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ABSTRACT: Antarctic procellariiform seabirds are known for their well-developed sense of smell, yet 
few behavioral experiments have addressed how these birds use olfactory cues to forage at sea. I 
describe results from controlled, shipboard experiments performed in Antarctic waters near Elephant 
Island. Birds were presented with plain or krill-scented (Euphausia superba) vegetable oil slicks, and 
their behavioral responses were compared. Krill-scented vegetable oil slicks were highly attractive to 
some but not all procellariiform species foraging in this area (p < 0.001, G-test). Cape petrels Daption 
capense and southern giant petrels Macronectes g~ganteus appeared at krill-scented slicks within 
l rnin, whereas black-browed albatrosses Diomedea melanophris appeared within 3 min. Cape petrels 
D, capense showed the strongest attraction: these birds were observed as much as 5 times as frequently 
at krill-scented slicks as compared to unscented control slicks (p < 0.001, G-test), whde storm-petrels 
(Oceanites oceanicus and Fregetta tropica] and Antarctic Fulmars Fulmarus glacialoides responded in 
equal numbers to krill-scented and unscented slicks. When considered with respect to previously pub- 
lished findings, these results suggest a greater complex~ty in the significance of odors to the foraging 
ecology of different tube-nosed species than has commonly been assumed. 
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INTRODUCTION 

Procellariiform or 'tube-nosed' seabirds (i.e. the 
petrels, the albatrosses and the shearwaters) have a 
remarkably developed olfactory neuro-anatomy com- 
pared to many other birds (Bang 1965, 1966, Wenzel 
1987, Wenzel & Meisami 1990). Tube-nosed seabirds 
are also readily attracted to fishy-smelling compounds 
deployed at  sea (e.g. cod liver or tuna oil, fish 
homogenates, etc; Grubb 1972, Hutchison & Wenzel 
1980, Hutchison et al. 1984, LeQuette et al. 1989, Ver- 
heyden & Jouventin 1994, Nevitt et  al. 1995). These 
observations suggest that a keen sense of smell may 
play an  important role in locating patchily distributed 
food resources in the ocean. 

Antarctic krill Euphausia superba is a preferred prey 
of many petrel species (Croxall & Prince 1980, Prince & 
Morgan 1987) and it is intriguing to speculate that pro- 

cellariiforms may be able to hunt knll swarms using a 
foraging strategy based in part on smell. Both whole 
krill homogenates (E. superba) and component odors 
derived from krill have recently been shown to attract 
at least 2 species of petrels in the Northern Herni- 
sphere (sooty shearwaters Puffinus griseus. Hutchison 
et al. 1984; Leach's storm-petrels Oceanodron~a leu- 
corhoa: Clark & Shah 1992). Although their behavioral 
experiments were performed ashore near breeding 
colonies, Clark & Shah (1992) provide quantitative 
support that krill-derived odors might serve as attrac- 
tants to petrels foraging at  sea. Through simulation 
studies of dispersion profiles of volatiles (e.g. pyrazine) 
released by macerating krill, they speculate that a rel- 
atively small (0.5 m') patch of krill may be detectable 
to foraging petrels from distances on the order of kilo- 
meters. This is a provocative idea since many tube- 
nosed species live highly pelagic lifestyles, often forag- 
ing in dim light over large stretches of open ocean 
where krill swarms can be small and highly patchily 
distnbuted (Croxall & Prince 1987). 
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This initial study tests the hypothesis that Antarctic A 
tube-nosed seabirds use odor cues to locate krill 
patches at sea. Working in the waters off Elephant 
Island near the Antarctic Peninsula, I found that krill- 
scented vegetable oil slicks were highly attractive to 
some but not all procellariiform species foraging in this 
area. These findings add to previously published stud- 
ies investigating olfactory responses of Antarctic pro- 
cellariiform seabirds to other odors associated with 
krill (Nevitt et al. 1995). They also suggest a greater 
complexity in the significance of odors to the foraging 
ecology of different tube-nosed species. 

METHODS 

Observations were made aboard the NOAA Re- 
search Vessel 'Surveyor' during February and March 
1993 at the northwest tip of the Antarctic Peninsula 
near Elephant and Seal Islands (Fig. lA,B). The study 
was carried out as part of the National Oceanic and At- 
mospheric Administration's (NOAA) Antarctic Marine 
Living Resources (AMLR) program. A description of 
cruise activities is given elsewhere (Rosenberg 1993). 

