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Summary
1) Inter-specific competitive interactions typically result in niche differentiation to alleviate competition through mechanisms including character displacement. However, competition is not the sole constraint on resource partitioning, and its effects are mediated by factors including the environmental context in which species coexist. 

2) Colonial seabirds provide an excellent opportunity to investigate the importance of competition in shaping realised niche widths because their life histories lead to variation in intra- and inter-specific competition across the annual cycle. Dense breeding aggregations result in intense competition for prey in surrounding waters, whereas non-breeding dispersal to larger geographic areas produces lower densities of competitors. 
3) Bayesian hierarchical models of the isotopic niche, closely aligned to the trophic niche, reveal the degree of segregation between species and functional groups during both time periods. Surprisingly, species explained far more of the variance in the isotopic niche during the non-breeding than the breeding period. 
4) Our results underline the key role of non-breeding dynamics in alleviating competition and promoting distinctions between species through the facilitation of resource partitioning. Such situations may be common in a diverse range of communities sustained by ephemeral but abundant food items. 
5) This highlights how consideration of the hierarchical grouping of competitive interactions alongside consideration of abiotic constraints across the complete annual cycle allows a full understanding of the role of competition in driving patterns of character displacement. 
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Introduction

Resource competition, both inter- and intra-specific, typically reduces individual fitness. Therefore, species with broadly similar functional roles are thought to coexist through partitioning of resources, which reduces competition and results in niche separation through reduced levels of overlap (Chase & Liebold 2003; Dayan & Simberloff 2005). Such competition is expected to be particularly acute between species that are morphologically similar or closely related, where divergence in one or more traits may be anticipated, or even necessary, for prolonged coexistence (Lack 1947; Pfennig, Rice & Martin 2007; Davies et al. 2007). Thus competition can lead to character displacement as differentiation arises as a product of adaptive divergence in sympatry (Brown & Wilson 1956; Dayan & Simberloff 2005; Grant & Grant 2006; Rice & Pfennig 2006). 

A key goal of community ecology is to understand the role competition plays in determining the extent of morphological, dietary and habitat overlap among community members, and thus the extent of character displacement (Cody 1973; Ballance, Pitman & Reilly 1997; Bearhop et al. 2006; Svanback & Bolnick 2007; Davies et al. 2007). Although contemporary multispecies assemblages potentially offer one of the best ways of assessing these phenomena, there are a number of difficulties. This is particularly so since competition is not the sole constraint on resource partitioning, and its effects operate in conjunction with other factors including the environmental context in which species coexist. This combination of factors may both promote or prohibit resource partitioning, so mediating the outcome of competitive interactions and species’ realised niches (Kraft, Valencia & Ackerly 2008; Laughlin et al. 2012; Violle et al. 2012). While the traditional approach to investigating such processes has been to compare pairs of species in sympatry and allopatry, whether through natural experiments or within laboratory settings (Lack 1947; Bearhop et al. 2006; Grant & Grant 2006), this belies the reality that, in nature, competition for resources rarely occurs solely between discrete pairs of species. Thus, alternative methods are required for examining the key processes operating at the community level, and measures of community displacement can be more informative (Dayan & Simberloff 2005; Adams 2007; Laughlin et al. 2012).
Seabird communities, and Procellariformes in particular, present an excellent model system for examining the extent to which environmental contexts may mediate competitive resource partitioning. This is because their life histories lead to variation in both intra- and inter-specific competition across the annual cycle (Weimerskirch, Jouventin & Stahl 1986; Phillips et al 2004; Navarro et al 2013). At the end of the breeding season these species typically migrate away from the colony to distant non-breeding areas where potential foraging locations and opportunities are correspondingly broader, and at-sea densities of competitors lower, than those typically experienced during the breeding period when reproductive demands limit movement (Phillips et al. 2004, 2009). Tracking technologies have revealed the non-breeding locations of many of the larger procellariform species, and it is now known that most individuals are highly consistent in their wintering locations between years, and that breeding populations (typically viewed at an island-level) within a species often have distinct wintering areas (Croxall et al 2005; Phillips et al 2005; Mackley et al 2010; Cherel et al 2013). For example, Black-browed Albatross Thalassarche melanophris from South Georgia are known to spend the non-breeding period almost exclusively within the Benguela system (Phillips et al 2005). For large procellariforms, tracking data is often combined with isotopic data from feathers (Cherel, Hobson & Weimerskirch 2000; Phillips et al 2009; Cherel et al 2013), but for many of the smaller species, devices are still not sufficiently small enough, so movements are typically inferred from isotopic data alone (Cherel et al 2006; Phillips et al 2009; Quillfeldt et al 2010). This provides only relatively large-scale information on the water mass visited as detailed marine isoscapes do not exist (Phillips et al 2009), but at both an individual and a colony level, non-breeding sites appear to be consistently chosen (Cherel et al 2006; Quillfeldt, Voigt & Masello 2010).  Thus a population of an individual species disperses during the non-breeding period to the same broad geographical area (Friesen, Burg & McCoy 2007).

