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Abstract
Diet analyses can reveal important changes in seabird foraging ecology and, by inference, resource availability and preda-
tor–prey dynamics within the wider marine ecosystem. Here, we analysed stomach contents of 1544 grey-headed albatross 
Thalassarche chrysostoma (GHA) and black-browed albatross T. melanophris (BBA) chicks from Bird Island, South Georgia. 
We describe dietary shifts (1996–2017), and link those to annual prey availability indices and breeding success. Annual 
variability in diet was high, and long-term trends in the main components were broadly similar in both albatrosses. Fish 
consumption (by mass) generally increased over time. Mackerel icefish Champsocephalus gunnari occurrence increased in 
GHA diets, but was unrelated to local densities derived from fisheries/research cruises. Cephalopod consumption declined 
until the early 2000s, then plateaued, and the occurrence of the ommastrephid squid Martialia hyadesi declined over time 
in both albatrosses. In BBAs, Antarctic krill Euphausia superba consumption decreased over time. Conversely, Antarctic 
krill consumption by GHAs increased until the early 2000s, decreased until the mid-2010s, and increased again in 2017. 
Antarctic krill consumption was unrelated to local densities based on acoustic surveys, and did not correlate with breeding 
success. Remotely sensed chlorophyll-a within core foraging areas showed a positive relationship with Antarctic krill in 
GHA diets, but a negative relationship with M. hyadesi occurrence in both albatross diets. Dietary shifts had consequences 
for GHA breeding success, which was negatively related to the importance of the cranchiid Galiteuthis glacialis and posi-
tively related to M. hyadesi importance. These results highlight the complex mechanisms linking prey availability, diet and 
breeding success in albatrosses.

Introduction

Marine ecosystems continue to undergo considerable 
change, with profound implications for their structure and 
dynamics (Smetacek and Nicol 2005). Changes in the diets 
of upper trophic-level predators, such as seabirds, can pro-
vide important information on ecosystem variability, includ-
ing insights into lower trophic levels. The use of seabirds 
as ecological indicators is well-established (Cairns 1987; 
Piatt et al. 2007), and their diets reflect prey availability 
within their foraging ranges and are sensitive to environmen-
tal change (Votier et al. 2004; Piatt et al. 2007). Although 
most seabird diet studies are limited in temporal scale, some 
have demonstrated long-term dietary changes in relation to 
prey availability. For example, great skua Stercorarius skua 
diets at Shetland reflected declining sandeel Ammodytes spp. 
stocks in the North Sea (Votier et al. 2004; Church et al. 
2018), and Cape gannet Morus capensis diets reflected 
variable sardine Sardinops sagax and anchovy Engraulis 
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encrasicolus abundance off the south coast of South Africa 
(Green et al. 2015). However, long-term analyses relating 
diet metrics to prey availability have not been conducted for 
albatrosses (McInnes et al. 2016).

Albatrosses typically feed on a combination of cephalo-
pods, fish, crustaceans, carrion and gelatinous zooplankton 
(Cherel and Klages 1998). Systematic sampling of grey-
headed albatross Thalassarche chrysostoma (GHA) and 
black-browed albatross T. melanophris (BBA) chick stomach 
contents at South Georgia has provided two of the longest 
continuous dietary time series at any site (McInnes et al. 
2016). The species composition of individual prey groups 
has been determined previously at South Georgia (cepha-
lopods: Rodhouse et al. 1990; Rodhouse and Prince 1993; 
fish: Reid et al. 1996), and other studies have examined sea-
sonal changes and variation over a limited number of years 
(Croxall et al. 1999; Xavier et al. 2003b, 2013). Despite 
being generalist predators that feed within the same trophic 
guild (Moreno et al. 2016), cephalopods tend to be the most 
important prey type for GHAs and Antarctic krill Euphausia 
superba for BBAs (Croxall et al. 1997, 1999; Xavier et al. 
2003b). During the chick-rearing period, the foraging distri-
butions of these two species differ. GHAs forage predomi-
nantly north of South Georgia at the Antarctic Polar Front 
(APF), and to a lesser extent in the central Scotia Sea, shelf/
shelf-slope waters of the South Scotia Arc, from the South 
Orkney Islands west to the Antarctic Peninsula (Xavier et al. 
2003a; Phillips et al. 2004). Conversely, BBAs forage mostly 
in shelf/shelf-slope regions around South Georgia, Shag 
Rocks and the South Scotia Arc, and to some degree around 
the APF, the central Scotia Sea, southeast of the South Sand-
wich Islands and in the Weddell Sea (Phillips et al. 2004).

