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Abstract. 'We employed a “natural experiment” to evaluate the hypothesis that a major
physical feature of high-latitude marine habitat, the percentage of the sea covered by pack
ice, affects species composition among Antarctic seabirds. Qur experiment entailed replicate
transects through markedly altered physical habitat in the Scotia-Weddell Confluence: a
series of storms cansed the pack ice to advance and retreat rapidly and repeatedly over a
200-km-wide area. Regardless of where their habitat moved, pack-ice and open-water species
occurred at significantly higher densities in the ice and open-water habitats, respectively.
There were no time lags in the response of species to habitat alteration. In addition, pack-
ice and open-water species had identical diets regardless of where their preferred habitat
was located. These results supported the hypothesis and showed that physical rather than
biological variables affect species composition among pelagic assemblages of Antarctic sea-
birds. Results supported the conclusion that a lack of appropriate adaptations constrain
open-water species to reside away from the pack ice and that unremarkable prey availability
fails to attract pack-ice species to open waters.
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INTRODUCTION

The Antarctic avifauna, from a marine perspec-
tive, is divisible into two major groups: one as-
sociated with pack-ice covered waters and the
other associated with ice-free, open waters (Mur-
phy 1936; Cline et al. 1969; Ainley et al. 1984;
Ainley et al., in press). Composition of the pack-
ice assemblage changes little seasonally, although
its at-sea range tracks the extensive seasonal ex-
pansion and contraction of the ocean area cov-
ered by pack-ice (Ainley et al. 1984; Ainley et
al., in press). Indeed, composition of the Ant-
arctic pack-ice assemblage appears to be among
the least variable of all seabird assemblages (Ri-
bic and Ainley 1988/89). The open-water assem-
blage is more variable than that of the pack-ice
because it also contains species that are seasonal
visitants. Within the pack ice, species occurrence
is affected by physical habitat characteristics, such
as the concentration of ice over and the size of
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ice floes (Cline et al. 1969, Ainley et al. 1984).
This pattern and the lack of much spatial overlap
between the two Antarctic assemblages led us to
question whether these species select their at-sea
habitat on the basis of physical factors (e.g., ice
cover) or biological ones (e.g., prey type).
Wiens (1989) pointed out that physical factors
have been emphasized among those thought to
determine the structure of bird assemblages, in
part because physical factors are much easier to
measure than are biological ones. Physical fac-
tors suggested to affect composition of marine
avifaunas include ocean depth, water tempera-
ture and salinity, wind regimes, water transpar-
ency, presence of pack ice and distance from
breeding or roosting sites (Abrams et al. 1981,
Ainley 1977, Ainley and Boekelheide 1983, Ain-
ley et al. 1984, Ashmole 1971, Briggs et al. 1987,
Brown et al. 1975, Griffiths 1983, Haney 19864,
Hunt and Schneider 1987, Pennycuick et al. 1984,
Pocklington 1979, Wahl et al. 1989). Biological
factors suggested to affect seabird distribution
include the general productivity of surface waters
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and the distribution of prey (Ashmole 1971, Ha-
ney 1986a, Hunt et al. 1981, Ribic and Ainley
1988/89), but these relationships are not well
understood. There is also a consensus among
seabird biologists that prey specialization strong-
ly affects the occurrence and distribution of in-
dividual seabird species and, therefore, assem-
blage composition (see Ashmole 1971, Hunt and
Schneider 1987, Hunt and Harrison 1990). The
importance of prey specialization, however, has
not been well investigated.