Odor experiments. To test the responsiveness of pro- 
cellariiform seabirds to krill odors, I presented odors as 
scented vegetable oil slicks deployed on the surface of 
the water (see Nevitt et al. 1995). Slicks were tested 
at 4 stations along the AMLR transect grid (9, 
Fig. 1B).  While the ship was positioned into the wind, 
either an unscented or a krill-scented vegetable oil 
slick was deployed from the stern such that the slick 
drifted well away (100 m) from the ship. Unscented 
slicks were tested to control for any visual attraction 
that the oil slick might present to foraging seabirds. 
From 1 min prior to slick deployment (time zero), a 
team of 2 observers recorded numbers and species of 
new arrivals using handheld computers or dicta- 
phones. At the start of an  experimental trial, an initial 
or 'pre' count was made in a 300 m arc around the stern 
of the ship to estimate numbers and species of birds 
nearby before the experiment was begun (gray bars, in 
Figs. 2 & 3) .  Once the slick was deployed, a bird was 
counted as showing interest if it (1) flew upwind within 
1 m of the surface of the slick, (2) alighted on the slick 
or (3) pattered on the slick. Data were sampled contin- 
uously in 1 min intervals over 6 min (Martin & Bateson 
1.993). Trials were limited to 6 min to reduce the poten- 
tially confounding effects of visual cueing by birds 
landing on the slick. Each bird was counted only once. 
Observers were blind to the treatments being tested, 
and the experimental and control trials were presented 
in random order at each location. All experiments were 
conducted during daylight hours when weather condi- 
tions were relatively calm (Table 1). 

60 59 58 57 56 55 54 53 

Longitude 

Fig. 1. (A) Elephant Island AMLR study area  and Seal Island 
(arrows) (B) Detail of the AMLR study area (@)Locations 

where olfactory studies were performed 

Krill-scented oil was prepared by macerating 2.5 1 of 
fresh whole Antarctic krill Euphausia superba. The 
homogenate was then strained through a fine wire 
mesh to remove solids. The remaining liquid fraction 
was filtered and diluted to 2.5 1 with vegetable oil. This 
process was always performed 1 h before the experi- 
ment was to begin. Once deployed, slicks spread to as 
much as 20 m in diameter. 

Underway observations. To determine 'background' 
specles compositions (see Fig. 4 ) ,  all birds within a 
100 m wide 'box' 50 m off the bow of the ship were 
counted using standard strip transect methodology 
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Table 1 Summary of environmental conditions during exper- 40 
imental trials. Data were recorded by standard shipboard 

instrumentation (Rosenberg 1993) 
E 30 

Environmental parameter Range 

Air temperature ("C) 1.6 - 2.5 
Surface sea temperature ("C) -1.0 - 1.1 
Barometric pressure (mb) 1002.4 - 1013.0 
Relative humidity (Ob) 96.6 - 96.7 
True wind speed (knots) 3.6 - 12.5 
Solar radiation, PAR (quanta S-') 1.53 - 3.47 

(Tasker et al. 1984) for a 5 n mile transect leading up to 
the station. Observers worked in pairs, with 1 person 
watching through binoculars while the other entered 
these observations into a portable computer. The time 
of observation, behavior, and instantaneous flight 
direction were also recorded. 

Other shipboard observations. During transect 
observations, the ship surveyed local krill abundance 
using 120 and 200 kHz acoustic transducers mounted 
on a weighted towed body. Olfactory experiments 
were conducted in areas where krill was not detected 
( < l  m-'; Rosenberg 1993, R. Hewitt pers. comm.). Envi- 
ronmental parameters were recorded by shipboard 
instrumentation. Ranges recorded during experimen- 
tal trials are given in Table 1. 

RESULTS 

Within 1 min, cape petrels Daption capense and 
Southern Giant Petrels Macronectes giganteus 
appeared at krill-scented slicks (Figs. 2 & 3A,B). By 
6 min, procellariiform species were sighted as much as 
5 times as frequently at slicks scented with crude krill 
extract than at unscented control slicks (Fig. 2; p < 
0.001, G-test for pooled data, df = 1; Zar 1996), but the 
relative attractiveness of this odor differed markedly 
among species. Cape petrels D. capense were by far 
the strongest responders, flying into krill-scented 
slicks as much as 5 times as frequently as into un- 
scented vegetable oil slicks (Fig. 3A; p < 0.001, G-test 
for pooled data, df = 1). Southern giant petrels (Fig. 3B; 
M. giganteus), and black-browed albatrosses (Fig. 3C; 
Diomedea melanophris) were sighted only at knll- 
scented slicks and never at unscented vegetable oil 
slicks, but numbers were too low to allow for a statis- 
tical analysis. 