The South Georgia and Scotia Sea ecosystems are highly 
productive and display high annual biological and physical 
variability (Atkinson et al. 2001; Murphy et al. 2007). This 
is evidenced by vessel-based acoustic surveys showing local 
densities of Antarctic krill to fluctuate annually at South 
Georgia (Fielding et al. 2014). Antarctic krill is an impor-
tant prey species for several seabird species in the region 
(Moreno et al. 2016; Waluda et al. 2012, 2017), and variabil-
ity in this key prey may have consequences for seabird diet 
composition (Reid et al. 1997; Berrow and Croxall 1999; 
Croxall et al. 1999). By comparing two contrasting years, 
Croxall et al. (1999) showed a correspondence between 
Antarctic krill abundance and the mass of Antarctic krill in 
GHA and BBA chick diets. However, whether changes in 
the contribution of Antarctic krill to diets reflect the usually 
more moderate variation from year to year is unknown.

The purpose of this study is to describe how the diet com-
position of GHA and BBA chicks has changed over three 
decades at South Georgia (1996–2017). Given their contrast-
ing foraging distributions, the diets of these two albatrosses 
can be used to infer changing resource availability within 

different areas of the Southern Ocean. We test whether diet 
variability reflects various independent annual indices of 
prey availability, including local densities of two important 
prey—Antarctic krill and mackerel icefish Champsocepha-
lus gunnari—as well as remotely sensed primary produc-
tion within the core foraging areas of the albatrosses. In 
addition, we test for relationships between diet metrics and 
breeding success. Correlations between diet and breeding 
success were found in a subset of our time series (Xavier 
et al. 2003b), and recent demographic modelling has demon-
strated relationships between breeding success in both alba-
tross species and environmental drivers at South Georgia, 
including proxies of prey availability (Pardo et al. 2017).

Materials and methods

Study area and sample processing

Diet samples (stomach contents) were obtained via induced 
regurgitation of GHA and BBA chicks across 22 consecutive 
years (1996–2017) at Bird Island, South Georgia (54°00′ S, 
38°03′ W). This procedure has no significant effect on sur-
vival or fledging mass (Phillips 2006), and no chicks were 
sampled more than once. Annual mean hatching dates of 
both species are highly consistent at Bird Island, and all 
samples were collected in mid to late chick rearing (Febru-
ary–April). Stomach contents were drained through sieves 
to separate the liquid (comprising stomach oil, water, and 
dissolved solids) and solid components. Samples were 
weighed, overall mass was recorded, and stomach contents 
(including fresh and accumulated items) were weighed and 
assigned to a major dietary component [cephalopods, fish, 
Antarctic krill, pouched lamprey Geotria australis (hereafter 
lamprey), carrion (mostly penguin feathers or seal fur), and 
other (mostly other crustaceans and non-food items such as 
fishing debris and tussac grass Poa flabellata)]. Within each 
major dietary component, prey items were further identified, 
where possible, using reference material at the British Ant-
arctic Survey and the Marine and Environmental Research 
Centre of the University of Coimbra, in addition to published 
guides (Kirkwood 1984; Clarke 1986; Hecht 1987; Williams 
and McEldowney 1990; Smale et al. 1995; Reid 1996; Bol-
tovskoy 1999; Xavier and Cherel 2009). Cephalopod beak 
lower rostral lengths (LRLs) and fish otolith lengths (OLs) 
were measured (fresh and accumulated items), and allo-
metric equations were used to estimate mass (Clarke 1986; 
Adams and Klages 1987; Hecht 1987; Croxall et al. 1988, 
1995; Rodhouse et al. 1990; Williams and McEldowney 
1990; Reid 1996; Olsson and North 1997; Berrow and Crox-
all 1999; Xavier and Cherel 2009). Where no equations were 
available, equations for closely related or morphologically 
similar species were used.
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Diet composition description

Stomach contents were first described at the level of the 
major dietary components using two metrics (Barrett et al. 
2007): (1) the percentage frequency of occurrence (%FO; 
the percentage of stomach samples in which a prey type was 
present); and (2) the percentage drained mass (%Mdrained; 
the percentage of the sample mass represented by a par-
ticular dietary component). Specific prey taxa within the 
cephalopod and fish components were described using %FO, 
%M (based on estimated masses rather than drained) and 
the percentage numerical importance (%N; the number of 
an individual prey item expressed as a percentage of the 
total). To reduce biases associated with any one measure 
(Duffy and Jackson 1986), cephalopod and fish prey taxa 
were also described by a compound index within their 
respective components, the index of relative importance 
(IRI), calculated as IRI = %FO × (%N + %M). The IRI does 
not have a set scale and hence was converted to a percent-
age (%IRI): %IRI = (IRI/∑IRI) × 103. Insufficient data were 
available to calculate the %M or %N, and hence the %IRI, 
for crustaceans.