In contrast, the limited availability of suitable sites (such as oceanic islands) for colonial breeding results in vast, multi-species aggregations. During this period virtually all seabirds are constrained to act as centrally placed foragers, and stages such as brood-guard (when small chicks are continuously attended) add further temporal, and so spatial, constraints (Phillips et al. 2004). This leads to intense intra- and inter- specific competition over key food resources in surrounding waters. At such times, dietary segregation has been demonstrated in relation to diel activity patterns, dive depth, predator body size or other morphological characteristics (Forero et al. 2005; Phillips et al. 2005; Mackley et al 2010; Navarro et al 2013). Indeed, Navarro et al (2013) use a combination of techniques, including both isotopic and movement data, to demonstrate a degree of competitive exclusion between small procellariforms during the breeding period. Nevertheless, broad suites of morphologically distinct species can also show a surprisingly high degree of dietary overlap (Croxall & Prince 1980; Ridoux 1994; Silverman, Veit & Nevitt 2004). Thus it may be that individual species is not the most appropriate level at which to examine trophic niche segregation, and that community-wide displacement at the level of functional groups (planktivores, piscivores etc.) may be a more appropriate comparison when multiple, similarly sized and similarly constrained species are searching for patchily distributed, but potentially superabundant, food sources, and where both spatial and temporal overlap will necessarily be high (Croxall, Reid & Prince 1997; Phillips et al. 2004; Clark et al. 2011). Either way, the circumstances in which so many, often closely related, species were, and are, able to coexist when breeding in such close proximity requires careful examination.

While the ecological niche has many dimensions, these can be broadly divided into bionomic (or trophic) and scenopoetic (or environmental) components (Newsome et al. 2007). One method for quantifying these components is through the use of stable isotopes to derive the isotopic niche of individual species (Newsome et al. 2007), a process that has been improved through the recent development of Bayesian statistical analyses (Semmens et al. 2009; Jackson et al. 2011). The 15N to 14N ratio (expressed as ∂15N) is used as a bionomic marker as it increases in a stepwise manner by ~3-5 ‰ at each trophic level; whereas 13C to 12C ratio (expressed as ∂13C) is a scenopoetic marker of movement as it traces the carbon baseline of the food chain (Michener & Schell 1994; Cherel & Hobson 2007; Phillips et al. 2011). As the isotopic signatures of body tissues of consumers are closely tied to their diets, the isotopic niche is tightly correlated with, although it is not the same as, the trophic niche (Newsome et al. 2007; Jackson et al. 2011). As tissue to diet isotopic relationships are predictable, selecting among tissues grown during different time periods can give dietary information on distinct stages in the annual cycle (Newsome et al. 2007). 

Stable isotope analysis (SIA) is thus a useful tool for investigating niche space in species that are difficult to study in their natural environment. The ecology of wide-ranging marine organisms provides many good examples where SIA has been used to investigate inter- and intra-specific variation in movement patterns and diet (Bearhop et al. 2006; Cherel & Hobson 2007; Phillips et al. 2009; Cherel et al 2013). Here we use SIA of two tissue types (blood and feathers) collected from a group of sympatrically breeding Southern Ocean Procellariformes to describe the isotopic niche space of the community at two different times of year: the breeding period where competition is intense and the environmental conditions are similar for all species, and the non-breeding period where competition is relaxed and environmental conditions can differ between species. This allows us to examine the explanatory power of species identity and functional group under different constraints. High explanatory power of species during the breeding period would support a role for character displacement at this time of strong competitive interactions, whereas greater explanatory power during the non-breeding period would highlight the importance of non-breeding areas in facilitating resource partitioning through the avoidance of intense competitive interactions.

