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Abstract

Diet and trophic relationships of New Zealand albatrosses are poorly known, while comprehensive information on their
feeding ecology are needed in an ecological and evolutionary context, but also for effective conservation management. Here,
food samples of the sympatric Campbell albatross Thalassarche impavida and grey-headed albatross T. chrysostoma were
collected at subantarctic Motu Thupuku Campbell Island to (1) detail their prey items, (2) investigate segregating mechanisms
allowing co-existence, and (3) look at potential overlaps between albatrosses and human activities. Chick food of the two
albatrosses overlapped greatly in terms of the most consumed prey species but segregated in terms of prey groups. The most
abundant item was epipelagic young-of-the-year Micromesistius australis, a species that is commercially-exploited when
adult. The myctophid Electrona carlsbergi and various macrourids constituted other significant fish prey, while juveniles
of Moroteuthopsis ingens and Martialia hyadesi were the main squid prey. Campbell albatross fed their chicks more on fish
(79% vs. 27% by mass) and grey-headed albatross more on cephalopods (67% vs. 18%). Albatrosses also segregated by their
foraging habitats, with Campbell albatross favoring neritic prey and grey-headed albatross oceanic prey from colder waters.
A few plastic debris and no fishery-related items were found in food samples, indicating limited interactions with human
activities at the time of sample collection. However, the nutritional importance of naturally-caught juvenile M. australis for
albatrosses has to be taken into account for a sustainable management of the resource, its predators and the trawl fishery
targeting adult fish.
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Introduction

Albatrosses are among the world’s most endangered taxa
of birds, with all but one of the 22 species classified from
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distribution (ACAP 2012). Campbell and grey-headed alba-
trosses are classified as ‘Vulnerable’ and ‘Endangered’ in the
TUCN Red List, respectively (IUCN 2023).

Although Campbell albatrosses are annual breeders and
grey-headed albatrosses are biennial breeders, their repro-
ductive cycles overlap greatly in time (ACAP 2012), thus
raising the question of niche partitioning in these taxonomi-
cally closely-related species. Evolutionary biology predicts
that, if trophic resources are limited, potential competi-
tors that coexist in a community should, at the very least,
exhibit niche differentiation (Begon et al. 1990). We thus
hypothesized species-specific trophic segregating mecha-
nisms allowing co-existence during breeding of these two
small Thalassarche species, as already described on sym-
patric albatrosses elsewhere (e.g., Weimerskirch et al. 1986,
Cherel et al. 2002). How albatrosses exploit and use marine
resources also allows determining their interactions within
marine ecosystems and their vulnerability to human activi-
ties. Major threats to albatrosses are fisheries bycatch, cli-
mate change, diseases, and invasive alien species (Phillips
et al. 2016; Dias et al. 2019). Effects of fisheries can be
either indirect through competition for marine resources,
or direct through mortality resulting from collision in trawl
cables and drowning when caught on longline baited hooks.
Fatal interactions with fisheries are a conservation concern
for Campbell albatross in New Zealand waters that are
exploited by numerous finfish and squid fisheries (ACAP
2012; Burg et al. 2017), and the species continues to be
in the top 20 most at-risk species for population effects of
fishery mortality in the New Zealand region (Richard et al.
2020).

Comprehensive data on the food and feeding ecology of
albatrosses are needed in an ecological and evolutionary
context, but also for effective conservation management. In
the last decades, tracking of albatrosses increased our knowl-
edge of the movements at sea of many populations (e.g.,
Delord et al. 2013, Sztukowski et al. 2017, Weimerskirch
et al. 2020), which contrasts with the paucity of recent inves-
tigations on their diet preferences (Cherel et al. 2017; Mills
et al. 2020). Food analysis is the best way to define the key
natural marine resources for the nutrition of albatrosses, and
it reveals the magnitude of interactions between albatrosses
and human activities, including fisheries and plastic pollu-
tion (e.g., Cherel et al. 2017, Provencher et al. 2019). Alba-
trosses endemic to New Zealand exemplify how albatross
diet is poorly known, with a single well-designed dietary
study on Buller’s albatrosses (James and Stahl 2000), and
limited information, particularly in recent years, on the seven
remaining endemic species (Imber and Russ 1975; West and
Imber 1986; Imber 1992, 1999; Cherel et al. 1999; Waugh
et al. 1999, 2017; Xavier et al. 2014; Mclnnes et al. 2017).

The goals of the present work were (1) to study the for-
aging ecology of Campbell and grey-headed albatrosses by
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detailing their food, (2) to investigate inter-specific differ-
ences in the trophic niche of the two sympatric albatrosses,
and (3) to look at potential overlaps between albatrosses and
human activities. Food was examined by collecting stomach
contents from chicks over two consecutive years (January
1996 and 1997), which allowed the determination of the
main prey groups and prey items caught by adult albatrosses.
The present investigation is a companion paper to three pre-
vious articles on the feeding ecology of Campbell and grey-
headed albatrosses that are all based on data collected at
Campbell Island during the breeding seasons of 1996 and
1997 (Cherel et al. 1999; Waugh et al. 1999, 2000).

Materials and methods
Study site, birds and sampling

Dietary studies of Campbell and grey-headed albatrosses
were conducted over two consecutive years (1996 and 1997),
during the same month (January), and at the same colony
(Bull Rock) at Campbell Island (52° 33" S, 169° 09’ E) in
the western Pacific Ocean, south of New Zealand. Camp-
bell Island is located in the Subantarctic Zone, between the
Subtropical Front to the north and the Subantarctic Front to
the south. The island is surrounded by an extensive and deep
(400-1000 m) platform, the Campbell Plateau, with the Sub-
antarctic Front being bathymetrically diverted southwards to
flow along the plateau (Chiswell et al. 2015).

A total of 149 albatross stomach contents were collected
(n=281 and 68 for Campbell and grey-headed albatrosses,
and n=281 and 68 in 1996 and 1997, respectively) (Table 1).
Food samples were taken from randomly-selected chicks
(4-5 weeks old) after a returning parent had completed feed-
ing them. Collection of a single meal has no detrimental
effects in terms of survival and development on chicks of
black-browed and grey-headed albatrosses (Phillips 2006).
Samples were obtained by up-ending chicks over a plastic
bucket and massaging the stomach and throat. The remote-
ness of the colony precluded freezing stomach contents in
the field. Samples were drained, the liquid fraction (includ-
ing stomach oil) was discarded, and the remaining items
were preserved in isopropyl alcohol until analysis in France.