Many studies (see Wiens 1989 for discussion
of some pertaining to birds), have evaluated the
importance of physical features in habitat selec-
tion by various organisms, including inverte-
brates and vertebrates, by artificially altering the
habitat. Alterations have been made using clear-
cuts, defoliants, plowing, burning or scraping.
Virtually all have been directed at sedentary (or
seasonally fixed) organisms. We offer here an ex-
periment, albeit a “natural” one, to observe the
response of non-territorial organisms to dra-
matic habitat alteration. We also evaluate tro-
phic factors possibly involved in habitat selec-
tion, an aspect of habitat rarely treated in
habitat-manipulation studies. Taking advantage
of a remarkable opportunity, we changed our
research design in the field to document three
rapid advances and retreats of the pack ice within
a 200-m wide band in the Southern Ocean. We
determined species composition and diet of the
seabirds when pack ice was or was not present,
while our colleagues determined availability of
potential prey. Our spatial scale encompassed
several thousand square kilometers and thus
overcame the patchy distribution perceived at
smaller scales; our temporal scale was defined by
hours. On the basis of seasonal studies (Ainley
et al., in press), our null hypothesis was that spe-
cies composition in the study area would not be
affected by a change in physical habitat (i.e., a
switch from ice-covered to ice-free seas). We fur-
ther hypothesized that if this first hypothesis was
rejected, a change in species composition would
not occur concomitant with a change in diet.

METHODS

DATA COLLECTION

This study was part of an integrated oceano-
graphic project, called AMERIEZ (Antarctic Ma-

rine Ecosystem Research in the Ice Edge Zone),
in which a scientific group studied all major el-
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ements of the marine ecosystem, including both
the physics and biology. On board the R/V Polar
Duke, we investigated ecological interactions
during August 1988, the first major investigation
of marine ecology in the Antarctic during winter.
The study area consisted of a section of the Sco-
tia-Weddell Confluence (Husby et al. 1989). The
southern boundary of the Scotia Sea occurred in
the extreme northward edge of the area and the
northern boundary of the Weddell Sea coincided
with the southern boundary of the study area
(Fig. 1). Waters of this confluence were contin-
ually very near freezing (at —1.7°C), compared
with Scotia Sea Water which was cold, but too
warm to freeze (around 0°C), and Weddell Sea
Water, which was always frozen.

The cruise was initially designed to conduct a
series of oceanographic stations along lines 36°,
40°, 44° and 48° W longitude, between about 57°
and 60° S latitude (each line being about 200 km
in length; see Ainley and Sullivan [1989] for cruise
details). Upon seeing the dramatic freeze and
thaw cycle, and its effect on seabird distribution
along the first line (36° W), we altered the cruise
track slightly to set up an experiment. Subse-
quently, the ship traveled the entire length of the
next lines both into and out of the pack ice, rather
than cutting over to the next line as soon as open
water was reached (Fig. 1). Cruising the entire
line both ways provided a means of replicating
the weather/ice cycle three times. It took about
two days to make each pass, one way.

We censused seabirds between oceanographic
stations; we do not include the data from 36° W
because we ran the track prior to our experiment.
Otherwise, whenever the ship was underway dur-
ing daylight hours (about 6 hr of light/day), we
sequentially conducted 30-min strip-censuses. A
total of 102 censuses were made along the three
track lines. Only birds seen within 300 m of one
glare-free forequarter of the ship were counted;
ship-followers were excluded (see Tasker et al.
1984). Two observers counted simultaneously,
because searching for and finding aerial species
and swimming penguins is not otherwise possi-
ble with any degree of reliability. A total of 2,691
individuals were seen during the 102 censuses.
Densities were calculated using a strip transect
estimate (Burnham et al. 1980) and were ad-
justed for average flight speed and direction of
the birds relative to speed and direction of the
ship (Spear etal. 1992; Spear and Ainley, unpubl.
data). We did not census in open water when
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The study area in the Scotia-Weddell Confluence showing the location of the longitudinal meridians

along which seabird censuses were made into and out of the pack ice, August 1988. The dynamic zone refers
to the area in which the pack ice advanced or retreated as a result of storm fronts (see text).

winds exceeded 20 m/sec nor when visibility was
less than 300 m. Because the ship moved into
the pack ice when strong winds blew, however,
we rarely experienced these restrictions; fog im-
peded observations during only 3 hr on one day.