Materials and Methods

Sample Collection

All fieldwork was carried out at Bird Island, South Georgia (54°00´􏰅S, 38°03´􏰅W) during the austral summer 2001-2002. Two species (wandering albatross Diomedea exulans and grey-headed albatross T. chrysostoma) are biennial breeders when successful, whereas the remainder typically breeding annually. A small blood sample (0.2-1.0 ml) was taken from the tarsal vein of 16 adults of eight species of procellariiform (wandering albatross, grey-headed albatross, black-browed albatross, northern giant petrel Macronectes halli, southern giant petrel M. giganteus, Antarctic prion Pachyptila desolata, South Georgian diving petrel Pelecanoides georgicus and common diving petrel P. urinatrix). Samples were split evenly between the sexes (i.e. 8 male and 8 female) with sex determined either from morphological characteristics or genetic markers depending on species. All surface-nesting species were sampled within the same few weeks after hatching during the brood guard period when adult foraging ranges are most limited, even in potentially wide ranging species (e.g. Phillips et al. 2004). Brood guarding only lasts for a few days in burrow-nesting species, and the logistical difficulties of sampling during this period meant that Antarctic prions and diving petrels were caught later in chick-rearing in mist nets adjacent to nesting burrows. As turnover rates of red blood cells are approximately 3-4 weeks (Hobson & Clark 1992), these samples will thus predominantly reflect diet during brood guard or early chick rearing (Phillips et al. 2011). 

A random sample of eight to ten body feathers was collected from the mantle region between the wings from the same individuals (n = 16). As birds spend the non-breeding period away from the breeding colonies, information on timing of moult is difficult to obtain. However, available data indicates that although feather moult in some individuals may begin shortly before migration, most or all body feathers are replaced during the non-breeding period (Cherel, Hobson & Weimerskirch 2000), with the exception of the two giant petrels, where feather replacement probably occurs to some extent throughout the year (Hunter 1984). All species were examined on capture at Bird Island, and these conclusions were confirmed, with only giant petrels ever observed with growing ‘pin’ feathers still in their sheaths (R. A. Phillips, pers obs). In addition, data from two of the species examined here confirms that the isotopic profile of body feathers accurately reflects that of primary feathers (Jaeger et al 2009). Therefore, isotope values in mantle feathers were assumed to represent diet from the non-breeding period. If two generations of body feathers were apparent, the newer (relatively unworn, darker, without frayed tips and with a glossy appearance) feathers, grown in the most recent non-breeding period, were always collected.

Sample Preparation and Analysis
Blood samples were centrifuged within 1-3 h to separate cells and plasma, then kept frozen at -20(C until freeze-dried and homogenised for analysis. Lipids were not extracted from blood cells as this is considered unnecessary (Bearhop et al. 2000). Feather samples were dried, stored in sealed plastic bags, then later ground to a fine powder in a freezer mill operating at liquid N temperature prior to analysis. C and N isotope ratios were measured by continuous-flow isotope ratio mass spectrometry, using a Carlo Erba (model NA 1500) elemental analyzer (EA) linked to a Finnigan Tracer Mat and a Costech (model ECS 4010) EA combined with a Thermo Finnigan Delta Plus XP. Three internal laboratory standards were analysed for every ten unknown samples, and measurement precision of both ∂15N and ∂13C was estimated to be ≤ 0.2‰. Internal standards are routinely (once a month) calibrated against International Atomic Energy Agency and National Institute of Standards and Technology stable isotope reference materials. Limited subsets of the isotopic data have been reported in previous studies (Cherel et al. 2006; Phillips et al. 2009, 2011), but are analysed in full here using a novel approach and in a new context, to address distinct questions concerning cross-seasonal dietary segregation in this multispecies assemblage. 
Data Analysis