Food analysis

In the laboratory (1996-1998), each sample was drained
and weighed (solid fraction; Cherel et al. 2000). Accumu-
lated items, including cephalopod beaks, were subsequently
sorted and weighed. Sclerotized beaks can persist in predator
stomachs for weeks and even months, thus overemphasiz-
ing their importance in seabird diets (Xavier et al. 2005).
Following Cherel and Klages (1998), accumulated beaks
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Table 1 Mass and composition of chick stomach contents of Campbell and grey-headed albatrosses from Campbell Island in 1996 and 1997

Total Statistics (Campbell vs. January 1996 January 1997 Statistics
grey-headed albatross) (temporal changes)

Campbell albatross

Number (n) 81 47 34

Solid fraction (g) 187 +137 210+160 154 +£87 U=916.0, p=0.263

Accumulated items (g) 34+47 4.1+53 24+3.6 U=934.0,p=0.194

Fresh items (g) 184+135 206+159 152 +86 U=909.0, p=0.292

Fish (g) 145+140 156 +170 128 +83 U=754.0, p=0.667

Cephalopods (g) 33+76 46+90 15+47 U=1013.0, p=0.031

Crustaceans (g) 1.8+3.3 2.3+4.1 1.1+1.6 U=1056.0,p=0.014

Others, including carrion (g) 4.0+14.1 14+33 7.7+21.1 U=398.0, p<0.0001

Overall composition:

Fish (%) 78.7 75.9 84.1 na

Cephalopods (%) 18.1 22.3 10.0 na

Crustaceans (%) 1.0 1.1 0.7 na

Others, including carrion (%) 22 0.7 5.1 na

Accumulated beaks (g) 0.6+0.8 0.8+0.9 0.3+0.6 U=1078.5, p=0.007

Accumulated beaks (n) (67)21+25 41)27+28 (26) 13+17 U=699.5,p=0.032
Grey-headed albatross

Number (n) 68 34 34

Solid fraction (g) 193+123 U=2570.0, p=0.483 232+148 154 +77 U=1757.0,p=0.028

Accumulated items (g) 5.8+7.5 U=2168.5, p=0.025 9.1+8.7 25+39 U=906.5,p<0.0001

Fresh items (g) 187+122 U=2599.5, p=0.556 223+147 151+74 U=734.0, p=0.056

Fish (g) 50+89 U=4224.0, p<0.0001 60+107 39+65 U=622.0, p=0.587

Cephalopods (g) 126 +137 U=1315.0, p <0.0001 145+168 106 +95 U=613.5, p=0.663

Crustaceans (g) 24+6.8 U=2829.5,p=0.773 3.7+94 12+14 U=680.5, p=0.207

Others, including carrion (g) 8.9+40.0 U=3818.5, p<0.0001 13.7+£54.2 4.1+16.3 U=696.5, p=0.056
Overall composition

Fish (%) 26.6 na 27.0 26.0 na

Cephalopods (%) 67.3 na 65.2 70.5 na

Crustaceans (%) 1.3 na 1.6 0.8 na

Others, including carrion (%) 4.8 na 6.2 2.7 na

Accumulated beaks (g) 1.5+2.1 U=1959.0, p=0.002 23+25 0.7+1.2 U =886.0, p<0.0001

Accumulated beaks (n) (59) 48+55 U=1508.5, p=0.017 (34) 64+56 (25)27+46 U=632.5,p=0.004

Values are means + SD. Some stomach samples contained no accumulated items, thus explaining the lower number of samples that were used to
calculate the mean number of beaks per sample. Mann—Whitney U tests were performed to compare the two sampled years and the two albatross

species. Significant differences (p <0.05) are highlighted in bold

na not applicable

(without flesh attached) were consequently analyzed sepa-
rately from fresh items. Fresh items (solid fraction minus
accumulated items) were divided into broad prey classes
(fish, cephalopods, crustaceans, and others), which were
weighed to calculate their proportion by mass in the diet.
Species identification of prey relied on the examination
of otoliths and bones for fish, beaks for cephalopods, and
exoskeletons for crustaceans. Special care was taken to use
all fish hard parts recovered in stomach contents, with an
emphasis on some distinctive bones (premaxilla, maxilla,
dentary, articular, parasphenoid, vertebrae and caudal skel-
eton) to identify items to the lowest possible taxon. In the

same way, the morphology of both lower and upper beaks
was used to determine cephalopod species (Cherel et al.
2000; Xavier et al. 2011). Items were identified by com-
parison with material held in our own collection and by
reference to the available literature, including Smale et al.
(1995), Duhamel et al. (2005) and Voskoboinikova and Zhu-
kov (2021) for fish, Baker et al. (1990) and Vinogradov et al.
(1996) for crustaceans, Boltovskoy (1999) for gelatinous
plankton, and Xavier and Cherel (2021) for cephalopods.
Every initial identification (1996-1998) was checked and,
if needed, updated in 2022. Species names of cephalopods
followed a recent review on Southern Ocean squids (Cherel
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2020). Length of uneroded or slightly eroded otoliths (OL)
and of dentary bones (ML, for mandible length) of fish,
lower rostral length (LRL) of squid beaks, and lower crest
length (LCL) of octopus beaks were measured with a Ver-
nier caliper. Fish standard length (SL) and cephalopod dor-
sal mantle length (DML) were calculated using regression
equations (Table Al).

Data analyses and statistics

The original data are presented by calculating frequency
of occurrence and numerical abundance of each prey item
(Duffy and Jackson 1986). Prey frequency of occurrence (%)
refers to the number of food samples in which a given prey
was identified over the total number of food samples, and the
numerical frequency (%) corresponds to the total number of
a given prey in all the samples over the total number of prey
items in all the samples.

Data were statistically analyzed using SYSTAT 13.
Non-parametric Mann—Whitney U tests were performed to
compare mass and composition of chick stomach contents,
and prey size between the two sampled years and the two
albatross species. Equality of proportion tests (large-sam-
ple tests) were performed to compare relative prey numbers
between the two albatross species. Values are means + SD.

