeding season and spanned 

over breeding and non-breeding periods, including the pre-laying, incubation, brood-guard, 

post-guard, and non-breeding phases. When tracking data were not available for the pre-laying 

phase we used incubation data as a replacement. For some species, brood-guard and post-

guard were combined into a chick-rearing stage or into a “breeding” stage (also representing 

the pre-laying and incubation). Adult non-breeders assumed the non-breeding distribution only. 

Adult non-breeding data were further split into year quarters according to the dates of the 

locations to facilitate temporal integration with other data, resulting in four different data groups: 

Quarter 1 (Q1): Jan-Mar, Quarter 2 (Q2): Apr-Jun, Quarter 3 (Q3): Jul-Sep, Quarter 4(Q4): 

Oct-Dec). 

Juvenile and immature data, when available, were split into seasonal combinations (summer: 

combination of Q4 and Q1, and winter: combination of Q2 and Q3), resulting in two data groups 

each for juveniles and for immatures. It was not possible to split juvenile and immature data 

into year quarters because of the poor coverage of the data. In the southern hemisphere, after 

leaving the natal colony, several species of albatrosses and petrels disperse more widely to 

the north of the species range spending more time in subtropical waters when compared with 

adults which are more likely to stay in subantarctic waters (de Grissac et al., 2016; Gianuca et 

al., 2017; Riotte-Lambert and Weimerskirch, 2013; Weimerskirch, 2018; Weimerskirch et al., 

2014). With time, immatures start to behave more similarly to breeding adults, visiting the 

colony for the first time and then visiting the colony regularly before starting to breed (Fayet et 

al., 2015; Jaeger et al., 2014; Votier et al., 2011; Weimerskirch, 2018). Therefore, when not 

available, the juvenile distribution was replaced by the winter distribution of adults (non-

breeding Q2 and Q3), when birds are away from the colony and not constrained by central 

place foraging, which is likely to be similar to the distribution of juveniles (Weimerskirch et al., 

2006). For immatures, the annual distribution of adults was used as immatures also visit the 

breeding grounds and have similar strategies to those of breeders. 

The replacements were only conducted in cases where sufficient tracking data for a given life-

history stage were unavailable, and were based on general assumptions and expert opinion 

of movements during these stages.   
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Table A1. Sample sizes (number of birds) for tracking data by species, island or island group 

and stage of the annual cycle. Values in italics (never reached asymptote) and bold (not tested 

because of different smoothing factors) are those that may not have been representative of 

the tracked population. Where there were no tracking data or when data was not 

representative, appropriate data substitutions were used. 

  

Pre-

egg 
Incubation 

Brood-

guard 

Post-

guard 

Non-

breeding 
Juvenile Immature 

Amsterdam Albatross        

    Amsterdam and St Paul No data 29 17 10 14 11 5 

Antipodean Albatross               

    Antipodes Islands 6 36 23 13 59 31 

    Auckland Islands 8 18 9 7 91 No data No data 

Atlantic Yellow-nosed        

    Gough No data 42 24 20 37 No data No data 

Black Petrel        

    New Zealand No data 40 31 15 12 No data No data 

Black-browed Albatross        

    Falkland Islands  22 109 246 302 33 No data No data 

    Kerguelen No data 8 243 123 No data No data 

    South Georgia 23 63 78 24 25 11 No data 

Buller's Albatross        

    The Snares No data 27 85 13 30 No data No data 

Chatham Albatross        

    Chatham Island 294 15 No data No data 

Grey Petrel        

    Antipodes Islands 184 18 No data No data 

Grey-headed Albatross        

    South Georgia No data 30 86 38 22 5 No data 

Light-mantled Albatross        

    Prince Edward Islands 84 6 No data No data 

Northern Giant-petrel        

    Prince Edward Islands No data 14 163 16 No data No data 

Northern Royal Albatross        

    Chatham Island No data 9 44 9 No data No data 

Salvin's Albatross        

    The Snares 224 22 No data No data 

Sooty Albatross        

    Tristan da Cunha No data 19 12 10 13 No data No data 

    Prince Edward Islands 104 10 No data No data 

Southern Giant-petrel        

    Prince Edward Islands No data 8 73 8 No data No data 

Spectacled Petrel        

    Tristan da Cunha 84 10 No data No data 

Tristan Albatross        

    Gough No data 35 9 12 26 5 No data 
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Pre-

