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INTRODUCTION
The fossil record for living penguin species 

is relatively poor (Fordyce and Jones, 1990). 
However, numerous abandoned and active col-
onies of Adélie Penguin (Pygoscelis  adeliae) 
exist in the Ross Sea region, Antarctica, where 
the cold, dry environment facilitates preserva-
tion and mummifi cation of ancient tissue and 
other remains (bone, skin, feathers, guano, 
and eggshell; Baroni and Orombelli, 1994a; 
 Lambert et al., 2002; Polito et al., 2002; Emslie 
et al., 2003; Shepherd et al., 2005). Moreover, 
since breeding Adélie penguins require ice-
free terrain for nesting, open-water access to 
this terrain, and adequate marine food supplies 
nearby, abandoned colonies are a proxy for 
these conditions in the past. Here, we report 
62 new radiocarbon dates on Adélie Penguin 
remains from 21 active and abandoned sites at 
11 localities in the Ross Sea, as well as one  fossil 
molt site. The 62 radiocarbon dates, along with 
previously published dates on this  species, pro-
vide an occupation history of  Adélie penguins 
that now spans the past 45,000 yr, the longest 
known for any living species of penguin. By 
comparing this occupation history with the 
paleoclimatic record, we show that penguin 
distributions have shifted over millennia with 
climate change and sea-ice extent.

METHODS
Abandoned penguin colonies were excavated 

following published methods (Emslie et al., 
2003). Samples were dated from 23 sites at 
11 localities (see the GSA Data Repository1). 
Organic remains were sorted from excavated 
sediments and submitted to the Rafter Radiocar-
bon Laboratory, New Zealand, or Beta Analytic, 
Inc., Coral Gables, Florida, for accelerator mass 
spectrometry (AMS) radiocarbon analysis.

All radiocarbon dates less than 26,000 years 
old were calibrated for the marine- carbon res-
ervoir effect using a ΔR = 750 ± 50 yr and 
the CALIB 5.0 software program with the 
MARINE04 database (Stuiver and Reimer, 
1993; Hughen et al., 2004) or by the  Pretoria/
Beta Analytic calibration program at Beta 
 Analytic, Inc. These calibrations provide a mini-
mum and maximum age for each sample in cal-
endar yr B.P. (cal yr B.P.) with 95% accuracy 
that the true date of the sample falls within this 
range. The 62 new radiocarbon dates on penguin 
remains (GSA Data Repository, see footnote 1) 
were compared with previously published dates 
from the Ross Sea region (Harrington and 
McKellar, 1958; Harrington, 1960; Spellerberg, 

1970; Stonehouse, 1970; Speir and Cowling, 
1984; Heine and Speir, 1989; Baroni and Orom-
belli, 1994a; Lambert et al., 2002; Polito et al., 
2002; Emslie et al., 2003; Hall et al., 2004; 
Baroni and Hall, 2004), which were calibrated 
using the same methods, to develop the occupa-
tion history.