Results

A total of 15,354 fresh prey items was identified from 149
chick food samples of Campbell and grey-headed albatrosses
collected in January 1996 and 1997. They included a major-
ity of crustacean prey (80.1% by number), which constituted
a minor part (1.1%) of the chick diet by fresh mass (Table 1).
This mismatch between numbers and mass is mainly driven
by the small size of crustaceans, with most items being
‘secondary prey’, i.e. prey of albatross prey. Hence, crus-
taceans were not considered in the overall prey list of the
birds (Table 2), but they were detailed in a separate section
(see below).

Campbell albatross

Mean mass of the solid fraction of the 81 stomach samples
of Campbell albatross chicks was 187 g, which included
mostly fresh remains (98.2%) and a few accumulated items
(1.8%) (Table 1). The chick diet was dominated by fish,
which accounted for 78.7% by fresh mass. Cephalopods
ranked second (18.1%), while crustaceans (1.0%) and other
organisms (2.2%) were minor items. In terms of individual
food samples, fish and cephalopods were the main prey
group by mass in 82.7% (n=67) and 17.3% (n=14) of the
stomachs, respectively. Interannual variations did not change
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the overall picture, but albatrosses fed significantly more on
cephalopods in 1996 than in 1997 (Table 1). Eight pieces of
plastic (from 3 to 36 mm, mostly in the range 14-27 mm)
were found in seven samples (8.6%).

A total of 2283 fresh prey items from 36 species or
broader taxa were recovered from the 81 chick dietary
samples (Table 2). Items included 1863 (81.6%) fish, 119
(5.2%) cephalopods, and 301 (13.2%) other organisms. Fish
occurred in 75 (92.6%) of the samples. At the species level,
the fish diet was dominated by the gadid Micromesistius aus-
tralis (89.1% of the fish prey). Macrourids were the most
diverse fish family recorded here (at least seven species).
Campbell albatross preyed upon gelatinous plankton (13.0%
of the total food items), including the pyrosomatid Pyrosoma
atlanticum and the salp Soestia zonaria. Finally, fresh cepha-
lopod diet of Campbell albatrosses was dominated by two
species of squids, the onychoteuthid Moroteuthopsis ingens
(58.0% of cephalopod prey) and the ommastrephid Martialia
hyadesi (28.6%). Analysis of accumulated beaks (n=1431)
substantially increased the number of cephalopod prey from
nine to 23 species, which included 21 oegopsids, and one
benthic and one pelagic octopod (Table 3). The cephalopod
diet was again dominated by M. hyadesi (37.3% of the total
number of identified beaks) and M. ingens (26.2%).

Grey-headed albatross

Mean mass of the solid fraction of the 68 stomach samples
of grey-headed albatross chicks was 193 g, which included
fresh remains (97.0%) and accumulated items (3.0%)
(Table 1). The chick diet was dominated by cephalopods,
which accounted for 67.3% by fresh mass. Fish ranked
second (26.6%), while crustaceans (1.3%) and other organ-
isms (4.8%) were minor items. In terms of individual food
samples, cephalopods and fish were the main prey group by
mass in 63.2% (n=43) and 29.4% (n=20) of the stomachs,
respectively. Interannual variations did not change the over-
all picture, but the average mass of stomach contents was
significantly higher in 1996 than 1997. This resulted from
significantly more accumulated items and more accumulated
beaks, and non-significantly more fresh cephalopods and fish
in 1996 than 1997 (Table 1). Seven pieces of plastic (from
15 to 31 mm) were found in seven samples (10.3%).

A total of 779 fresh prey items from 31 species or broader
taxa were recovered from the 68 chick dietary samples
(Table 2). Items included 566 (72.7%) fish, 184 (23.6%)
cephalopods, and 29 (3.7%) other organisms. Fish and
cephalopods occurred in 53 (77.9%) and 57 (83.8%) of the
samples, respectively. At the species level, the fish diet was
dominated by M. australis (80.6% of the fish prey). Fresh
cephalopod prey of grey-headed albatross included two main
species of squids, M. hyadesi (67.4% of cephalopods) and M.
ingens (22.8%). Analysis of accumulated beaks (n=2869)
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Table 2 Frequency of occurrence and numbers of fresh fish, cephalopods and other organisms identified from stomach contents of Campbell and
grey-headed albatross chicks at Campbell Island in 1996 and 1997

Prey taxa Campbell albatross (n=81) Grey-headed albatross (n=68) Statistics on numbers (%)
Occurrence Number Occurrence Number
() (%) () (%) () (%) () (%)
Fish
Congridae
Bassanago bulbiceps/hirsutus 1 1.2 1 0.04 na
Argentinidae
Argentina elongata 1 1.2 1 0.04 na
Paralepididae
Magnisudis prionosa 3 4.4 3 0.39 na
Myctophidae
Electrona carlsbergi 13 16.0 68 2.98 5 7.4 28 3.59 Z=0.85,p=0.394
Krefftichthys anderssoni 1 1.2 2 0.09 3 4.4 6 0.77 Z=3.22,p=0.001
Protomyctophum gemmatum 1 1.5 1 0.13 na
Unidentifiable Myctophidae 2 29 5 0.64 na
Moridae
Antimora rostrata 1 1.5 1 0.13 na
Lepidion microcephalus 1 1.5 1 0.13 na
Mora moro 1 1.2 1 0.04 na
Notophycis marginata 11 13.6 55 241 na
Gadidae
Micromesistius australis 69 85.2 1660 72.71 35 51.5 456 58.54 Z=17.39,p<0.0001
Merlucciidae
Macruronus novaezelandiae 1 1.2 1 0.04 na
Macrouridae
Coelorinchus aspercephalus 4 4.9 4 0.18 7 10.3 10 1.28 Z=3.96, p<0.0001
Coelorinchus fasciatus 7 8.6 7 0.31 na
Coelorinchus kaiyomaru 1 1.2 1 0.04 na
Coelorinchus oliverianus 4 4.9 4 0.18 3 4.4 3 0.39 Z=1.06, p=0.290
Coryphaenoides subserrulatus 2 2.5 2 0.09 na
Lepidorhynchus denticulatus 7 8.6 7 0.31 4 59 4 0.51 Z=0.83, p=0.405
Macrourus carinatus 1 1.2 1 0.04 na
Unidentifiable Macrouridae 7 8.6 14 0.61 5 7.4 5 0.64 Z=0.09, p=0.930
Unidentifiable Gadiformes 6 74 6 0.26 4 5.9 4 0.51 Z=1.06, p=0.290
Diretmidae
Diretmus argenteus 1 1.5 1 0.13 na
Congiopodidae
Alertichthys blacki 1 1.2 1 0.04 na
Congiopodus coriaceus/leucopaecilus 5 6.2 11 0.48 na
Gempylidae
Paradiplospinus gracilis 1 1.5 24 3.08 na
Osteichthyes spp. (3 species) 2 25 2 0.09 3 4.4 3 0.39 Z=1.78, p=0.076
Unidentifiable fish 9 11.1 14 0.61 11 16.2 11 1.41 Z=2.14,p=0.032
Cephalopods
Ommastrephidae
Martialia hyadesi 14 17.3 34 1.49 44 64.7 124 15.92 Z=15.72,p<0.0001
Onychoteuthidae
Moroteuthopsis ingens 24 29.6 69 3.02 10 14.7 42 5.39 Z=3.06, p=0.002
Moroteuthopsis longimana 4 4.9 4 0.18 1 1.5 1 0.13 Z=0.28, p=0.780
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Table 2 (continued)