Physical habitat variables were measured at
the start of every 30-min transect. If conditions
changed appreciably before 30 min passed, the
transect was terminated and a new one was be-
gun. Physical variables recorded were: distance-
to-the-pack-ice-edge in kilometers (a negative
distance indicates distance from the edge into
the ice pack), coded ice characteristics (a nominal
ice variable that includes percentage ice cover,
floe size and ice type), sea-surface temperature
(SST; °C), salinity (ppt), ocean depth (m), and

distance-to-nearest-land (km; i.e., the South
Orkney Islands, an important seabird breeding
locality; see Fig. 1). We did not expect distance-
to-land to be a factor during winter, but we in-
cluded this variable in our studies during other
seasons and even during the non-breeding sea-
sons it had an effect (Ainley et al., in press).
We collected up to five specimens of each spe-
cies present at seven stations, three in water with
minimal ice cover (0-0.5 cover) and four within
heavier pack ice. A total of 109 specimens were
collected of the species considered herein; see
Ainley et al. (1992) for further details. Our col-
lecting protocol was designed to minimize the
possibility of biasing our results towards dietary
overlap between species. First, oceanographic
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stations at which birds would be collected were
chosen 24 hr in advance as part of the daily
science plan. Then, once on station and if sea
conditions allowed, our small boat was launched.
Second, we did not collect birds from feeding
flocks, often a common practice among seabird
researchers, nor did we collect in the vicinity of
the few feeding flocks that we saw. Feeding flocks,
in fact, are rare in Antarctic pelagic waters (Ain-
ley and Boekelheide 1983). Stomach contents
were sorted immediately upon return to the ship,
and each prey item eventually was identified at
least to genus and was measured. Weights of in-
dividual items were determined directly (when
the ship was in the ice and did not roll) or by
regression calculated from the size of hard parts.
Of these, only fresh exoskeletons, otoliths and
squid beaks were included (see Ainley et al. 1992
for further details).

During this cruise, Lancraft et al. (1989, 1991)
used a series of discrete-depth net trawls at
oceanographic stations to determine the density,
degree of patchiness, depth distribution and spe-
cies composition of zooplankton and micronek-
ton (i.e., potential seabird prey). Throughout
Confluence Water, the zooplankton and micro-
nekton differed in these four characteristics from
analogous organisms caught by trawl in Scotia
Sea Water. As a result of this differing pattern,
seabird data (including those for diet) taken from
Scotia Sea Water were not included in our anal-
yses.

DATA ANALYSIS

We tested the hypothesis that ice did not affect
the density of either the open-water or pack-ice
species group along each transect replicate (40°,
44° and 48° W, with each northward and south-
ward excursion analyzed separately). We used
the Mann-Whitney test (Conover 1980), be-
cause, for one transect, one data set had a zero
variance within the ice portion. To be consistent,
the same test was used for all transect lines. The
Mann-Whitney test statistic was adjusted for ties.
We tested correspondence between the two spe-
cies groups and the presence or absence of ice in
the entire data set using a two-way analysis of
variance (ANOVA) on In(density + 1) and tested
for interaction at alpha = 0.10.

To investigate relationships between species
and habitat variables in a multivariate frame-
work, we used canonical correlation analysis
(COR; Gittins 1985) and canonical correspon-
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dence analysis (CCA; Ter Braak and Prentice
1988). For COR, typically used in a linear frame-
work, we added squared terms for the environ-
mental variables (F. Ramsey, Dept. of Statistics,
Oregon State University, pers. comm.). CCA is
a technique developed for situations where an
entire gradient is sampled resulting in nonlinear,
nonmonotonic relationships among environ-
mental variables. CCA is a direct gradient anal-
ysis technique and can be considered an exten-
sion of correspondence analysis, an indirect
gradient technique, but can also be related to
other parametric multivariate techniques (Ter
Braak 1988, Ter Braak and Prentice 1988). For
both multivariate techniques, several measures
were used to assess the success of the analyses
(e.g., percentage variance of species data ex-
plained by the species composite and by the en-
vironmental composite). We used these mea-
sures to identify the important environmental
variables and the species explained by the anal-
yses. Specifically, for the environmental and spe-
cies variables, respectively, those with >25% and
>15% of their variance explained by the envi-
ronmental and species composites were consid-
ered to be important and explained by the anal-
yses. These breakpoints were based on the
observed patterns in the measures. In addition,
for the CCA, overall tests of significance and of
the first canonical axis were made with a per-
mutation test at alpha = 0.01. COR was done
using BMDP (Dixon et al. 1988); CCA was done
using CANOCO, version 3.1 (Ter Braak 1988,
1990). Biplots of species and environmental
scores from CCA were used to illustrate the gra-
dient relationships between species and the en-
vironmental variables.