Annual indices of prey availability

Vessel-based acoustic surveys of Antarctic krill density (g 
 m−2) are routinely conducted by the British Antarctic Survey 
in the Western Core Box, an area located to the northwest of 
South Georgia, and data were obtained from the published 
literature (Fielding et al. 2014). Mean density estimates (kg 
 km−2) of mackerel icefish were derived from groundfish 
surveys at South Georgia and were also obtained from the 
published literature (Fallon et al. 2016). We also included a 
measure of primary production, which may influence prey 
availability to seabirds via bottom-up processes (Frederiksen 
et al. 2006). Mean remotely sensed near surface chlorophyll-
a (chl-a; mg  m–3) concentrations in the core foraging areas 
(50% utilisation distributions) of birds tracked during the 
main chick-rearing months (February–April) (Phillips et al. 
2004; British Antarctic Survey unpublished data) were cal-
culated for each year. The chl-a data were from monthly 
composite rasters at 9 km spatial resolution obtained from 
the Sea-viewing Wide Field-of-view Sensor (SeaWiFS; 
1998–2010) and Aqua Moderate-resolution Imaging Spec-
troradiometer (Aqua MODIS; 2011–2017) via the Ocean 
Colour website https ://ocean color .gsfc.nasa.gov/.

Breeding success data

Breeding success data were obtained from the long-term 
monitoring colonies for GHAs and BBAs, based on daily 
to weekly nests visits to record laying, failure and fledg-
ing dates (British Antarctic Survey unpublished data). The 

number of chicks fledged per nest was used as a measure of 
breeding success. Both albatross species lay a single egg 
with no replacement.

Statistical analysis

All analyses were conducted using R version 3.4.4 (R Core 
Team 2017). Generalised additive models (GAMs; quasibi-
nomial error structure and logit link function) were used to 
test for temporal trends in chick diet composition. Dietary 
response variables were the %Mdrained of the major dietary 
components and the %FO of the most important prey taxa, 
which were: Antarctic krill, mackerel icefish, the ommastre-
phid squid Martialia hyadesi, the cranchiid squid Galiteu-
this glacialis, and the onychoteuthid squid Moroteuthopsis 
longimana (formerly Kondakovia longimana). These prey 
were selected on the basis of the %IRI (Tables S1–S3) and 
previous diet studies at South Georgia (Xavier et al. 2003b). 
Temporal autocorrelation was ruled out in all time series 
using the Durbin–Watson test (all P > 0.05) via the car pack-
age in R (Fox and Weisberg 2019). All models were fitted 
using thin plate regression splines and an upper limit of four 
on the effective degrees of freedom (edf) was used to avoid 
overfitting. Models were fitted using the mgcv package in 
R (Wood 2006). Sampling date was included as a covariate 
in all models. Relationships between the above diet met-
rics (excluding %Mdrained of fish and cephalopod groups) 
and annual indices of prey availability were tested using 
Spearman’s rank correlations with the Bonferroni correc-
tion applied to account for multiple tests. Variables were 
de-trended prior to analysis, and analyses were restricted 
to the period for which published survey data on Antarctic 
krill (1997–2013) and mackerel icefish (1997–2015) were 
available. Relationships between diet metrics and breed-
ing success were analysed in the same manner. However, 
in this case, diet metrics were Antarctic krill consumption 
(%Mdrained and %FO) in BBAs and GHAs, and consump-
tion of the most important cephalopods (%IRI) in GHAs 
only. Relationships between Antarctic krill consumption 
and breeding success have previously been found in both 
albatrosses (Croxall et al. 1999), and in GHAs correlations 
between cephalopod diet (including M. hyadesi) and breed-
ing success have been observed at South Georgia (Xavier 
et al. 2003b), and the Diego Ramírez Islands (Arata et al. 
2004). Statistical significance was set at α = 0.05.

Results

Overall diet composition

A total of 1544 stomach contents samples were collected 
from GHA (n = 782) and BBA (n = 762) chicks (1996–2017). 