Behaviors were also markedly different at krill- 
scented and unscented slicks. Cape petrels Daption 
capense and southern giant petrels Macronectes gi- 
ganteus typically flew upwind into krill-scented slicks 
where they alighted and were frequently observed to 

pre l 2 3 4 5 6 

time (min) 

Fig. 2. Total birds attracted to krill-scented (black bars) and 
control slicks (white bars) presented at the 4 locations indi- 
cated in Fig. 1. At the start of an experimental trial, an initial 
or 'pre' (gray bar) count was made in a 300 m arc around the 
stern of the ship to estimate numbers and species of birds 
nearby before the experiment was begun, and shows the total 
number of birds around the ship before slicks were deployed 

(see 'Methods') 

dip their bills into the water. Cape petrels D. capense 
rarely (1 observation) alighted on unscented control 
slicks. Birds that were attracted to these slicks did not 
approach them from any particular direction. These 
few individuals typically circled the general area 
approximately 1 m above the water and then left. 

Other procellariiform species showed no difference 
in their responses to krill-scented and unscented 
slicks. Storm-petrels (Fig. 3D; Oceanifes oceanicusand 
Fregetta tropica) and Antarctic fulmars (Fig. 3E; Ful- 
marus glacialoides) were sighted in nearly equal num- 
bers under either condition. We frequently observed 
storm-petrels pattering on the surface of both krill- 
scented and unscented slicks. Zigzag flying, indicative 
of an olfactory search behavior (Hutchison & Wenzel 
1980), was noted when birds approached krill-scented 
slicks. Storm-petrels tended to arrive at slicks 1 or 2 at 
a time and patter in small groups near the upwind 
edges of the slicks, typically several meters from other 
birds. 

The observed frequencies of species at slicks did not 
reflect the relative abundances of these species in the 
area (Fig. 4). Cape petrels Daption capense, for exam- 
ple, accounted for only 12 % of the background species 
composition but made up 58 % of those birds present at 
slicks scented with krill (Fig. 4A). In contrast, Antarctic 
fulmars Fulmarus glacialoides were by far the most 
abundant procellariiform seabird in the immediate 
vicinity (Fig. 4A,B, 78%), but were only rarely oh- 
served at either krill-scented or unscented slicks (i.e. 
contrast Fig. 4A and Fig. 3E). The relative proportion of 
storm-petrels was on the order of 5 to 13 times higher 
at krill-scented and unscented slicks respectively than 
would be expected from relative abundances of these 
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Cape Petrels 

Pre I 2 3 4 5 6 

time (min) 

Giant Petrels 

Pre I 2 3 4 5 6 
time (min) 

Black-browed Albatrosses 

Re 1 2 3 4 5 6 
time (min) 

Antarctic Fulmars 

Pre 1 2 3 4 5 6 

Fig. 3. Species-specific responses to krill-scented (black bars) 
and control slicks (white bars) for (A) cape petrels Daption 
capense, (B] southern giant petrels Macronectes giganteus, 
(C) black-browed albatrosses Diomedea melanophns, (D) 
storm-petrels (Oceanifes oceanicus and Fregetfa tropica con- 
sidered together), and (E) Antarctic fulmars Fulmarus 
glacialoides. Pre: total number of individuals of that species 
around the ship before slicks were deployed (as in Fig. 2; see 

'Methods') 

Pre I 2 3 4 5 6 SUI 

time (mh) dif 

birds in the area based on surveys during transects 
(Fig. 4A,B). Together these results suggest that storrn- 
petrels actively recruited to slicks, but that this behav- 
ior was not related to the particular scent of the slicks. 

DISCUSSION 

These results support the hypothesis that odors from 
macerated krill serve as foraging cues for certain pro- 
cellariiform seabirds. Cape petrels Daption capense in 
particular approached krill-scented slicks in dramati- 
cally higher numbers than control slicks. The relative 
proportion of cape petrels D. capense at krill-scented 
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:ks also differed significantly from the relative 
)portion of this species in a 5 n mile transect grid 
veyed before slicks were deployed. Part of this 
ference was likely due to responses by birds present 
mediately around the ship before experiments be- 
n (see Fig. 3A, 'pre' bar). However, while these indi- 
luals rapidly accumulated at krill-scented slicks, 
!y showed little interest in unscented control slicks, 
jgesting that krill odor was the key stimulus evok- 
I the attraction. In support of this idea, Antarctic krill 
phausia superba is known to be a primary compo- 
1t of the diet of many cape petrel populations stud- 
during the breeding season, which coincides with 

I time of year when the present studies were carried 
: (Croxall & Prince 1980, 1987, Ainley et al. 1984. 
~xa l l  et al. 1984). Reports from AMLR-related bird 
earch carried out on Seal Island also indicate that 
)e petrels D, capense in the area were provisioning 
cks with krill while olfactory studies were being 
~ducted (Jansen et al. 1993). This information pro- 
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vides compelling evidence that at least some of the 
local cape petrels D. capense were actively hunting 
krill during this general time. 