We used diet composition (based on mass con-
tribution) and Morisita’s index (Horn 1966) to
compare diet overlap; an overlap value >0.80
denoted diet similarity (Ainley et al. 1984, 1991,
1992; Diamond 1984).

RESULTS
SPECIES-HABITAT RELATIONSHIPS

Species in the pack-ice assemblage included the
Antarctic Petrel Thalassoica antarctica, Snow
Petrel Pagodroma nivea, Southern Fulmar Ful-
marus glacialoides and Southern Giant Petrel
Macronectes giganteus; the open water assem-
blage included the Cape Petrel Daption capense,
Blue Petrel Halobaena caerulea, Kerguelen Pe-
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FIGURE 2. Biplot of first species/environmental axis from canonical correspondence analysis. The vertical
line denotes the ice edge and the mid-point of the temperature gradient (relative scale at the bottom of the
figure). Biplot scores for continuous environmental variables are presented as arrows; the longer the arrow, the
more important the variable. Nominal ice variables are represented by squares with placement depending on
centroid scores standardized along the top axis. The species’ scores (with relative placement represented by
species’ names) are the weighted average of the projection points of the samples on the environmental arrows.

trel Lugensa (Pterodroma) brevirostris and Ant-
arctic Prion Pachyptila desolata (interaction F =
14.089; df = 1, 52, P < 0.001; Fig. 2). Hereafter,
we did not include Southern Giant Petrels in
further analyses because of their infrequent oc-
currence in our study area and our difficulty in
separating them in the field from their close con-
gener, the Northern Giant Petrel M. halli (Ainley
et al., in press), due to time constraints of our
census method. Only one species-environmental
axis was necessary to explain the relationship
between the species and the physical variables
(percentage variance explained by the first axis:
74% (COR) (P < 0.001), 69% (CCA) (P < 0.001;
percentage of remaining variance explained by
the second axis: 47% (COR) (P > 0.10), 23%
(CCA). The important environmental variables
(found in both analyses) were the presence or
absence of ice and the distance-to-the-ice-edge,
followed by SST (which itself is inversely related
to distance-to-the-ice-edge, particularly in the
open water direction from the edge) and dis-

tance-to-land. Two of the three species in the
pack-ice group were explained by the analysis
(percentage of the variance explained by the spe-
cies composite: 20% [Antarctic Petrel], 85%
[Snow Petrel]), as were three of the open-water
group (percentage variance explained by the spe-
cies composite: 16-53% [Antarctic Prion, Blue,
and Kerguelen petrels]). The pack-ice group and
the open-water group were clearly separated by
ice and distance-to-the-ice-edge (Fig. 2).

NATURAL EXPERIMENT

Low-pressure centers passed along the northern
edge of the Confluence at an interval of about
one every week. While each storm front was ap-
proaching from the west, winds blew from the
north over the warm Scotia Sea. The winds were
warm enough to melt the pack and cause the ice
edge to retreat about 200 km in fewer than two
days. When the front passed, the winds switched
to southerly and thus became colder; the sea sur-
face froze overnight to shift the ice edge to its
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all north-south transects. The horizontal line depicts presence of (a) minimal and (b) maximal pack ice.

former, northernmost position. The refreeze pro-
duced ice 30-50 cm or more thick that almost
entirely covered the sea surface (70% or heavier
coverage) except at the outer edge of the pack ice
(<25% coverage). This cycle produced a zone of
dynamic pack ice about 200 km wide to the north
of a zone of persistent ice (Fig. 1). For each lon-
gitudinal oceanographic line, at 40°, 44° and 48°
W, the northward extent of the pack ice differed
appreciably during our southward and north-
ward excursions (Fig. 3).