https://oceancolor.gsfc.nasa.gov/
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The average sample masses were 787 ± 12 g and 750 ± 12 g 
in GHAs and BBAs, respectively. Samples comprised an 
average of 253 ± 6 g of solids and 534 ± 10 g liquids in 
GHAs, and 243 ± 6 g solids and 507 ± 10 g liquids in BBAs. 
Cephalopods, fish and Antarctic krill were the dominant die-
tary components in both albatrosses. Combining all samples 
(1996–2017), GHA chicks consumed mainly cephalopods 
[42% (%Mdrained)], followed by Antarctic krill (22%) and fish 
(22%). BBA chicks were mainly fed Antarctic krill (34%) 
and fish (34%), followed by cephalopods (22%). Lamprey 
(GHA: 4%; BBA: < 1%) and carrion (GHA: 4%; BBA: 4%) 
were of less importance. In GHA diets, 29 cephalopod prey 
taxa (14 families, 2 orders), 42 fish prey taxa (14 families, 
8 orders) and 17 crustacean prey taxa (4 orders) were iden-
tified. In BBAs, 29 cephalopod prey taxa (15 families, 2 
orders), 38 fish prey taxa (12 families, 6 orders) and 21 
crustacean prey taxa (5 orders) were identified. Tables pro-
viding a breakdown of all identified prey taxa are available 
in the Electronic Supplementary Material (Tables S1–S3). 
The three most important cephalopods (%IRI) to GHAs and 
BBAs were M. hyadesi (GHA: 34%; BBA: 9%), G. glacialis 
(GHA: 29%; BBA: 34%) and M. longimana (GHA: 28%; 
BBA: 46%). Mackerel icefish was the most important fish 
prey (%IRI) to GHAs (49%) and BBAs (75%). Antarctic krill 
was the most important crustacean to both albatrosses, and 
occurred in 54% and 72% of GHA and BBA diets, respec-
tively (Tables 1, 2). 

Annual variation and long‑term trends

Cephalopods represented the most important dietary 
component to GHAs (%Mdrained) in 16  years [range 
12% (2002)–78% (1997)], Antarctic krill in 5  years 
[1% (2016)–64% (2000)] and fish in a single year [6% 
(2001)–44% (2007)] (Fig. 1a). The %Mdrained of cephalopods 
(as a group) was high in the 1990s, decreased until the early 
2000s and plateaued thereafter (edf = 1.9, F = 1.3, P < 0.05) 
(Fig. 2a). Five cephalopods were present in all years: G. 
glacialis, Gonatus antarcticus, M. longimana, M. hyadesi 
and Psychroteuthis glacialis. M. hyadesi %FO declined over 
time in GHA chick diets (edf = 1.1, F = 4.3, P < 0.05); with 
a peak of 92.5% (1999) and lowest value of 16.7% (2014) 
(Fig. 3a). No trends were found in the %FO of G. glacialis 
or M. longimana. The %Mdrained of fish as a group (edf = 1.5, 
F = 14.9, P < 0.01) increased over time in GHA chick diets 
(Fig. 2c), as did mackerel icefish %FO (edf = 1.8, F = 5.5, 
P < 0.05), which peaked at 17% (2014, 2015, 2017) (Fig. 4). 
No fish prey taxa occurred in all years. The %Mdrained of 
Antarctic krill increased until the early to mid-2000s, and 
decreased for the remainder of the study before increasing 
in 2017 (edf = 2.6, F = 1.3, P < 0.05) (Fig. 2e).   

Fish was the most important dietary component to BBAs 
(%Mdrained) in 10 years [range 11% (2017)–57% (2015)], 

Antarctic krill in 9 years [4% (2009)–64% (2017)] and 
cephalopods in 3 years [5% (2007)–49% (1996)] (Fig. 1b). 
The %Mdrained of cephalopods (as a group) decreased from 
the mid-1990s to early to mid-2000s, and remained con-
stant thereafter (edf = 2.2, F = 1.5, P < 0.05) (Fig. 2b). G. 
glacialis, G. antarcticus and M. longimana were present 
in all years. M. hyadesi %FO in BBA chick diets declined 
over the time period (edf = 1.4, F = 4.6, P < 0.05), peaking 
at 76.9% (1997) with several years of absence (2000, 2002, 
2007, 2012) (Fig. 3b). No trends were found in the %FO of 
G. glacialis or M. longimana. The %Mdrained of fish (as a 
group) broadly increased over time, until declining slightly 
in recent years (edf = 2.5, F = 4.8, P < 0.05) (Fig. 2d). There 
was no trend in mackerel icefish %FO and no fish prey taxa 
were present in all years. The %Mdrained of Antarctic krill 
decreased over time (edf = 1.0, F = 1.4, P < 0.05) (Fig. 2f).

Relationships with prey availability

Neither the %Mdrained (GHA, rS = –0.04, P = 0.88; BBA, 
rS = 0.18, P = 0.51) nor %FO (GHA, rS = 0.31, P = 0.18; 
BBA, rS = 0.34, P = 0.19) of Antarctic krill in chick diets 

Table 1  Main components in diet samples obtained from grey-headed 
albatross chicks at Bird Island, South Georgia (1996–2017)

Percentage frequency of occurrence (%FO) of the most important die-
tary components are shown

Year No. samples Cephalopod (%) Fish (%) Antarctic 
krill (%)