Prey taxa Campbell albatross (n=81) Grey-headed albatross (n=68) Statistics on numbers (%)
Occurrence Number Occurrence Number
(m) (%) (n) (%) () (%) () (%)
Gonatidae
Gonatus antarcticus 1 1.5 1 0.13 na
Histioteuthidae
Histioteuthis atlantica 1 1.2 0.04 2 2.9 2 0.26 Z=1.64, p=0.101
Histioteuthis eltaninae 2 2.5 2 0.09 1 1.5 1 0.13 Z=0.31,p=0.753
Neoteuthidae
Alluroteuthis antarcticus 1 1.5 1 0.13 na
Mastigoteuthidae
Mastigoteuthis psychrophila 1 1.2 1 0.04 na
Batoteuthidae
Batoteuthis skolops 1 1.5 1 0.13 na
Cranchiidae
Galiteuthis glacialis 1 1.2 1 0.04 2 29 2 0.26 Z=1.64,p=0.101
Taonius notalia 1 1.2 1 0.04 na
Octopodidae
Enteroctopus zealandicus 1 1.2 0.04 na
Unidentifiable cephalopods 5 6.2 5 0.22 9 13.2 9 1.16 Z=3.35,p=0.001
Others
Pyrosomatida
Pyrosoma atlanticum 24 29.6 52 2.28 4 59 6 0.77 Z=2.67,p=0.08
Salpida
Salpa sp. 2 2.5 3 0.13 na
Soestia zonaria 39 48.1 201 8.80 6 8.8 9 1.16 Z=17.29,p<0.0001
Unidentifiable Salpida 13 16.0 40 1.75 1 1.5 3 039 Z=2.80,p=0.005
Carrion/unknown organisms 5 6.2 5 0.22 5 7.4 11 1.41 Z=3.99, p<0.0001
Total 2283 100.00 779 100.00

Equality of proportion tests (large-sample tests) were performed to compare relative prey numbers between the two albatross species. Significant

differences (p <0.05) are highlighted in bold

na not applicable

increased the number of cephalopod prey to 17 species, all
oegopsids (Table 3). The cephalopod diet was dominated by
a single species, M. hyadesi, which accounted for 67.5% of
the total number of identified beaks.

Comparison between species

The mean mass of chick food samples was very similar for
the two albatross species, but Campbell albatross fed signifi-
cantly more on fish (2.9 times) and grey-headed albatross
significantly more on cephalopods (3.8 times) by fresh mass
(Table 1). Accordingly, food samples from grey-headed
albatross included significantly more accumulated cephalo-
pod beaks than those from Campbell albatross.

Overall, both species of albatross fed on the same prey,
but in different proportions (Table 2). Fish in the diet
was dominated by Gadiformes that were significantly
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more numerous in the diet of Campbell albatross chicks
than grey-headed albatross chicks (94.6% and 85.5% of
the fish prey, respectively). Gadiform fishes included
the dominant M. australis, together with various spe-
cies of macrourids and morids. Campbell albatross fed
significantly more on gelatinous plankton (P. atlanticum
and salps) than grey-headed albatross, and both spe-
cies preyed upon the same two dominant squids, with
M. ingens predominating over M. hyadesi as fresh items
in Campbell albatross samples, and M. hyadesi over M.
ingens in grey-headed albatross samples. Accumulated
beaks emphasized the importance of M. hyadesi in the
diet of grey-headed albatross (67.5% vs. 37.3% of the
beaks) and that of onychoteuthids in the diet of Campbell
albatross (six species, 33.4% of the beaks vs. three species
and 14.2%) (Table 3).
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Table 3 Numbers of
accumulated cephalopod
beaks identified from stomach
contents of Campbell and
grey-headed albatross chicks at
Campbell Island in 1996 and
1997

Cephalopod taxa Campbell albatross Grey-headed Statistics on numbers (%)
albatross