Despite the strong attraction of cape petrels Daption 
capense to krill-scented slicks, storm-petrels re- 
sponded to krill-scented and unscented slicks almost 
identically. Still, the relative proportion of storm-petrels 
was higher at both experimental and control slicks than 
would be expected from our estimates of the relative 
background species composition (Fig. 4A,B). Storm-pe- 
trels were clearly recruited from some distance to the 
slicks, since the numbers of recruits exceeded initial 
numbers of birds observed around the ship before 
slicks were deployed (Fig. 3D). These observations may 
also indicate that storm-petrels were attracted to visual 
stimuli such as the sheen of the slicks on the surface of 
the water, to social cueing by conspecifics and other 
birds, or to the scent of the vegetable oil itself. 

While it is possible that these highly olfactory birds 
were lured to the scent of the organic compounds in 
vegetable oil, lacing slicks with natural odors has been 
shown to significantly enhance recruitment by storm- 
petrels in other studies. For example, both Wilson's 
and black-bellied storm-petrels (Oceanites oceanicus 
and Fregetta tropica) were attracted more quickly and 
in higher numbers to fishy odors and other scented 
compounds associated with Antarctic krill Euphausia 
superba than to vegetable oil (Nevitt et al. 1995). In the 
present study, storm-petrels tended to arrive within 
1 min following the deployn~ent of krill-scented slicks, 
as compared to a 2 min latency in arrival at control 
slicks. But if this decrease in response time was medi- 
ated by an olfactory attraction, then it was a relatively 
weak attraction compared to olfactory behaviors ob- 
served in other procellariiforms in response to other 
food-related odors (e.g. cod liver or tuna oil, fish homo- 
genates; Grubb 1972, Hutchison & Wenzel 1980, 
Hutchison et  al. 1984, LeQuette et  al. 1989, Verheyden 
& Jouventin 1994, Nevitt et al. 1995). Moreover, the 
lack of significant recruitment to krill-scented slicks 
does not reflect a lack of krill in storm-petrel diets since 
several reports indicate that Antarctic krill E. superba 
is one of their most important foods (e.g. 93 % of prey 
items, Ainley et al. 1984; 85% prey mass, Obst 1985). 

Antarctic fulmars Fulmarus glacialoides were the 
most numerous of all birds along the 5 n mile transect 
grids surveyed, but were rarely seen at either experi- 
mental or control slicks (76 % of background composi- 
tion vs 5 % of birds at krill-scented slicks). Little data is 
available about the diets of Antarctic fulmars F. 
glacialoides, though one study suggests that krill 
makes up as much as 52 % by mass of their diet during 
the breeding season in other parts of the Antarctic 
(Hodum 1999). Other data collected in October from 
oceanic habitat north of the Ross sea and in the Scotia- 

Odor 

Control 

B 

Fig. 4. Species composition of birds at slicks as compared to 
species composition of birds observed during transect sur- 
veys. (A) Observed frequencies of species at krill-scented 
slicks (black bars) with respect to background frequencies 
(gray bars) as determined by survey counts (see 'Methods'). 
Observed frequencies at scented shcks are significantly dif- 
ferent from background frequencies (p < 0.001; x2 test for 
goodness-of-fit; df = 5). (B) Observed frequencies of species at 
unscented control slicks (white bars) with respect to back- 
ground frequencies (gray bars) as determined by survey 
counts during transects. Observed frequencies at control 
slicks are significantly different from background frequencies 
(p < 0.001; x2 test for goodness-of-fit; df = 5). Species codes 
are ANFU (Antarctic fulmar), CAPT (cape petrel Daption 
capense), UNSP (unidentified storm-petrel; Oceanites ocean- 
icus and Fregetta tropica cons~dered together), BBAL (black- 
browed albatross Diomedea melanophris, and SGPT (so'uth- 

ern giant petrel Macronectes giganteus) 

Weddell confluence suggest that these birds are pri- 
marily nocturnal foragers and that krill E. superba is 
not a primary target (Ainley et  al. 1984). Krill (E. 
superba) and other crustacea constituted less than 
10% composition by weight whereas cephalopods 
(most notably Gonatus antarcticus, Psychronteuthis 
glacialis and Galituethis glacialis) and lantern fish 
Electrona antarctica made up the bulk of diets 
sampled. Thus, in my study it is possible that Antarctic 
fulmars F, glacialoides did not respond to krill scent 
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simply because they were hunting other prey, or forag- 
ing at night. 