1996 35 82.9 28.6 28.6
1997 40 97.5 25.0 32.5
1998 38 100.0 39.5 39.5
1999 40 100.0 70.0 45.0
2000 120 38.3 42.5 91.7
2001 34 91.2 23.5 20.6
2002 34 94.1 61.8 76.5
2003 30 100.0 86.7 63.3
2004 30 93.3 63.3 56.7
2005 30 93.3 60.0 53.3
2006 30 93.3 66.7 66.7
2007 30 86.7 86.7 76.7
2008 31 93.5 77.4 29.0
2009 30 100.0 73.3 33.3
2010 30 86.7 63.3 63.3
2011 20 90.0 70.0 40.0
2012 30 86.7 80.0 66.7
2013 30 90.0 63.3 23.3
2014 30 90.0 70.0 66.7
2015 30 96.7 86.7 40.0
2016 30 96.7 76.7 23.3
2017 30 90.0 70.0 63.3
Mean – 84.8 59.5 54.3
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correlated with local Antarctic krill densities from acoustic 
surveys. No significant correlations were found between the 
%FO of mackerel icefish in chick diets and density estimates 
from the groundfish surveys (GHA, rS = 0.14, P = 0.64; 
BBA, rS = 0.30, P = 0.32). In GHAs, the %Mdrained of Ant-
arctic krill was positively correlated with near surface chl-a 
concentrations (Fig. 5a; rS = 0.62, P < 0.01), and the %FO 
of M. hyadesi was negatively correlated (Fig. 5b; rS = –0.50, 
P < 0.05). In BBA diets, the %FO of M. hyadesi was nega-
tively correlated with near surface chl-a concentrations 
(Fig. 5c; (rS = –0.49, P < 0.05).

Diet in relation to breeding success

Breeding success (fledged chicks per nest) showed high 
annual variability in GHAs [range 0.01 (2005)–0.85 (2008)] 
and BBAs [0.01 (2017)–0.70 (2002)] (Fig. 6). Neither the 
%Mdrained (GHA, rS = − 0.32, P = 0.15; BBA, rS = − 0.24, 
P = 0.28) nor %FO of Antarctic krill (GHA, rS = − 0.23, 
P = 0.30; BBA, rS = − 0.12, P = 0.59) in chick diets cor-
related with breeding success. In GHAs, breeding success 
was negatively correlated with the importance (%IRI) of G. 

glacialis relative to other cephalopods (Fig. 7a; rS = –0.57, 
P < 0.01), positively correlated with M. hyadesi importance 
(Fig. 7b; rS = 0.46, P < 0.05). M. longimana importance was 
unrelated to breeding success (rS = –0.22, P = 0.32). 

Discussion

This study analysed two of the longest continuous time 
series on diet composition available for seabirds in the 
Southern Ocean. Overall, cephalopods were the most impor-
tant dietary component for GHA chicks (by %Mdrained and 
%FO), followed by Antarctic krill and fish. Conversely, Ant-
arctic krill and fish were of equal importance to BBAs, and 
cephalopods were less important. GHAs are mainly oceanic 
foragers in the Southern Ocean (Rodhouse et al. 1996; Nel 
et al. 2000; Phillips et al. 2004), and cephalopods are con-
sidered to be the most important prey type at South Georgia 
(Xavier et al. 2003b; present study), and elsewhere (Cherel 
and Klages 1998). Generally, fish are the most important 
prey type for BBAs; however, the relative importance of 
other prey groups (cephalopods, crustaceans, carrion) dif-
fers considerably among years and sites (Cherel and Klages 
1998). Previous work at South Georgia has shown fish and 
Antarctic krill to be the most important diet components 
for BBAs, with considerable inter-annual variability (Prince 

Table 2  Main components in diet samples obtained from black-
browed albatross chicks at Bird Island, South Georgia (1996–2017)

Percentage frequency of occurrence (%FO) of the most important die-
tary components are shown

Year No. samples Cephalopod (%) Fish (%) Antarctic 
krill (%)

1996 20 65.0 20.0 40.0
1997 39 87.2 41.0 56.4
1998 46 71.7 69.6 63.0
1999 30 100.0 80.0 90.0
2000 120 29.2 62.5 95.8
2001 31 83.9 45.2 67.7
2002 39 76.9 74.4 76.9
2003 30 83.3 83.3 96.7
2004 30 73.3 66.7 60.0
2005 30 100.0 63.3 46.7
2006 30 80.0 56.7 80.0
2007 30 63.3 80.0 96.7
2008 27 77.8 59.3 74.1
2009 30 90.0 80.0 50.0
2010 30 90.0 76.7 80.0
2011 20 80.0 85.0 75.0
2012 30 83.3 83.3 70.0
2013 30 70.0 83.3 56.7
2014 30 80.0 86.7 66.7
2015 30 86.7 93.3 53.3
2016 30 70.0 86.7 40.0
2017 30 86.7 56.7 80.0
Mean – 72.8 69.0 72.2