() (%) () (%)
Decapoda
Ommastrephidae
Martialia hyadesi 465 37.26 1904 67.47 7.=18.02, p<0.0001
Todarodes sp. 2 0.16 na
Onychoteuthidae
Filippovia knipovitchi 11 0.88 1 0.04 7.=4.59, p<0.0001
Moroteuthopsis ingens 327 26.20 75 2.66 7.=23.21,p<0.0001
Moroteuthopsis longimana 73 5.85 101 3.58 Z.=3.30, p=0.001
Moroteuthopsis sp. B (Imber) 2 0.16 na
Onychoteuthis aequimanus 0.08 na
Onykia robsoni 3 0.24 na
Brachioteuthidae
Brachioteuthis linkowskyi 3 0.24 na
Gonatidae
Gonatus antarcticus 22 1.76 38 1.35 7Z=1.02,p=0.310
Octopoteuthidae
Octopoteuthis sp. 4 0.32 na
Histioteuthidae
Histioteuthis atlantica 31 2.48 18 0.64 7.=4.98, p<0.0001
Histioteuthis bonnellii corpuscula 2 0.07 na
Histioteuthis eltaninae 72 5.77 141 5.00 7=1.02,p=0.307
Neoteuthidae
Alluroteuthis antarcticus 0.48 15 0.53 7=0.21,p=0.835
Nototeuthis dimegacotyle 5 0.40 3 0.11 Z=1.96,p=0.051
Mastigoteuthidae
Mastigoteuthis psychrophila 7 0.56 14 0.50 7=0.27,p=0.790
Chiroteuthidae
Chiroteuthis veranyi 4 0.32 1 0.04 7.=2.39,p=0.017
Batoteuthidae
Batoteuthis skolops 149 11.94 375 13.29 Z=1.19,p=0.236
Cranchiidae
Galiteuthis glacialis 33 2.64 125 4.43 7.=2.72,p=0.007
Mesonychoteuthis hamiltoni 2 0.16 na
Taonius notalia 18 1.44 4 0.14 7.=5.22,p<0.0001
Teuthowenia pellucida 2 0.07 na
Octopoda
Octopodidae
Enteroctopus zealandicus 3 0.24 na
Undetermined Octopodidae 0.08 na
Amphitretidae
Amphitretus thielei 3 0.24 2 0.07 Z=142,p=0.155
Undetermined Octopoda 1 0.08 1 0.04 7=0.59, p=0.553
Total 1248 100.00 2822 100.00
Unidentifiable beaks (eroded) 183 47

Equality of proportion tests (large-sample tests) were performed to compare relative prey numbers between
the two albatross species. Significant differences (p <0.05) are highlighted in bold

na not applicable
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Crustaceans

Stomach contents of chicks of both albatross species
included the same crustacean taxa, with the hyperiid amphi-
pod Themisto gaudichaudii being the main item (48.3% of
the total number of crustaceans) (Table 4). Both species
also preyed upon the same proportion of Antarctic krill
Euphausia superba (6.5-7.2%) and the hyperiid Vibilia sp.
(1.0-1.2%), which are supposed to be primary and secondary

prey, respectively. However, significantly more pelagic lar-
vae (13.7% vs. 1.3%) and Cyllopus magellanicus (11.3% vs.
5.6%), and fewer Euphausia vallentini (10.9% vs. 22.1%),
Nyctiphanes australis (2.9% vs. 8.5%) and Nematoscelis/
Thysanoessa sp. (2.2% vs. 3.9%) were found in food samples
of Campbell albatross compared to grey-headed albatross.

Table 4 Frequency of occurrence and numbers of crustaceans identified from stomach contents of Campbell and grey-headed albatross chicks at

Campbell Island in 1996 and 1997

Crustacean taxa Campbell albatross (n=81)

Grey-headed albatross (n=68) Statistics on numbers (%)

Occurrence Number Occurrence Number

() (%) () (%) () (%) () (%)
Euphausiacea
Euphausia superba 4 4.9 540 7.17 2 2.9 309 6.49 Z=1.43,p=0.152
Euphausia vallentini 14 17.3 819 10.87 13 19.1 1053 22.13 Z=16.92, p<0.0001
Euphausia sp. 10 12.3 20 0.27 7 10.3 15 0.32 Z=0.51,p=0.614
Nematoscelis/Thysanoessa sp.* 26 32.1 166 2.20 13 19.1 184 3.87 Z=5.40,p<0.0001
Nyctiphanes australis 4 4.9 219 291 5 7.4 406 8.53 Z=13.83, p<0.0001
Decapoda
Grimothea gregaria 11 13.6 50 0.66 1 1.5 35 0.74 Z=0.47,p=0.639
Campylonotus rathbunae 1 1.2 1 0.01 na
Pasiphaea scotiae 7 8.6 9 0.12 22 324 33 0.69 Z=5.31,p<0.0001
Unidentified Natantia 3 3.7 4 0.05 1 1.5 1 0.02 Z=0.86, p=0.390
Mysida
Neognathophausia gigas 7 8.6 7 0.09 17 25.0 18 0.38 Z=3.42,p=0.001
Isopoda
Unidentified Flabellifera 5 6.2 6 0.08 1 1.5 1 0.02 Z=1.33,p=0.185
Amphipoda
Cyphocaris richardi 1 1.5 1 0.02 na
Eurythenes gryllus 2 29 2 0.04 na
Eurythenes obesus 2 2.5 2 0.03 3 4.4 3 0.06 Z=0.98, p=0.328
Cyllopus magellanicus 39 48.1 855 11.35 19 27.9 265 5.57 Z=10.85, p<0.0001
Hyperia gaudichaudii/spinigera 14 17.3 38 0.50 2 29 5 0.11 Z=3.65,p<0.0001
Primno macropa 1 1.2 1 0.01 na
Themisto gaudichaudii 72 88.9 3636 48.26 51 75.0 2299 48.32 Z=0.06, p=0.951
Vibilia sp. 20 247 92 1.22 9 13.2 48 1.01 Z=1.08, p=0.280
Unidentified Amphipoda 3 3.7 11 0.15 3 44 3 0.06 Z=1.33,p=0.184
Cirripedia
Lepas australis 1 1.2 14 0.19 1 1.5 1 0.02 Z=2.55,p=0.011
Parasitic Copepoda 6 7.4 7 0.09 3 4.4 3 0.06 Z=0.57,p=0.572
Pelagic larvae® 30 37.0 1030 13.67 8 11.8 64 1.35 Z=23.38, p<0.0001
Unidentifiable crustaceans 7 8.6 7 0.09 8 11.8 9 0.19 Z=1.44,p=0.149
Total 7534 100.00 4758 100.00

Equality of proportion tests (large-sample tests) were performed to compare relative prey numbers between the two albatross species. Significant
differences (p <0.05) are highlighted in bold

na not applicable

“Bilobed eyes of euphausiids

"Mainly Decapoda larvae and some Stomatopoda larvae
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Prey size and age classes