Only dates from ornithogenic (bird-formed) 
soils, that represent bona fi de evidence of for-
mer breeding by penguins, or penguin molt 
layers were used in this analysis. In addition, 
questionable dates that were far outside the 
range of dates on associated material and/or 
were stratigraphically mixed were excluded. 
These dates included one reported from bot-
tom layers of an abandoned colony at Cape 
Bird (Speir and Cowling, 1984). The authors 
reported the age on penguin remains as 7070 
± 180 14C yr B.P., but Heine and Speir (1989) 
reported this same date (by similar laboratory 
numbers) on penguin bone at 8080 ± 160 14C 
yr B.P. and did not cite the other date. This 
site was relocated in 2001, based on a map 
and description in Heine and Speir (1989), 
and excavated to the base of the ornithogenic 
sediments. Five radiocarbon dates on pen-
guin bones, selected from the top to bottom 
of the exposed profi le, produced ages rang-
ing between 590 and 140 cal yr B.P. (Emslie 
et al., 2003). Thus, the two reported dates of 
7070 and 8080 yr B.P. are considered invalid. 
Two dates on guano from ornithogenic sedi-*E-mail: emslies@uncw.edu.
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ments at Cape Hickey are reported as 11,325 
± 360 and 13,070 ± 405 yr B.P. (Baroni and 
Orombelli, 1994a). Two additional old guano 
dates also have been reported from this site 
(Lambert et al., 2002). However, all these dates 
from Cape Hickey may be contaminated by old 
carbon and are considered invalid (Hall et al., 
2004). Two old dates on guano from Campo 
Icarus (TO-4966, 10,180 ± 150 yr B.P.) and 
Gondwana Station (TO-4965, 9220 ± 100 yr 
B.P.; Lambert et al., 2002) were redated by 
Baroni and Hall (2004) and were found to be 
much younger in age than originally reported 
(OS-27673 and OS-27547, respectively).

HISTORY OF THE ROSS ICE SHEET
Two sites have produced a series of radio-

carbon dates that verify the presence of breed-
ing penguins in the Ross Sea during the mid-
 Wisconsinan (Fig. 1; GSA Data Repository, 
see footnote 1). Cape Hickey is a remote site 
where only a few small pockets of ornithogenic 
soils from abandoned colonies are exposed. The 
oldest dates on penguin eggshells from these 
deposits range from 27,170 to 43,010 14C yr B.P. 
and imply that open water existed there during 
that period. The sites were re-exposed by ca. 
4000–3000 cal yr B.P. because dates on penguin 
remains from upper deposits indicate reoccupa-
tion by breeding penguins at that time. In addi-
tion, an exposure of laminated layers of pen-
guin tissue and bone under ~20 m of overlying 
sediments was discovered on Beaufort Island by 
Seppelt et al. (1999) in 1997 and was described 
as a possible former breeding colony of Emperor 
or Adélie penguins. Our visit to the site in 2005 
indicated that the deposits are not characterized 
by ornithogenic soils as found at abandoned 
colonies, but are dominated by  matted layers 
of pin feathers that are characteristic of molting 
sites. The feathers and bones have been identi-
fi ed as Adélie Penguin. Two feathers and one 
bone from these layers dated beyond the range 
of radiocarbon dating (>44,000 yr old) and are 
now the oldest known records for this species. 
This site also implies that open water existed 
in the Ross Sea in the mid-Wisconsinan. These 
deposits were probably covered by glacial ice 
for most of the period following the last advance 
of the marine-based Ross Ice Sheet.

These pre-Holocene dates on penguin remains 
are consistent with terrestrial and marine glacial 
geological data. During the late Quaternary Last 
Glacial Maximum (LGM), grounded ice from the 
Ross Ice Sheet extended as far north as Coulman 
Island in the Ross Sea Embayment (Fig. 1; Ander-
son et al., 1992; Licht et al., 1996; Conway et al., 
1999; Shipp et al., 1999). Previous research has 
shown that glacial ice did not advance into the 
mouth of Taylor Valley until after 24,000 14C yr 
B.P. (Hall and Denton, 2000). Dates on foramin-
ifera from glacial marine sediments on the western 

Ross Sea continental shelf just northward of the 
LGM grounding line also show that open-water 
conditions existed there until at least ca. 22,000 
14C yr B.P. (Licht et al., 1996). Additionally, 
the solar insolation curve for 65°S (Berger and 
Loutre, 1991) shows a period of above average 
insolation (>440 W/m2) from 54,000 to 38,000 
yr B.P., suggesting possible solar forcing for this 
period of open water in the Ross Sea (Fig. 2), 
particularly considering that a change in exter-
nal forcing takes 8000–10,000 yr to propagate 
through the ice mass. Thus, the Ross Ice Sheet, 
or an ice shelf extending from the grounding 
line, could not have advanced past Cape Hickey 
until after ca. 27,000 14C yr B.P. and reached its 
LGM grounding line in the western Ross Sea by 
ca. 18,000–20,000 14C yr B.P. (Ingólfsson et al., 

1998; Domack et al., 1999). This rate of ice sheet 
advance is similar to that of its retreat, the latter 
of which is estimated at ~50–100 m/yr based on 
marine-sediment data (Licht et al., 1996; Domack 
et al., 1999; Licht and Andrews, 2002).