Fig. 1  Annual variation in the percentage by drained mass (%Mdrained) 
of major dietary components in a grey-headed albatross, and b black-
browed albatross chick diets at Bird Island, South Georgia (1996–
2017)
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1980; Reid et al. 1996; Xavier et al. 2003b). The specific 
differences in prey composition between GHAs and BBAs 
at South Georgia presumably reflect their differing forag-
ing ecology and distributions. Tracking studies show that 
GHAs forage mainly north of South Georgia at the Antarc-
tic Polar Frontal Zone (APFZ; the water mass between the 
sub-Antarctic Front in the north and the APF in the south), 
whereas BBAs forage mostly south of the APF, in Antarctic 
waters over the South Georgia shelf/shelf break, and South 
Scotia Arc (Rodhouse et al. 1996; Xavier et al. 2003a; Phil-
lips et al. 2004). The expectation is that prey biogeogra-
phy should reflect these contrasting distributions. Indeed, 
the most important cephalopod in the diet of GHAs, the M. 
hyadesi, is associated with the APFZ (Rodhouse and White 
1995; Rodhouse et al. 1996; Xavier et al. 2016), whereas 
the predicted suitable habitat for M. longimana, the most 

important cephalopod for BBAs, is at a higher latitude south 
of the APF and towards the Antarctic continent (Xavier et al. 
2016). Moreover, although both mackerel icefish and Ant-
arctic krill are the most important fish and crustaceans to 
both albatrosses, they are of greater importance to BBAs. 
Mackerel icefish are abundant around South Georgia and 
Shag Rocks (Reid et al. 1996), and the core foraging distri-
bution of BBAs also maps much more closely than that of 
GHAs to hotspots of Antarctic krill abundance in the region 
(Silk et al. 2016).

Changes in albatross diet composition (1996–2017)

Striking, and similar, long-term dietary shifts were observed 
in GHAs and BBAs at South Georgia since the mid-1990s. 
There is no expectation that prey preference per se would 

Fig. 2  Temporal trends in the 
percentage by drained mass 
(%Mdrained) of major prey 
groups in grey-headed and 
black-browed albatross chick 
diets at Bird Island, South Geor-
gia (1996–2017). Solid lines are 
model fitted GAM results and 
dashed lines indicate standard 
errors
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change in these albatrosses, and hence these dietary shifts 
are much more likely to reflect changes in prey availability 
within their respective foraging areas. The consumption of 
fish (as a group) by both albatrosses increased over time. 
In addition, an increase in mackerel icefish was observed 

Fig. 3  Annual variation in the occurrence (%FO)  of the ommastre-
phid squid Martialia hyadesi in a grey-headed albatross, and b black-
browed albatross chick diets at Bird Island, South Georgia (1996–
2017). Solid lines are model fitted GAM results and dashed lines 
indicate standard errors

Fig. 4  Annual variation in the occurrence (%FO) of mackerel ice-
fish in grey-headed albatross chick diets at Bird Island, South Geor-
gia (1996–2017). The solid line is the model fitted GAM result and 
dashed lines indicate standard errors

Fig. 5  Significant relationships between diet metrics and surface 
chlorophyll-a concentrations within the core foraging areas of grey-
headed albatrosses (a, b) and black-browed albatrosses (c) at Bird 
Island, South Georgia (1996–2017)
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over time in GHA diets, suggesting increased availability. In 
1994, mackerel icefish was identified as the most important 
fish prey taxa to GHAs but was absent in 1986 (Reid et al. 
1996). Mackerel icefish was identified as the most impor-
tant fish prey taxa to both albatrosses, and is an important 
prey for other upper trophic-level predators at South Geor-
gia, including Antarctic fur seals Arctocephalus gazella 
and gentoo penguins Pygoscelis papua (Reid et al. 2005; 
Waluda et al. 2017). A commercial mackerel icefish fishery 
at South Georgia was closed in 1990 and reopened in the late 
1990s with a precautionary catch limit (Reid et al. 2005). 
Reported catches (commercial and research) of mackerel 
icefish using pelagic trawls at South Georgia appear to have 
declined (CCAMLR 2018), and since 2010, the commer-
cial fishery has been certified by the Marine Stewardship 
Council. Although these temporal trends in GHA diets were 
unrelated to local densities (see below), our data could signal 
increased availability for the birds across the wider foraging 
ranges of the albatrosses.