All but one M. australis were young-of-the-year fish
(n=1318, ML =7.8+0.7 [range: 5.2—-10.7] mm, esti-
mated SL=80+7 [56-108] mm; Cohen et al. 1990). A
single larger specimen was provided to grey-headed alba-
tross chicks (19.3 mm ML, 191 mm SL) (Fig. 1). Camp-
bell albatross fed on smaller M. australis than grey-headed
albatross in January 1996 (n=472 and 124, ML =7.5+0.6
and 7.9 +£0.5 mm, respectively; two sample t-test, t=6.84,
p <0.0001), but not in January 1997 (n=588 and 134,
ML=8.0+0.7 and 8.0+0.8 mm; t=0.32, p=0.746). Camp-
bell and grey-headed albatross fed their chicks on the same
size-class of juvenile Electrona carlsbergi (ML, t=0.70,
p=0.486), with an estimated SL of 53 +8 and 55 +4 mm
(mature at 76-78 mm SL; Duhamel et al. 2005), respec-
tively. The estimated SL of Paradiplospinus gracilis eaten
by grey-headed albatross averaged 136 +7 mm that corre-
sponds again to juvenile fish (Nakamura and Parin 1993).
Few measurements of otoliths and dentary bones, together
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Fig. 1 Length-frequency distribution of otolith length of the gadid
Micromesistius australis eaten by Campbell (black, upper panel) and
grey-headed (grey, lower panel) albatrosses from Campbell Island

with the lack of allometric equations, precluded size esti-
mation of other fish prey, including the larger macrourids
(Table A2). However, the small otoliths and dentaries of the
morid Notophycis marginata indicate juvenile fish (Cohen
et al. 1990).

The range of smallest and largest squids were speci-
mens of Moroteuthopsis longimana (a juvenile with 44 mm
and 4 g estimated DML and body mass, respectively) and
Onykia robsoni (an adult with 776 mm and 7973 g DML
and body mass, respectively) caught by grey-headed and
Campbell albatross, respectively. Overall, Campbell alba-
tross preyed upon slightly smaller squids than grey-headed
albatross (n=300 and 749, estimated DML =208 +114
and 230+ 85 g, respectively; Mann—Whitney U test,
U=82,881.0, p<0.0001). Both albatross species generally
caught specimens of the same size classes when feeding
on the same squid species, but, unlike grey-headed alba-
tross, Campbell albatross sometimes fed on large M. ingens
(Table A3, Figs. 2, 3). Depending on species, albatross fed
on juveniles, immatures and/or adult squids (lower beaks
with undarkened, darkening and darkened wings, respec-
tively; Clarke 1986). For example, both beaks and corre-
sponding estimated DML indicate that albatross targeted pri-
marily juveniles of M. ingens (Arkhipkin and Laptikhovsky
2010), and both immatures and maturing M. hyadesi (Jereb
and Roper 2010).

Specimens of the salp S. zonaria eaten by Campbell alba-
tross were mainly aggregate zooids, which predominated by
number over a few solitary zooids.

Discussion

Previous reviews on the food of Procellariiformes high-
lighted the need for more dietary investigations on this
endangered group of seabirds, which includes many popu-
lations breeding in New Zealand waters (Cherel and Klages
1998; Mclnnes et al. 2016; Cherel and Bocher 2022). The
present study partly fills such knowledge gap by detailing
the food niche of Campbell and grey-headed albatrosses
from Campbell Island when they feed their chicks. The main
limitations of the work are that food samples represent a
single month each year (January 1996 and 1997), and they
were collected more than 25 years ago. However, the study
sets a baseline against which the effects of long-term envi-
ronmental changes on trophic relationships of albatrosses
can be studied across years and various conditions, essen-
tial information for evidence-based conservation planning
since the use of altered or alternative habitats determines
the vulnerability of organisms to anthropogenic threats (e.g.,
Waldron et al. 2006, McGowan et al. 2017). Climate change
is already operating in the subantarctic (Favier et al. 2016;
Sallée 2018), but to what extent it is driving changes in the
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food and feeding ecology of albatrosses breeding at Camp-
bell Island merits further investigation.

Prey of Campbell and grey-headed albatrosses

At Campbell Island, the sympatric Campbell and grey-
headed albatrosses fed their chicks on the same prey
groups and species. A review of the food of the Campbell/
black-browed albatross complex and grey-headed albatross
revealed similar chick diets where they co-exist as breeding
species (Table 5). The diet is site-specific with concomitant
spatial variations in the chick food of both albatrosses, which
can likely be related to site-specific availability. For exam-
ple, Antarctic krill is an important prey item at high latitude
breeding locations (Diego Ramirez, South Georgia) (Arata
and Xavier 2003; Arata et al. 2004; Mills et al. 2020), pen-
guins characterize the chick food of albatrosses at Kerguelen
Islands (Cherel et al. 2000, 2002), and gadiform fishes are
the main fish prey at Campbell Island (this study). The squid

@ Springer

M. ingens accounted for a higher number of cephalopod prey
at Campbell Island than elsewhere, as Todarodes sp. at Ker-
guelen Islands (Cherel and Weimerskirch 1995; Cherel et al.
2000, 2002), and Gonatus antarcticus at Diego Ramirez
Islands (Arata and Xavier 2003; Arata et al. 2004).

A first dietary segregating mechanism between the
two albatross species is that Campbell albatross fed their
chicks more on fish and grey-headed albatross more on
cephalopods. Interestingly, the same mechanism operates
between black-browed and grey-headed albatrosses where
they breed in sympatry (Table 5). A second segregating
mechanism is related to different foraging habitats. Prey
biological characteristics indicate that Campbell alba-
tross and grey-headed albatross favour neritic and oce-
anic waters, respectively. Campbell albatross fed more on
the fish M. australis and macrourids, the squid M. ingens
and gelatinous zooplankton (P. atlanticum, S. zonaria) that
are abundant over the Campbell Plateau (Anderson et al.
1998; Bagley et al. 2000; Hurst et al. 2000; Escobar-Flores
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et al. 2022), while grey-headed albatross preyed more
upon M. hyadesi, a circumpolar oceanic squid (Rodhouse
1997; Cherel 2020). In addition, some shelf-associated
organisms occurred only in the chick food of Campbell
albatross (e.g., N. marginata, congiopodids), and some
oceanic items only in the food of grey-headed albatross
(e.g., Magnisudis prionosa, P. gracilis). However, grey-
headed albatross also fed on neritic prey (e.g., M. austra-
lis, macrourids), thus confirming the hypothesis that they
also forage over shelf waters (Waugh et al. 1999). Indeed,
simultaneous tracking of the two species during chick-
rearing showed overlap in their foraging areas, but with
Campbell albatross spending more time over shelf waters
and grey-headed albatross foraging more over colder, oce-
anic waters (Waugh et al. 1999; Goetz et al. 2022). Track-
ing of breeding black-browed and grey-headed albatross at
other sites shows the same consistent spatial pattern, with
the former species favoring neritic waters and the latter
oceanic waters (Cherel et al. 2000; Nel et al. 2001; Catry