In order to address the role of character displacement during the breeding and non-breeding periods, species were considered separately, and also as members of one of three functional groups based on known differences in core diet (Croxall & Prince 1980; Ridoux 1994). These groups were: principally zooplanktivores (Antarctic prion, both diving petrels), generalist mid-range consumers (black-browed and grey-headed albatross), and top predators and scavengers (wandering albatross, both giant petrels). A Bayesian hierarchical model was used to evaluate differences in ∂13C and ∂15N signatures among groups, with species (n = 8) nested within functional groups (n = 3) for the two periods (breeding, non-breeding). In addition to these random effects, we estimated residual variability not explained by the model (this would be equivalent to MANOVA in the absence of random effects). While trophic discrimination factors (TDFs) are known to differ between the two tissue types, the residual error term encompasses this minor effect. In addition, we are unaware of any species-specific TDFs for the species studied here, and values for piscivorous seabirds are limited and likely to be qualitatively similar between species (Caut, Angulo & Courchamp 2009). Thus our approach is analogous to Semmens et al. (2009), who estimated the relative importance of different groups on the dietary niche (estimated via isotope mixing models). For each dataset, ∂13C and ∂15N signatures were scaled to normal distributions with mean = 0 and sd = 1, to allow direct comparisons of the posterior distributions of variance parameters across the two datasets. For multivariate models, such as MANOVA, Wilks’ lambda (Λ) is typically used to measure proportion of explained variance (equivalent to R2 for single level models). Following the multilevel R-squared described by Gelman & Pardoe (2006), we used multilevel Wilks’ lambda for each of the three levels of our model (functional group, species, data model). This quantitative assessment of the individual variance components allows for the evaluation of the isotopic niche at relevant levels of trophic structure. 

Bayesian ellipses (Jackson et al. 2011) were used to describe the isotopic niche space occupied by the different functional groups during the breeding and non-breeding periods. These are qualitatively similar to bootstrapping techniques, but are unbiased and more robust with respect to sample size than other available methods (Jackson et al. 2011). The correction for small sample sizes was used, and these were implemented in R version 2.12.1 (R Core Development Team 2010).

Results

Bayesian hierarchical models indicated that the magnitude of variation explained by the two levels in our trophic hierarchy (functional group and species) differed substantially between the breeding and non-breeding periods (Fig. 1). Species explained only 10.01% of the variation during the breeding, but 35.65% of the variation during the non-breeding period. However, total variation in isotopic niche space explained was almost identical (breeding 96.47%, non-breeding 96.83%), so variation explained by functional group was far greater in the breeding period (86.46%) than in the non-breeding period (61.18%). The small remaining residual error suggests that other sources of variation, including, for example, between individuals or sexes is much less important than the effects of species and functional group.

While the posterior median of estimated variability among functional groups (sigma breeding = 1.155, sigma non-breeding = 0.859) is larger than that among species (sigma breeding = 0.429, sigma non-breeding = 0.761) in both periods (Fig. 1), this is not surprising given the separation of functional groups within isotopic niche space (Fig. 2). However, the estimated median variability among species is much greater (over three times as large) in the non-breeding, than the breeding period. 

For all functional groups, 40% Bayesian ellipses were discrete in both periods, and the estimated ellipse size, and hence isotopic niche space occupied, increased significantly in the non-breeding period (Fig. 2, Table 1).
Discussion

Despite the high degree of intra- and inter-specific interactions that would be expected to occur in the waters surrounding the vast seabird breeding colonies at South Georgia, there was little support for character displacement at the species level (Fig 1) in the isotopic niche space of the most speciose order, the Procellariformes. Indeed, the variance component explained by individual species was far larger during the non-breeding than the breeding period. As isotopic niche space is closely tied to trophic niche space (Newsome et al. 2007; Semmens et al. 2009; Jackson et al. 2011), this highlights how differences in the environmental constraints imposed on species can inhibit the extent of divergence despite high levels of competition, and confirms the importance of non-breeding areas in releasing species from such constraints (Friesen, Burg & McCoy 2007). 