Cephalopod consumption decreased during the early 
portion of our time series (the mid-1990s to early 2000s) 
and then plateaued in both albatrosses, and the %FO of M. 
hyadesi decreased. M. hyadesi was identified as the most 
important cephalopod prey taxa to GHAs and BBAs in the 
1970s and 1980s (Clarke and Prince 1981; Rodhouse et al. 
1990; Rodhouse and Prince 1993), and these data therefore 
suggest reduced availability over time to both albatrosses. 
Antarctic krill consumption decreased over time in BBAs, 
but in GHAs consumption increased until the early 2000s 
before decreasing until the mid-2010s. Consumption of 
Antarctic krill was high in 2017 for both albatrosses. No 
trends were found in the proportion of Antarctic krill in 
diets of gentoo penguins (1989–2010) or macaroni pen-
guins Eudyptes chrysolophus (1989–2010) at South Geor-
gia (Waluda et al. 2012, 2017). Our results indicate that the 
availability of Antarctic krill to albatrosses, but not pen-
guins, from South Georgia has changed over the past three 
decades. These changes take place in the context of a pole-
ward shift in krill distribution in the southwest Atlantic, with 
reduced densities towards South Georgia (Atkinson et al. 
2019).

Relationships with prey availability

An unexpected result was that the general diet composition 
of GHA and BBA chicks did not reflect either local Antarctic 
krill or mackerel icefish densities. This is despite the high 
variability in Antarctic krill and mackerel icefish densities 
close to South Georgia (Fielding et al. 2014; Fallon et al. 
2016). In a comparison of two contrasting years, Croxall 
et al. (1999) found that reduced Antarctic krill abundance at 
South Georgia was reflected in GHA and BBA chick diets. 
There are several possible explanations as to why such 

Fig. 6  Annual variation in breeding success (mean number of chicks 
fledged per nest) in grey-headed albatrosses  and black-browed alba-
trosses at Bird Island, South Georgia (1996–2017)

Fig. 7  Significant relationships between breeding success and chick 
diet metrics in grey-headed albatross at Bird Island, South Georgia 
(1996–2017)



Marine Biology          (2020) 167:29  

1 3

Page 9 of 12    29 

relationships were not found across our much longer time 
series. First, in seabird diet studies, prey availability—the 
ease with which prey can be located and captured—is often 
assumed to be correlated with abundance (Cairns 1987), but 
this may not be the case here. GHAs and BBAs are poor 
divers that are unable to exploit Antarctic krill or mackerel 
icefish more than a few metres below the surface. Prey densi-
ties in the water column may therefore not be representative 
of their availability to albatrosses. Indeed, the lowest Ant-
arctic krill density at South Georgia was recorded in 2000 
(Fielding et al. 2014), yet Antarctic krill was of high impor-
tance to both albatrosses in that year (Fig. 1). Second, parent 
albatrosses may have an inherent preference for provisioning 
their chicks with a certain prey and hence strive to obtain 
this prey even when local availability is low. In this scenario, 
prey availability (e.g. Antarctic krill density) would have to 
be very low to influence its consumption. Finally, despite 
the central-place constraint, GHAs and BBAs have excep-
tional foraging capabilities and the local surveys may not be 
indicative of the availability of these prey within other parts 
of the very extensive ranges of the albatrosses.

At a wider spatial scale, chick diet composition in GHAs 
and BBAs responded to primary production (near surface 
chl-a concentrations) within their core foraging areas. The 
South Georgia and Scotia Sea marine ecosystems are highly 
productive and show high annual variability (Atkinson et al. 
2001; Murphy et al. 2007), and changes in primary produc-
tion can result in changes in prey availability via bottom-up 
process (Frederiksen et al. 2006). Primary production was 
related positively to the %Mdrained of Antarctic krill in GHA 
diets, and negatively to the %FO of M. hyadesi in both alba-
tross species. Dietary shifts in response to primary produc-
tion likely represent the albatrosses increasing their exploita-
tion of two, largely distinct food webs. M. hyadesi is thought 
to belong to a separate trophic system at the APFZ, where 
they predate myctophids that feed primarily on copepods 
(Rodhouse and White 1995); this is probably independent 
of the other Southern Ocean system in which Antarctic krill 
places a central role (Xavier et al. 2003b). As mean densities 
of Antarctic krill are positively correlated with chl-a con-
centrations across their distribution (Atkinson et al. 2004), 
future changes in primary production could have important 
implications for GHA and BBA diets at South Georgia.