et al. 2004; Wakefield et al. 2011; Cleeland et al. 2019).
Hence, in terms of both dietary preference and foraging
habitats during breeding, Campbell albatross at Camp-
bell Island is ecologically equivalent to the circumpolar
black-browed albatross elsewhere (Wakefield et al. 2011).
It is noteworthy that Campbell albatross and black-browed
albatross are phylogenetically closely related, as evidenced
by the presence of fixed pairs that can rear chicks success-
fully, and of a few birds that are suspected to be hybrids
T. melanophris X T. impavida (Moore et al. 1997, 2001;
Burg et al. 2017).

Gelatinous zooplankton and crustaceans

Visual observations of albatrosses feeding on jellyfish are
anecdotal (Weimerskirch et al. 1986; Harper 1987; Pages
et al. 1996), and accordingly gelatinous zooplankton con-
stitutes a minor prey group for albatrosses (Thompson
1992; Cherel and Klages 1998; Hedd and Gales 2001). An
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Table 5 Review of the importance by mass of the main prey groups in the chick diet of the Campbell/black-browed albatross complex and grey-

headed albatross

Sampling Age Food Fish Cephalopods  Crustaceans Others References
years samples (% mass) (% mass) (% mass) (% mass)
()
Campbell albatross
Campbell 1996-1997 Chicks 81 78.7 18.1 1.0 22 This study
Island
Black-browed albatross
Falkland 1987, 1988, Adults 67 25.9-81.5 0.7-74.0 <0.1-94 0.1-8.4 Thompson
Islands 1991 (1992)
Diego Ramirez 2000-2002 Chicks 177 68.7-88.9 0.0-22.9 3.0-11.1 0.0-2.3 Arata and
Xavier (2003)
South Georgia 1975 Adults 138 39.5 20.6 39.9 - Prince 1980
(Bird Island)
1976-1977, Adults 198 28.4-40.5 13.2-37.3 27.1-41.6 0.1-4.7 Croxall et al.
1980, 1986 (1988)
1986, 1994 Adults 81 29.5-72.4 22.9-31.1 4.7-39.4 - Reid et al.
(1996)
1996-2017 Chicks 762 359 23.1 32.3 8.6 Data from Mills
et al. (2020)
Crozet (Ile de 1982 Chicks 12 Mostly No fresh items Minor items No fresh items Ridoux (1994)
I'Est)
Kerguelen 1994-1995 Chicks 114 73.1 9.7 <0.1 17.1 Cherel et al.
(Canyon (2000)
des Sourcils
Noirs)
Kerguelen (Iles 1994 Chicks 35 30.7 385 <0.1 30.8 Cherel et al.
Nuageuses) (2002)
Grey-headed albatross
Diego Ramirez 2000-2002 Chicks 103 0.0-5.2 32.4-94.5 2.6-40.7 0.4-26.9 Arata et al.
(2004)
South Georgia 1975 Adults 132 34.5 49.0 16.5 - Prince 1980
(Bird Island)
1976-1977, Adults 204 10.5-32.3 8.7-42.3 44.1-65.5 0.1-24 Croxall et al.
1980, 1986 (1988)
1986, 1994 Adults 77 13.6-60.4 37.3-70.5 2.3-15.9 - Reid et al.
(1996)
19962017 Chicks 782 28.3 439 19.3 8.5 Data from Mills
et al. (2020)
Marion and 1985, 1987 Adults 88 58.0 34.2 3.0 49 Hunter and
Prince Klages (1989)
Edward
Islands
Marion Island 2006 Chicks and 16 59.6 20.7 0.3 19.4 Richoux et al.
adults (2010)
2009 Chicks and 19 45.8 36.5 14.5 32 Connan et al.
adults (2014)
Crozet (Ilede 1982 Chicks 12 <0.1 89.3 10.7 - Ridoux (1994)
I’Est)
Kerguelen (Iles 1994 Chicks 38 15.8 52.4 1.6 30.2 Cherel et al.
Nuageuses) (2002)
Campbell 1996-1997 Chicks 68 26.6 67.3 1.3 4.8 This study
Island
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exception is the southern Buller’s albatross Thalassarche
bulleri bulleri that preys on the same tunicates as those
occurring in food samples of Campbell and grey-headed
albatrosses (James and Stahl 2000, this study). P. atlanti-
cum and salps were also eaten by southern royal albatross
Diomedea epomophora (Imber 1999), thus suggesting that
tunicates are common albatross prey items in southern New
Zealand waters. Gelatinous zooplankton are notably difficult
to identify in food samples, but stomach temperature loggers
(Catry et al. 2004), DNA barcoding on scats (McInnes et al.
2017), and the presence in food samples of jellyfish- and
salp-associated crustaceans (e.g., Hyperia gaudichaudii/
spinigera, Vibilia sp.; Vinogradov et al. 1996) suggest they
are a common prey group of grey-headed and Campbell/
black-browed albatrosses.