The distribution along the transects of the two
species groups changed according to the extent
of pack ice. The group— Antarctic Petrel, Snow
Petrel, Antarctic Fulmar—had significantly high-
er densities in the ice for each ship track (P <

0.05, all tests). Conversely, the group—Cape Pe-
trel, Blue Petrel, Antarctic Prion—had signifi-
cantly higher densities in open water for five of
the six tracks (P < 0.05 for each track, except
for the southward track on 40° W, where P =
0.19; Figs. 3, 4).

SEABIRD DIET

The myctophid fish, Electrona antarctica, com-
prised >61% of the diet for all seabirds except
the Southern Giant Petrel, which fed entirely on
carrion. Except for Antarctic Petrel (62%) and
Cape Petrel (71%), E. antarctica contributed
>91% of the diet for the other species. Addi-
tional prey included one species of squid, three
of crustaceans, and three other mesopelagic fish
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TABLE 1.
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Indices of overlap in the diets of seabirds in the Scotia-Weddell Confluence, winter 1988; diet

composition is determined by weight (n = number of samples).

n FUSO PEAN PEBL PETC PETS PTKG
Southern Giant Petrel 1 0.000 0.000 0.000 0.000 0.000 0.000
Southern Fulmar 11 — 0.874 0.995 0.952 0.999 0.995
Antarctic Petrel 30 - 0.849 0.945 0.867 0.917
Blue Petrel 8 - 0.929 0.997 1.000
Cape Petrel 12 - 0.948 0.929
Snow Petrel 46 - 0.997
Kerguelen Petrel 1 -

(which like E. antarctica, migrate to the surface
at night; see Ainley et al. 1991 and 1992 for
further details.). Sample sizes for Southern Giant
Petrel and Kerguelen Petrel were small but diet
composition did not differ from individuals of
these species collected in other seasons in the
study area (Ainley et al. 1992) nor from those
collected at sea elsewhere in the Antarctic (Ainley
et al. 1984, 1992).

Diet overlap exceeded 0.848 in comparisons
among all species, except for those with Southern
Giant Petrel, where the overlap index was 0.000
(Table 1). Size of prey did not differ significantly
either (Ainley et al. 1992). Obviously, diets were
highly similar.

Other than the selection of myctophids over
the more abundant euphausiids in both habitats,
the composition of seabird diets reflected the rel-
ative abundance of the various prey species in
the water column (Ainley et al. 1992). In both
the pack ice and the open water, the composition
and relative abundance of potential prey in the
micronektonic fauna was similar; the only major
difference in prey availability was the shallower
occurrence of organisms in waters covered by ice
(Lancraft et al. 1989, 1991, see also Ainley et al.
1986).

DISCUSSION

The open-water and pack-ice assemblages over-
lapped in space but not time, depending on
whether or not pack ice covered the “common™
water. As noted above, species composition of
the pack-ice assemblage was the most persistent
in space and time among seabird fauna thus far
studied anywhere in the world ocean (Ribic and
Ainley 1988/89). The pack-ice assemblage ob-
served in this study also contained some addi-
tional species that did not appear in our exper-
imental results. Emperor Penguins Aptenodytes
Jorsteri and Adélie Penguins Pygoscelis adeliae

were not present in the dynamic pack-ice zone
but were present farther into the pack (as deter-
mined on other legs of the cruise; Ainley et al.,
in press). Because of their reduced mobility, pen-
guins likely found it difficult to cope with rapid
changes in habitat and, thus, avoided the zone
of variable ice cover. Similarly, the Chinstrap
Penguin P. antarctica also resided just out of the
dynamic pack ice zone, in this case in open water.

Results thus show experimentally that the
boundary between the open-water and the pack-
ice seabird assemblages in the Antarctic is de-
termined by a physical environmental factor, the
location of the pack ice edge, and not by differ-
ences in prey species’ occurrence patterns. Such
a conclusion had been deduced by inference from
seasonal correlations (Ainley et al. 1992, in press).
In the experiment there were no differences in
either prey density or in prey type (Lancraft et
al. 1989, 1991) to confound the separation of
factors that were responsible for seabird species’
residency. In that regard, results supported the
contention that, when not constrained by breed-
ing, seabirds forage opportunistically depending
on the availability of prey in their preferred hab-
itat (reviewed by Hunt and Schneider 1987; see
also Ainley et al. 1991, 1992).