Our data for the breeding season were collected during brood guard, the period in the annual cycle during which all of these species are at their most constrained with respect to foraging range (Phillips et al. 2004), and so both intra- and inter-specific competition may be anticipated to be at its strongest. Although it is known that such characteristics as foraging range, type and size class of prey consumed vary between these procellariforms (Croxall & Prince 1980; Ridoux 1994; Croxall, Prince & Reid 1997; Navarro et al 2013), it is clear that displacement is far greater between foraging guilds, and that the species term itself has limited explanatory power in describing trophic niche space. This suggests that ecological character displacement along this axis has only a restricted role in driving differences between species during this time. While community-wide character displacement at the guild level is clear, within a guild the ability of species to effectively partition food resources appears to be more subtle, although support for niche separation along activity axes is increasing (Mackley et al 2010; Navarro et al 2013). Thus trophic niche segregation may be relatively low at a species level; whereas at the functional group level, greater differences in prey consumed result in a higher degree of separation between foraging guilds. Indeed, given the level of individual specialisation documented in many seabird species (e.g. Annett & Pierotti 1999; Bearhop et al 2006; Woo et al 2008; Patrick et al 2013), considering prey in functional groups rather than the more classical species-level approach (Roughgarden 1972) may add insight, even though many of these procellariforms consume prey spanning functional groups (Croxall, Prince & Reid 1997; Croxall, Reid & Prince 1999).
A major factor in explaining this pattern may be the characteristics of the Southern Ocean environment, where key food resources are both limited in type and patchily distributed. For example, euphausiids can be superabundant in localised areas, and can sustain a wide variety of predatory species (Croxall & Prince 1980; Ridoux 1994; Croxall, Prince & Reid 1997; Croxall, Reid & Prince 1999). This situation is not unique to the Southern Ocean though, and many speciose seabird communities in other biomes are principally sustained on a few key fish species with patchy distributions and with unpredictable inter-annual availability (Cury et al 2011).  Such patchy resources, even when highly abundant within a patch, promote competitive interactions in a range of organisms (Chesson 2000; Rajaniemi & Reynolds 2004; Shochat et al 2004), and Chesson and Huntly (1997) highlighted the importance of fluctuating environmental conditions in the promotion of coexistence of species. So patchy abundance, coupled with the constraints of centrally placed foraging, may limit opportunities for differentiating prey resources despite the varying physiological capacities of different procellariforms (Croxall & Prince 1980). Martin & Pfennig (2010) demonstrated that different ecomorphs in the Spea genus of spadefoot toads only developed when there were both high conspecific densities and a wider range of available resources, a situation more applicable to the non-breeding than the breeding period in this community. Equally, in other community interaction contexts such as pollination and herbivory, high levels of competition do not necessarily result in reduced niche width and specialisation (Vázquez & Stevens 2004; Novotny et al. 2006; Schleuning et al. 2012). Indeed, it has been demonstrated theoretically that, at very high levels of forager density, and hence competition, dietary specialisations can disappear and a generalist strategy be pursued by all individuals (Svanback & Bolnick 2005). 

For seabirds, the non-breeding period differs significantly from that of the breeding, as seen in the changing patterns in our study community (Figs. 1 and 2). The need to return to a central place is removed, potentially opening up other locations or prey types for exploitation. This pattern would be likely to reduce interference competition and agonistic interactions (Grether et al. 2009), and both individual and population-level niche widths can change as a result of changes in the occurrence or density of interspecific competitors, as clearly demonstrated in three-spined stickleback Gasterosteus aculeatus in the presence of different competitor fish species (Bolnick et al. 2010). Among the albatross species in our study tracking data have revealed that non-breeding ranges are larger than their corresponding breeding ranges, but also that most individuals can be considered functionally resident through the non-breeding period (Phillips et al 2005; Phillips et al 2009; Mackley et al 2010). This pattern is also seen in additional small procellariforms such as Cook’s petrel Pterodroma cookii (Rayner et al 2011), and in other seabirds, for example thick-billed murres Uria lomvia (Montevecchi et al 2012) and macaroni penguins Eudyptes chrysolophus (Thiebot et al 2011). In addition, activity patterns are consistent within albatross species, suggesting similar feeding strategies and the consumption of functionally similar prey in breeding and non-breeding periods (Mackley et al 2010). Thus, while changing isotopic baselines are likely to reduce the signal to noise ratio, the known consistency in location and behaviour means that a reduction in competition during this period may play a role in the expanded isotopic niche widths indicated by the increased size of isotopic ellipses (Fig. 2).