Different foraging strategies? 

The differences in the attraction of different procel- 
lariiform species to krill-scented slicks may reflect not 
only discrepancies in diet, but also a species-specific 
divergence in foraging strategies. Wilson's storm- 
petrels Oceanites oceanicus are known to feed on 
Antarctic krill Euphausia superba and other crustacea 
(Obst 1985, Croxall et  al. 1988), yet these birds are not 
preferentially attracted to odors derived from crushed 
krill any more than to plain vegetable oil. It has been 
shown, however, that both Wilson's and black-bellied 
storm-petrels (0. oceanicus and Fregetta tropica) are 
highly attracted to a different odor associated with krill 
swarms, dimethyl sulfide (DMS; Nevitt, et a1 1995). 
This odor is not released by krill, but by phytoplankton 
(most notably, Phaeocystis sp.) in response to grazing 
by E. superba and other zooplankton (Dacey & Wake- 
ham 1986, Daly & DiTullio 1996). Since DMS levels 
tend to be high in areas where productivity is also high 
(McTaggart & Burton 1992), the ability to detect DMS 
and use it as a foraging cue could thus be advanta- 
geous in locating and exploiting zooplankton-rich 
foraging areas. 

However, both Wilson's and black-bellied storm- 
petrels ( 0 .  oceanicus and Fregetta tropica) were highly 
attracted to DMS in these studies whereas cape petrels 
Daption capense were not. These birds were just as 
likely to approach DMS-scented slicks as unscented 
control slicks. Why might this be? One hypothesis that 
merits further study is that these distinctive olfactory 
cues may present conflicting information about forag- 
ing opportunities, depending on the species. Just as 
DMS is released when phytoplankton is grazed by zoo- 
plankton, krill extracts are likely to be released when 
knll is being eaten by larger predators, as during 
large-scale, multi-species feeding events (Hunt et al. 
1988). Since Antarctic krill Euphausia superba is a 
patchily distributed and often ephemeral food resource 
in the southern oceans (Hamner et al. 1983), these 
feeding flocks form when and where large krill 
swarms become accessible, and may persist for several 
days (e.g.  Harrison et al. 1991). In such situations, 
aggressive, large procellaniform species can effec- 
tively compete with other birds and mammals for krill 
and other potential prey species that are attracted to 
krill swarms. It seems logical to predict that such birds 
might be attracted to scents produced from macerated 
krill, and that these aromatic signposts serve as indica- 
tors that krill is readily accessible to them, possibly 
beyond the visual range (Clark & Shah 1992). 

Storm-petrels, however, are relatively tiny birds that 
may just as conveniently serve as prey to larger 
petrels, particularly southern giant petrels (Macro- 
nectes giganteus; Hunter 1983, Nevitt pers. obs.), fre- 
quenting these feeding aggregations. Storm-petrels 
may not be attracted to macerated krill scent simply 
due to the increased risk of predation that this cue may 
present to them. Detailed studies of mixed species 
feeding aggregations near South Georgia support this 
view in that black-browed albatrosses Diomedea 
melanophds, southern giant petrels M. giganteus and 
cape petrels Daption capense were observed nearly 20 
times as frequently as storm-petrels at such feeding 
events (2863 vs 150; Harrison et al. 1991). When pre- 
sent, storm-petrels tended to be restricted to the 
perimeter of flocks. In the present study, storm-petrels 
only recruited to slicks in large (>10) numbers where 
cape petrels D, capense and giant petrels M, giganteus 
were absent, though all these species were abundant 
during transect surveys between stations. 

Future directions 

One of the challenges facing the study of olfactory be- 
haviors is in determining what odor cues constitute bio- 
logically and ecologically relevant signals, in t h s  case for 
foraging seabirds. The results presented here offer the 
compelling suggestion that procellariiform seabirds fol- 
low fundamentally different olfactory strategies for lo- 
cating patchily distributed prey at sea, but we are far 
from understanding the complexities of these behaviors. 
Based on the data available at this time, I have offered a 
simple hypothesis for why some species might avoid krill 
extract, but this theory does not explain the species-spe- 
cific attraction we have observed to other prey-related 
odorants (DMS). To date, only 2 published studies on 
Antarctic procellariiforms have addressed olfaction in 
the context of foraging at sea (Verheyden & Jouventin 
1994, Nevitt et al. 1995). The study presented here thus 
also serves to demonstrate a simple experimental ap- 
proach for investigating such problems from standard re- 
search vessels, with a view towards stimulating more re- 
search in this area. Current studies are under way to 
explore these questions in greater detail. 
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