egg 
Incubation 

Brood-

guard 

Post-

guard 

Non-

breeding 
Juvenile Immature 

Wandering Albatross        

    Crozet No data 319 79 30 95 13 11 

    Kerguelen No data 14 12 7 23 11 10 

    South Georgia No data 65 72 145 91 39 21 

Westland Petrel        

    New Zealand 84 12 8 No data No data 

White-capped Albatross        

    Auckland Islands No data 27 52 60 24 No data No data 

White-chinned Petrel        

    Antipodes Islands 134 14 No data No data 

    South Georgia No data 16 64 10 13 No data 
1 Breeding-stage from the original dataset classified as juvenile/immature. 2 Breeding-stage from the 

original dataset classified both as post-guard and breeding. 3 Breeding-stage from the original dataset 

classified as chick-rearing. 4 Breeding-stage from the original dataset classified as breeding 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A2: Number of individuals per year-quarter and year-round. The population represented 

varies between quarters because one member of each pair is at the colony at any one time 
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during the pre-laying, incubation and brood-guard stages, and this at-colony bird is not 

represented in our distributions. 

Common name Island or Island Group 
Quarter 1 

(Jan-Mar) 

Quarter 2 

(Apr-Jun) 

Quarter 3 

(Jul-Sep) 

Quarter 4 

(Oct-Dec) 

Year-

round 

Amsterdam Albatross 

Amsterdam and St 

Paul 152 148 170 169 160 

Antipodean Albatross Antipodes Islands 34,356 37,643 40,691 40,660 38,338 

Antipodean Albatross Auckland Islands 22,862 26,698 28,195 27,061 26,204 

Atlantic Yellow-nosed 

Albatross Gough 38,489 38,612 36,849 33,862 36,953 

Black Petrel New Zealand  12,062 14,247 12,070 10,214 12,148 

Black-browed Albatross Falkland Islands  2,251,021 2,278,562 2,216,613 1,875,717 2,155,478 

Black-browed Albatross Kerguelen 21,304 21,937 21,586 18,427 20,814 

Black-browed Albatross South Georgia  374,650 402,509 400,171 324,453 375,446 

Buller's Albatross The Snares 57,037 63,829 65,823 66,187 63,219 

Chatham Albatross Chatham Island 36,825 37,171 34,732 32,766 35,374 

Grey Petrel Antipodes Islands 401,761 392,775 428,608 428,437 412,895 

Grey-headed Albatross South Georgia  214,506 225,212 221,837 177,687 209,810 

Light-mantled Albatross Prince Edward Islands 3,065 3,179 3,206 2,571 3,005 

Northern Giant Petrel Prince Edward Islands 3,594 3,585 3,293 3,400 3,468 

Northern Royal Albatross Chatham Island 25,876 30,232 30,095 24,941 27,786 

Salvin's Albatross The Snares 8,799 8,834 8,102 7,893 8,407 

Sooty Albatross Tristan da Cunha 57,202 57,172 55,586 48,792 54,688 

Sooty Albatross Prince Edward Islands 15,615 15,681 15,181 13,177 14,913 

Southern Giant Petrel Prince Edward Islands 16,496 16,489 16,029 14,489 15,876 

Spectacled Petrel Tristan da Cunha 74,200 74,292 71,370 64,391 71,063 

Tristan Albatross Gough 6,390 8,146 8,152 7,367 7,514 

Wandering Albatross Crozet 10,264 11,707 12,112 11,604 11,422 

Wandering Albatross Kerguelen 6,595 7,481 7,737 7,428 7,310 

Wandering Albatross South Georgia  7,961 9,191 9,357 8,833 8,835 

Westland Petrel New Zealand 20,524 17,921 18,358 20,272 19,269 

White-capped Albatross Auckland Islands 661,192 713,981 715,359 637,355 681,972 

White-chinned Petrel Antipodes Islands 415,760 436,632 435,511 399,485 421,847 

White-chinned Petrel South Georgia  5,355,169 5,502,009 5,515,191 4,894,489 5,316,714 

 

 

 

 

 

 

 

 

 

Figure A1-A28: Annual population-level density distributions for 21 species of albatrosses and 

petrels (28 populations) breeding in the Southern Ocean based on tracking, phenology and 

demography data. The colour gradient refers to the percentage of the population represented 
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within each 5 x 5° grid. Darker shades (of blue) depict a greater density of birds. For details on 

the number of individuals, see Table A2. 