However, it is also likely that interspecific diet partitioning is dynamic (Barger & Kitaysky 2012), and so it could be argued that data from one breeding season does not reflect the complete pattern given variation in prey species abundance between years (e.g. Croxall, Reid & Prince 1999). Yet year-to-year variation in resource availability would actually be expected to maintain the patterns we observe. This is because a high degree of prey specialisation in such a dynamic environment would be likely to result in many years of failed breeding attempts if a more generalist or prey-switching strategy could not be pursued (Croxall, Reid & Prince 1999), thus resulting in the maintenance of limited niche differentiation among species during the breeding period. Our analytical method allows such comparisons to be made in future, as Bayesian ellipses are comparable across datasets, enabling the generalities of the observed pattern to be determined (Jackson et al. 2011). A number of studies have also found that character displacement can be trait specific, reflecting multi-faceted combinations of factors such as competition and resource availability (Dayan and Simberloff 2005; Pfennig, Rice & Martin 2007, Navarro et al 2013). The complexity of examining competitively mediated interactions in such wide-ranging species is immense, and so it may be that character displacement may be occurring along other unmeasured ecological axes. For example, Wilson (2010) demonstrated that sympatric Pygoscelid penguins did exploit different three-dimensional locations within the water column while consuming krill, but that this did not necessary reduce competition for the prey itself. Equally, the threats from anthropogenic environmental change are widespread and impact on a broad suite of species (Croxall et al. 2012). Nevertheless, competition for food is likely to be amongst the strongest interactions throughout the annual cycle. This is particularly so during the breeding period, and variation in morphological attributes related to the acquisition of such resources (body size, feeding apparatus etc) is a key focus for character displacement (Dayan & Simberloff 2005, Navarro et al 2013), even though resolving such interactions across environmental gradients remains a challenge for community ecology (Weiher et al. 2011).

Although our potential for understanding the at-sea movements of marine organisms is increasing almost exponentially (Phillips et al. 2011), these results stress the importance of gaining a greater understanding of key processes and interactions occurring in non-breeding areas. For example, the potential role of non-breeding areas in promoting population differentiation within seabird species has been highlighted (Friesen, Burg & McCoy 2007; Rayner et al 2011). An expansion of the niche at this time may,facilitate the development of differences, potentially providing sufficient variation for sympatric speciation (Friesen, Burg & McCoy 2007; Friesen et al. 2007). However, specialisation and differentiation will develop only when there are tradeoffs between using alternative resources (Bolnick et al. 2003; Pfennig, Rice & Martin 2007). Thus despite intense inter- and intra-specific competition during breeding, these tradeoffs may be nullified without the variation in prey base required for significant character displacement to occur, and with limited breeding sites reducing the opportunities for ecological sorting. While these breeding aggregations draw obvious research attention, our analyses of the community’s isotopic niche further emphasise the importance of the non-breeding aspect of seabird life histories in processes that can lead to ecological differentiation.  
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Table 1 Bayesian ellipse sizes for functional groups in the breeding and non-breeding periods. Ellipses are based on 1000 replicates and are corrected for small sample sizes (c). SEA = standard ellipse area

	Time Period
	Functional Group
	SEAc (‰2)

	Breeding
	Zooplanktivore
	1.616

	Non-breeding
	Zooplanktivore
	2.729

	Breeding
	Generalist Mid-range Consumer
	1.482

	Non-breeding
	Generalist Mid-range Consumer
	8.980

	Breeding
	Top Predator
	1.752

	Non-breeding
	Top Predator
	6.061


Figure 1 Hierarchical Bayesian model estimates of the posterior distribution of the standard deviation in the breeding and non-breeding periods for a) functional group b) species and c) residual error. Functional group explains 86% of the breeding variance and 61% of the non-breeding variance, whereas species explains 10% and 36% respectively, with the remainder comprising the residual error. 
Figure 2 Bayesian ellipses of isotopic niche space occupied by the three functional groups (dashed = zooplanktivores, dotted = generalist consumers, solid = top predators) in a) breeding and b) non-breeding periods based on analysis of blood cells and feathers respectively. Note identical axis scales. Legend abbreviations of species are (for scientific names see Sample Collection): ANP – Antarctic Prion, CDP – Common Diving Petrel, SGDP – South Georgian Diving Petrel, BHA – Black-browed Albatross, GHA – Grey-headed Albatross, NGP – Northern Giant Petrel, SGP – Southern Giant Petrel, WA – Wandering Albatross.
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