Can conclusions from our experiment be gen-
eralized to other avifaunas? Compared with pack
ice, few other physical features anywhere in the
world ocean form such a stark environmental
boundary in surface waters. The most closely
comparable situation is in the tropical Atlantic,
where extensive mats of pelagic Sargassum pro-
vide a habitat physically distinct from the open
water (Haney 1986a, 1986Db). In the ice system,
sea-surface temperature, an important seabird
habitat variable elsewhere (e.g., Briggs et al. 1987,
Hunt and Schneider 1987, Wahl et al. 1989), is
also important, but this factor, too, is strongly
driven by the presence or absence of ice, which
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in this experiment was determined by air tem-
perature.

Our results provide a clear example of a sit-
uation in which physical factors strongly affect
species composition, although the way in which
these factors exert their control and the reason
that year-round resident, pack-ice species avoid
open water require additional study (see below).
Ainley et al. (in press) show that open-water spe-
cies become much less abundant during winter,
and Ainley et al. (1991) show that food avail-
ability at the surface decreases as well in open-
water (but not in pack ice) at that time. Thus,
there appears to be little reason for the pack-ice
species to expand their habitat to include that
left vacant by seasonal species. In general, the
phenomenon appears analogous to that involv-
ing year-round, resident tropical landbird spe-
cies, which remain in their respective niches even
when adjacent habitats and niches are vacated
seasonally by migrants (see Keast [1980] for a
summary). The polar Southern Ocean and sea-
bird habitats in general, however, are much less
stable and less predictable as avian habitat than
are tropical forests; an enormous seasonal con-
trast in productivity exists and biological re-
sources are patchy when they are available (see
Smith and Sakshaug 1990). In such a situation,
one might expect physical features to determine
species composition. The converse situation ap-
pears to be the tropical, terrestrial habitats, which
are stable over a broad temporal scale and in
which patchiness of resources is expressed at a
much finer spatial scale (see review in Wiens
[1989)).

We hypothesize that the pack-ice species, as a
result of alteration in behavior, morphology and
physiology, are able to exploit the opportunities
present in the pack ice. Lacking these adaptations
(some of which we discuss below), open-water
species remain clear of the ice. Some of the pos-
sible adaptations involved are as follows:

First, the behavior of prey might be altered by
the presence of pack ice, a situation that would
require specialization in foraging behavior to al-
low successful exploitation. Several potential prey
organisms rise closer to the surface under the ice
than they do in the open water (Ainley et al.
1986), especially during winter (Ainley et al.
1991). Among the aerial pack-ice species, Snow
and Antarctic petrels exhibit feeding techniques
to surprise organisms who reside under ice floes
and who at times stray close to floe edges (Ainley
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etal. 1984). Snow Petrels, especially, have a wing
shape that allows the high degree of maneuver-
ability needed to fly along the irregular floe edges,
as these petrels characteristically do (Griffiths
1983; Ainley et al. 1984; Spear, Ainley and Ribic,
unpubl. data). Snow Petrels can also capture prey
by ambush feeding, in which their cryptic plum-
age allows them to rest unobserved on the ice at
floe edges. Among other pack-ice species, the
Antarctic Petrel feeds by pursuit plunging, a be-
havior that allows it to fly rapidly and plunge
head-long into the water of the ephemeral leads
between floes, sometimes to appreciable depths.
Whether or not any specialized feeding behaviors
exist for species such as Antarctic Fulmars is
unknown,

Second, pack-ice and open-water species could
be adapted to different temperature regimes. This
possibility requires much additional research but
is suggested by the fact that all pack-ice species
frequently rest and huddle on ice surfaces (floes
and bergs). Such behavior is rare among the open-
water species, even though ice bergs can exist
well away from the pack ice. Finally, the wind
patterns and swells that seabirds use to their ad-
vantage in flight on the open sea (Pennycuick
1987) are not available over the pack ice (Grif-
fiths 1983). Thus, for this reason, too, aerial
pack-ice species may possess different flight mor-
phology than do aerial open-water birds, a sub-
ject we are currently investigating (Spear, Ainley
and Ribic, unpubl. data).
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