No data exist as to where Adélie penguins 
had breeding colonies during the LGM, or 
prior to 45,000 14C yr B.P. We can only specu-
late that populations were reduced during these 
periods and that refuges were located on ice-
free islands beyond the continental shelf (e.g., 
Balleny Islands), or on a shallow exposed 
shelf when sea level was ~80 m lower at this 
time (Chappell et al., 1996; Waelbroeck et al., 
2002). Thus, these earlier sites may now be 
obliterated, under water, or under existing ice 
shelves and glaciers.

Figure 1. Location of study region in Antarctica and ages for Adélie penguin occupations (in 
calendar yr B.P. [cal yr B.P.]) in Ross Sea over 45,000 yr. Locations of Ross Ice Shelf ground-
ing lines since mid-Wisconsinan also are shown in radiocarbon years, (14C yr B.P.).
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HOLOCENE PENGUIN OCCUPATIONS
The radiocarbon chronology reveals that the 

Ross Sea was not reoccupied by breeding pen-
guins until after Ross Ice Sheet began receding 
at ca. 13,000 14C yr B.P. (Conway et al., 1999; 
Domack et al., 1999). By ca. 9600 14C yr B.P., 
most of the northern Ross Sea (defi ned as north 
of the Drygalski Ice Tongue at 75°24′S) was 
open water again (Cunningham et al., 1999; 
Masson et al., 2000; Licht and Andrews, 2002), 
and the fi rst Holocene penguin occupations 
were restricted to the Terra Nova Bay region 
(North Adélie Cove and Campo Icarus) at ca. 
8000 cal yr B.P. (Baroni and Orombelli, 1994a; 
Lambert et al., 2002). By ca. 5000–4000 cal 
yr B.P., only a few sites were occupied along 
the central Victoria Land Coast (Prior Island 
to Terra Nova Bay), as well as Franklin Island 
(Fig. 1). This limited occupation correlates with 
a cooling period documented in the geologic 
and hydrologic records. Data from ice cores and 
raised beaches indicate that a Holocene “opti-
mum,” or period of warming and glacial retreat, 
occurred from ca. 7000 to 5000 cal yr B.P. in the 
Ross Sea (Ingólfsson et al., 1998; Masson et al., 
2000; Baroni and Orombelli, 1994b), although 
Steig et al. (1998) and Cunningham et al. (1999) 
place the age for this retreat at 6000 cal yr B.P. 
The cooling period that followed this “opti-
mum” may have caused extensive permanent 
sea ice or unfavorable marine conditions that 
prevented penguins from occupying sites along 
the Scott Coast; glacial readvancements also are 
documented in the Antarctic Peninsula, indi-
cating a widespread climatic event at this time 
 (Ingólfsson et al., 1998). However, open water 

must have existed in the Terra Nova Bay region 
by at least 5000–4000 cal yr B.P. to allow pen-
guins to reach breeding colonies in this area as 
well as at Franklin Island; this supports marine 
sedimentary data for a mid-Holocene origin 
of the Terra Nova polynya that persists in this 
region today (Berkman et al., 1998).