 

 

Figure A1:  Amsterdam Albatross, Amsterdam and St Paul 

 

 

 

Figure A2:  Antipodean Albatross, Antipodes Island 
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Figure A3: Antipodean Albatross, Auckland Islands 

 

 

 

Figure A4:  Atlantic Yellow-nosed Albatross, Gough 
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Figure A5: Black Petrel, New Zealand (Great Barrier Island) 

 

 

 

Figure A6:  Black-browed Albatross, Falkland Islands (Islas Malvinas) 
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Figure A7:  Black-browed Albatross, Kerguelen 

 

 

 

Figure A8:  Black-browed Albatross, South Georgia (Islas Georgias del Sur) 
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Figure A9: Buller’s Albatross, The Snares 

 

 

 

Figure A10: Chatham Albatross, Chatham Island 
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Figure A11: Grey Petrel, Antipodes Islands 

 

 

 

Figure A12: Grey-headed Albatross, South Georgia (Islas Georgias del Sur) 
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Figure A13: Light-mantled Albatross, Prince Edward Islands 

 

 

 

Figure A14: Northern Giant Petrel, Prince Edward Islands 
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Figure A15: Northern Royal Albatross, Chatham Island 

 

 

 

Figure A16: Salvin’s Albatross, The Snares 
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Figure A17: Sooty Albatross, Prince Edward Islands 

 

 

 

Figure A18: Sooty Albatross, Tristan da Cunha 
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Figure A19: Southern Giant Petrel, Prince Edward Islands 

 

 

 

Figure A20: Spectacled Petrel, Tristan da Cunha 
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Figure A21: Tristan Albatross, Gough 

 

 

 

Figure A22: Wandering Albatross, Crozet 
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Figure A23: Wandering Albatross, Kerguelen 

 

 

  

Figure A24: Wandering Albatross, South Georgia (Islas Georgias del Sur) 
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Figure A25: Westland petrel, New Zealand 

 

 

 

Figure A26: White-capped Albatross, Auckland Islands 
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Figure A27: White-chinned Petrel, Antipodes Islands 

 

 

 

Figure A28: White-chinned Petrel, South Georgia (Islas Georgias del Sur) 

 

 

 

 

Figures A29-A56: Quarterly population-level density distributions for 21 species of albatrosses 

and petrels (28 populations) breeding in the Southern Ocean based on tracking, phenology 
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and demography data. The colour gradient refers to the percentage of the population 

represented within each 5 x 5° grid. Darker shades (of blue) depict a greater density of birds. 

For details on the number of individuals, see Table A2. 

 

 

Figure A29:  Amsterdam Albatross, Amsterdam and St Paul 

 

 

 

Figure A30:  Antipodean Albatross, Antipodes Island 
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Figure A31: Antipodean Albatross, Auckland Islands 

 

 

 

Figure A32:  Atlantic Yellow-nosed Albatross, Gough 
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Figure A33: Black Petrel, New Zealand (Great Barrier Island) 

 

 

 

Figure A34:  Black-browed Albatross, Falkland Islands (Islas Malvinas) 
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Figure A35:  Black-browed Albatross, Kerguelen 

 

 

 

Figure A36:  Black-browed Albatross, South Georgia (Islas Georgias del Sur) 
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Figure A37: Buller’s Albatross, The Snares 

 

 

 

Figure A38: Chatham Albatross, Chatham Island 
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Figure A39: Grey Petrel, Antipodes Islands 

 

 

 

Figure A40: Grey-headed Albatross, South Georgia (Islas Georgias del Sur) 
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Figure A41: Light-mantled Albatross, Prince Edward Islands 

 

 

 

Figure A42: Northern Giant Petrel, Prince Edward Islands 
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Figure A43: Northern Royal Albatross, Chatham Island 

 

 

 

Figure A44: Salvin’s Albatross, The Snares 
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Figure A45: Sooty Albatross, Prince Edward Islands 

 

 

 

Figure A46: Sooty Albatross, Tristan da Cunha 
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Figure A47: Southern Giant Petrel, Prince Edward Islands 

 

 

 

Figure A48: Spectacled Petrel, Tristan da Cunha 
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Figure A49: Tristan Albatross, Gough 

 

 

 

Figure A50: Wandering Albatross, Crozet 
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Figure A51: Wandering Albatross, Kerguelen 

 

 

  

Figure A52: Wandering Albatross, South Georgia (Islas Georgias del Sur) 
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Figure A53: Westland petrel, New Zealand 

 

 

 

Figure A54: White-capped Albatross, Auckland Islands 
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Figure A55: White-chinned Petrel, Antipodes Islands 

 

 

 

Figure A56: White-chinned Petrel (Islas Georgias del Sur) 

 

 

 