Disentangling whether crustaceans were primary or
secondary prey was challenging. The large Antarctic krill,
lobster-krill Grimothea gregaria, Pasiphaea scotiae, Neog-
nathophausia gigas, Eurythenes spp., and goose barnacle
Lepas australis were likely primary prey that have been
previously identified in dietary studies (Thompson 1992;
Cherel and Klages 1998; Cherel et al. 2002; Delord et al.
2010). The presence of Antarctic krill is noteworthy because
it indicates feeding in distant oceanic Antarctic waters, a
foraging behaviour already described for Campbell albatross
but not for the sympatric grey-headed albatross (Waugh et al.
1999). Other taxa were secondary prey as gauged by their
biology (parasitic copepods of fish) or small size (pelagic
larvae). Some items were more problematic because they
may be either primary or secondary prey. For example, some
T. gaudichaudii were found in large numbers and in good
condition, while others were badly digested with some indi-
viduals still inside fish stomachs. Indeed, albatrosses were
observed feeding on T. gaudichaudii and N. australis (Fen-
wick 1978), but those crustaceans also play a key role in the
nutrition of fish, including M. australis and macrourids over
the Campbell Plateau (Clark 1985; Clark et al. 1989; Jones
2008; Stevens and Dunn 2011).

Prey biology and human activities

Campbell and grey-headed albatrosses mainly fed on organ-
isms that live in swarms. This shoaling behaviour is well
documented for the myctophids E. carlsbergi and Krefftich-
thys anderssoni (Collins et al. 2008; Lourenco et al. 2017),
the squid M. hyadesi (Rodhouse and Boyle 2010), the tuni-
cates P. atlanticum and S. zonaria (Esnal 1990; Daponte
et al. 2013), the hyperiids T. gaudichaudii and C. magel-
lanicus (Vinogradov et al. 1996), and the euphausiids E.
superba, E. vallentini, N. australis and Nematoscelis/Thy-
sanoessa (Mauchline 1980). No information is available
for M. ingens, but it is likely that juveniles form schools,
because up to 12 specimens occurred in a single stomach

content from a grey-headed albatross. In the same way, a
total of 2013 (up to 243 in a single sample) and 600 (up to
141) otoliths of M. australis were sorted from samples of
Campbell and grey-headed albatrosses, respectively, thus
indicating that young-of-the-year fish forms dense schools
over the Campbell Plateau. Almost nothing is known about
the biology of M. australis of that size and age, but young-
of-the-year of the congeneric M. poutassou from the North
Atlantic are epipelagic (Bailey 1982).

The main foraging strategy of Campbell and grey-headed
albatrosses is surface seizing (Harper 1987; Warham 1990),
but they plunge to 6 m and exceptionally to 19 m (Bentley
et al. 2021; Guilford et al. 2022). Albatross feeding behav-
iour thus indicates that prey aggregations occurred at the
sea surface or sub-surface, which concurs with the biology
of some prey (Mauchline 1980; Vinogradov et al. 1996;
Rodhouse and Boyle 2010), but adds new relevant informa-
tion on other prey taxa. For example, data presented here
suggest that the commercially-exploited M. australis shifts
from pelagic to demersal habitats at>8 cm SL, which is
in agreement with a mode at 12 cm of fish caught during
demersal research cruises in April (Hanchet and Uozumi
1996). Whether prey were caught during the day or at night
remains to be determined, but there is a potential mismatch
between the behaviour of prey that perform daily vertical
migration to the surface at night (Saunders et al. 2014; Rod-
house and Boyle 2010), and the activity pattern of Camp-
bell and grey-headed albatrosses that are more active during
the day with a higher proportion of food consumed during
daytime than nighttime (Weimerskirch and Guionnet 2002;
Catry et al. 2004).

Young-of-the-year M. australis are major dietary items
of Campbell and grey-headed albatross chicks from Camp-
bell Island (this study), minor prey of black-browed alba-
tross at Diego Ramirez and the Falkland Islands (Arata and
Xavier 2003; Thompson 1992), and they were also identified
in the diet of Magellanic penguins Spheniscus magellani-
cus (Thompson 1993), and rockhopper penguins Eudyptes
chrysocome (Cunningham and Moors 1994). White-chinned
petrels Procellaria aequinoctialis from South Georgia also
feed on M. australis (Berrow and Croxall 1999), but on
larger specimens than albatrosses and penguins. M. austra-
lis (southern blue whiting) has two separate commercially-
fished populations in the Falkland-Patagonian region and
southern New Zealand (Cohen et al. 1990). In New Zea-
land, commercial trawling occurs on winter aggregations
of spawning fish, and fingerlings are not fished in summer
(Fisheries New Zealand 2022), thus minimising direct
interactions between breeding albatross and fishery activi-
ties (Richard et al. 2020). In the Falkland Islands, experi-
ments from fishing boats showed that black-browed albatross
feeds on discarded medium-sized M. australis (Thompson
and Riddy 1995), but the interpretation that fingerlings are
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scavenged from trawling operations (Thompson 1992) is
questionable because young-of-the-year M. australis are
natural epipelagic prey of albatrosses and penguins.

Only a few plastic debris that were likely confused with
natural prey, and no fishery-related items were found in food
samples of Campbell and grey-headed albatross chicks. This
suggests limited interactions of parent birds with human
activities in the summers of 1996 and 1997. Accordingly, a
synthesis of seabird bycatch records (n=9966) over 18 years
(2002/2003-2019/2020) indicates a low to very low bycatch
risk of Campbell (n=75) and grey-headed (n=1) alba-
trosses within the New Zealand Exclusive Economic Zone
(Ministry for Primary Industries 2022). While the dietary
data indicates little sign of interaction with fishing activ-
ity for adults feeding chicks, these two species are however
known to spend time in areas of intense fishing activity in
the New Zealand EEZ, accounting for their high risk rating
in analysis of seabird overlap with fisheries (ACAP 2012;
Richard et al. 2020). Moreover, a limitation of our work
is that food samples were collected during a single month
period (January 1996 and 1997) more than 25 years ago,
meaning that more recent dietary information is needed.
In addition, Campbell and grey-headed albatrosses may be
more vulnerable to negative interactions with human activi-
ties in the high-seas, especially during the inter-breeding
period (Thompson et al. 2021; Goetz et al. 2022).

In conclusion, our results highlight the nutritional impor-
tance of young-of-the-year M. australis to both our study
species, building on preliminary findings obtained from
a few food samples of Campbell albatross chicks (Cherel
et al. 1999). Hence, the nutritional importance of juvenile
M. australis for seabirds has to be taken into account for a
sustainable management of the resource, its predators and
the fishery targeting adult fish.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-023-04267-4.
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