Relationships with breeding success

Prey availability may have implications for seabird breeding 
success (Cury et al. 2011). Recent demographic modelling 
at South Georgia has demonstrated relationships between 
breeding success in both albatross species and environmen-
tal drivers, including proxies of prey availability (Pardo 
et  al. 2017). Breeding success of GHAs was positively 
related to the importance of M. hyadesi and negatively to 

the importance of G. glacialis. M. hyadesi is associated with 
the APFZ, whereas G. glacialis tends to have a high latitude 
distribution (Xavier et al. 2016). In 2000, a year of poor 
breeding success at South Georgia, GHAs tracked during 
chick rearing spent more time foraging over shelf waters 
at the Antarctic Peninsula than in other years (Xavier et al. 
2013). Foraging trips to this region last 5–26 days, which 
far exceeds the typical 2–3 day trips to the APFZ (Prince 
et al. 1999). Individual GHAs that initially travel to the 
APFZ will, if foraging is unsuccessful, switch to Antarctic 
waters before returning to the colony (Xavier et al. 2003a; 
Catry et al. 2004). Such extended foraging trips to higher 
latitudes presumably increase the risk of chick starvation 
and depletion of adult body condition in the intervening 
period (Xavier et al. 2013). There are curvilinear asymptotic 
relationships between chick meal mass and trip duration in 
GHAs, and hence the profitability of trips [prey delivery 
rate (g per day)] decreases with increasing time spent at sea 
(Phillips et al. 2009). For this reason, a shift in core forag-
ing areas of GHAs to higher latitudes (and the associated 
switch from APFZ-associated prey, such as M. hyadesi¸ to 
prey such as G. glacialis) has a cost in terms of provision-
ing rates and hence chick survival. Xavier et al. (2003b) 
also found correlations between M. hyadesi consumption 
and GHA breeding success in a subset of our time series, 
and M. hyadesi is also thought to be important to the breed-
ing success of GHAs at the Diego Ramírez Islands (Arata 
et al. 2004).

When Antarctic krill abundance was low, in addition to 
reduced Antarctic krill consumption, Croxall et al. (1999) 
found evidence for reduced provisioning rates (related to 
increased foraging trip duration) and lower breeding suc-
cess in albatrosses. However, no relationships were found 
between Antarctic krill consumption and breeding success in 
the present study. It should also be noted that seabird breed-
ing success may also be influenced by other factors (not 
examined here), including direct predation, weather condi-
tions and parental care (Cairns 1987). However, the mecha-
nistic links between albatross diet, environmental conditions 
and breeding performance are not fully understood yet.

Limitations of sampling methodology

The majority of albatross diet studies, including the present 
work, have involved morphological identification of stom-
ach contents (McInnes et al. 2016). These approaches suffer 
from a number of well-known biases that should be borne in 
mind during interpretation. The importance of hard-bodied 
prey tend to be overestimated (e.g. squid beaks), whereas 
soft-bodied, more readily digestible prey are underestimated 
(Votier et al. 2003; Barrett et al. 2007; McInnes et al. 2017). 
Albatrosses, for example, have been documented feeding 
on jellyfish (McInnes et al. 2017), yet these prey are rarely 
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recorded in gut contents. Cephalopod beaks, however, may 
persist in stomachs for long periods, potentially inflating 
estimates of their importance (Furness et al. 1984), and is 
a potential reason why the %FO of cephalopods as a group 
remained high (Tables 1, 2). Nonetheless, these methods 
offer high taxonomic resolution and enable the estimation of 
prey size or mass. As with previous studies (e.g. Cherel and 
Klages 1998), our study reports diet composition using vari-
ous metrics, providing different indices of relative impor-
tance of individual prey. All samples were collected in the 
same way throughout the time series, and hence changes 
in their composition remain informative. It should also be 
acknowledged that diets of adults and chicks may differ to 
some extent (Connan et al. 2018); however, that would not 
affect our comparison as all samples were collected from 
chicks.

Conclusion

In the last 35 years, at only five breeding sites have more 
than two full albatross diet studies (i.e. for all prey taxa) 
been published (Cherel and Klages 1998; McInnes et al. 
2016). This study analysed two of the longest continuous 
dietary time series available for Southern Ocean seabirds 
(1996–2017), and demonstrated marked changes in GHA 
and BBA chick diet composition since the mid-1990s. Fish 
consumption increased over time in both albatrosses, and 
mackerel icefish occurrence increased in GHA diets. Cepha-
lopod consumption showed non-linear trends in both alba-
trosses, with the occurrence of M. hyadesi decreasing over 
time. In BBAs, Antarctic krill consumption decreased over 
time, but showed a more complex trend in GHAs. Diet met-
rics did not correlate with local Antarctic krill or mackerel 
icefish densities at South Georgia. Relationships were found, 
however, between diet and primary production within the 
core foraging ranges of both albatrosses. Dietary shifts had 
consequences for breeding success in GHAs. These popula-
tions are of global importance, comprising approximately 
50% and 12% of the worldwide population of GHAs and 
BBAs, respectively (Poncet et al. 2017), and our results 
highlight the value of long-term dietary monitoring for 
revealing potential changes in the wider marine ecosystem.
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