From ca. 4000 to 3000 cal yr B.P., there was 
extensive occupation by Adélie penguins along 
the central to southern coastlines, which was 
asso ciated with climate warming. This occupa-
tion period has been referred to as the “penguin 
optimum” (Baroni and Orombelli, 1994a). Our 
data support this optimum, but with one occu-
pation enduring at Marble Point in the southern 
Ross Sea until ca. 2000 cal yr B.P. After that 
time, the southern Ross Sea was abandoned by 
breeding penguins for ~900 yr, probably due to 
extensive permanent sea-ice coverage at that 
time that blocked access to ice-free terrain along 
the Scott Coast (Emslie et al., 2003). In concor-
dance with this abandonment, the record now 
shows the earliest known occupation at Cape 
Adare in the northern Ross Sea, with contin-
ued occupation of Inexpressible Island in Terra 
Nova Bay (Fig. 1). Another new occupation 
occurred at Edmonson Point shortly after these. 
Cape Adare now has the largest Adélie Penguin 
colony in Antarctica with an estimated size of 
~85,000–135,000 nests (Woehler, 1993; Ainley, 
2002). The colony is located on a broad fl at beach 
only 1–2 m above present sea level. Parallel-
trending ridges and mounds on this beach that 
extend for hundreds of meters have been de -
scribed as raised beaches (Colhoun et al., 1992), 
but are composed of basal beach sediments 

capped entirely by ornithogenic soils formed by 
breeding penguins. Thus, these exten sive ridges 
are all bird-formed and are not the result of any 
geological or glaciological processes.

Until now, no penguin remains have been 
dated from Cape Adare, contrary to what has 
been inferred in the literature (Ingólfsson et al., 
1998; Cunningham et al., 1999; Licht et al., 
1999). Dates presented here on the ornithogenic 
sediments from the mounds on the beach as well 
as abandoned sites on a terrace 300 m above the 
beach indicate that penguin occupation at this 
colony did not begin until ca. 2000 cal yr B.P. 
This late Holocene occupation coincides with 
extensive abandonment to the south (Emslie 
et al., 2003) and may be interpreted as a shift in 
the population center for Adélie penguins to the 
northern Ross Sea at the end of the “penguin opti-
mum.” Most of the currently active penguin colo-
nies in the northern Ross Sea have been dated to 
no older than ca. 2000 cal yr B.P., while the old-
est in the southern Ross Sea do not predate ca. 
1100 cal yr B.P. (Polito et al., 2002; Emslie et al., 
2003). Only one colony at Inexpressible Island 
appears to have had a continuous occupation for 
the past ~7000 yr, perhaps in association with the 
inception of the Terra Nova Bay polynya. While 
most active colonies in the southern Ross Sea 
have been dated, at least ten others in the northern 
Ross Sea, located on Coulman Island and north to 
Cape Adare, have not yet been dated and warrant 
further investigation.

CONCLUSIONS
The Adélie Penguin record indicates major 

shifts in this species’ population in the Ross Sea 
during the Holocene, including two periods of 
large-scale abandonment at 5000–4000 and 2000–
1100 cal yr B.P. These population shifts are in 
accord with ancient DNA data from this species 
that evince a high rate of microevolution over the 
past 6000 yr in the Ross Sea, perhaps in response 
to mega- icebergs and a constantly changing sea-ice 
regime over millennia (Shepherd et al., 2005). Our 
data reveal that the current distribution of Adélie 
penguins in the Ross Sea is a relatively recent phe-
nomenon resulting from thousands of years of cli-
mate change. We expect that population shifts by 
Adélie penguins will remain a dynamic process in 
this region of Antarctica.
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Figure 2. A: Solar insolation forcing for 65°S adapted from original in Berger and Loutre (1991). 
Histogram depicts periods of Adélie penguin occupation with heights of bars providing fre-
quency of radiocarbon dates on penguin remains per time period. Occupation periods indi-
cate open-water conditions in Ross Sea at those times. B: Composite relative sea-level curve 
(approximates eustatic value) showing confi dence interval in gray modifi ed from Waelbroeck 
et al. (2002). Antarctica’s relative sea-level history will be somewhat different because of ice 
sheet’s isostatic effects; however, local data for entire time interval are not available.
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