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GLACIERS

Ocean forcing of glacier retreat in the
western Antarctic Peninsula
A. J. Cook,1,2* P. R. Holland,3 M. P. Meredith,3 T. Murray,1

A. Luckman,1 D. G. Vaughan3

In recent decades, hundreds of glaciers draining the Antarctic Peninsula (63° to 70°S) have
undergone systematic and progressive change.These changes are widely attributed to rapid
increases in regional surface air temperature, but it is now clear that this cannot be the sole
driver. Here, we identify a strong correspondence between mid-depth ocean temperatures
and glacier-front changes along the ~1000-kilometer western coastline. In the south, glaciers
that terminate in warm Circumpolar Deep Water have undergone considerable retreat,
whereas those in the far northwest, which terminate in cooler waters, have not. Furthermore,
amid-oceanwarming since the 1990s in the south is coincident withwidespread acceleration of
glacier retreat.We conclude that changes in ocean-induced melting are the primary cause of
retreat for glaciers in this region.

T
he Antarctic Peninsula (AP) glaciers north
of 70°S have the potential to raise sea level
by 69 ± 5 mm (1), so any imbalance in their
mass budget is of global importance. The
region has undergone rapid warming in

the latter half of the 20th century (2), and it is
widely accepted that this has had a substantial
impact on the ice sheet (3–6). The established
theory that retreat of floating ice shelves is linked
to a southerlymigration of anatmospheric thermal
limit (7) might also be considered likely to apply
to retreat of marine-terminating glacier fronts.
Indeed, themost significant glacier area loss over
the past few decades has occurred in the north-
east (8), which is north of the thermal limit and
where the atmospheric temperature rise has
been greatest.
Glaciers flowing westward from the AP pla-

teau have, however, shown notable differences in
frontal change over the same period. Overall ice
loss has been greater in the south than the north,
and glaciers in the northwest have remained
stable (8). A previous study suggested that atmo-
spheric warming may not be responsible for
glacier change in this region because the migra-
tion from advance to retreat implied a warming
more rapid than that observed (9). Indeed, spa-

tial and temporal patterns of atmospheric forcings,
including surface temperatures (10), melt dura-
tion (4), and precipitation (11), exhibit no clear
relationship with the distinct north-south gra-
dient of glacier-front changes along the west
coast (8).
In the southwestern Bellingshausen Sea, rapid

thinning of the ice shelves and their tributary
glaciers has occurred during the past decade
(12, 13), and it has been proposed that this is
caused by changes in upper-ocean heat content
(14, 15). The much larger ice loss from the West
Antarctic Ice Sheet has also been linked to changes
in heat content in the adjacent Amundsen Sea
(16, 17), which is similarly dominated by Circum-
polar Deep Water (CDW) in its deeper layers.
There, basal melting causes ice-shelf thinning,
grounding-line retreat, and a loss of buttress-
ing to the grounded ice inland. Variations in
tidewater glacier termini are more complex, but
several recent studies of Arctic glaciers have con-
cluded that calving rates are strongly depen-
dent on ocean temperatures [e.g., (18)]. Until
now, the role of the ocean (as opposed to the
atmosphere) as the dominant driver of glacier
frontal retreat on the western AP has not been
considered.
Although the oceans around Antarctica are

notoriously data-sparse, theWorldOceanDatabase
2013 (19) contains a sufficiently high spatial den-
sity of ocean temperature and salinity measure-
ments to the west of the AP to enable regional
mean temperature estimations (1945 to 2009) (20).

When considered alongside observed changes in
the glacier fronts (Fig. 1), a strong spatial cor-
relation between the distribution of retreating
glaciers and the pattern of mean ocean temper-
ature over this period is revealed. Nearly all the
glaciers south of Brabant and Anvers islands
(~65°S), which discharge into warm ocean regions
dominated by CDW, have suffered retreat. In con-
trast, themore northerly glaciers, which discharge
into the cooler Bransfield Strait Water (BSW),
experienced only small frontal changes indicative
of relative stability over the 65 years for which
observations are available. Furthermore, a south-
ward increase in ice loss per glacier revealed in an
earlier study (8) corresponds to a distinct and
coherent spatial distribution in ocean temper-
atures (Fig. 2A). Ocean temperatures in this
region are highly variable in the upper 100 m,
but a pronounced north-south gradient becomes
progressively more apparent at greater depth.
Partitioning the ocean adjacent to the AP into

six regions of approximately equal area reveals
three distinct oceanographic regimes (21, 22)
(Fig. 2, B and C). To the south and west, warm
and saline CDW is prevalent across the Belling-
shausen Sea shelf. This CDW is overlain by colder
and fresher Winter Water (WW) and Antarctic
SurfaceWater (AASW) formed by the interaction
of CDWwith the cryosphere and atmosphere. To
the northeast, theWeddell Sea shelf contains cold
and saline Shelf Water, which is heavily influ-
enced by heat loss to the atmosphere and sea-ice
production in theWeddell Sea. In the Bransfield
Strait, northwest of the AP, the BSW is amixture
of Shelf Water and variants of CDW, again
modified by air-sea-ice interaction. Crucially,
these three water masses present very differ-
ent thermal forcing to the glaciers abutting the
ocean: the Shelf Water, BSW, and CDW average
approximately 1°, 2°, and 4°C above the seawater
freezing temperature, respectively (Fig. 2C). Gla-
cier melting is expected to increase linearly or
above-linearly with temperature above freez-
ing, depending upon the geometry of the ice
face and the presence of subglacial meltwater
discharge (23, 24).
The relationship between the ocean temper-

atures and glacier front change is also quantita-
tively robust (Fig. 3). Glaciers that have the
warmest ocean temperatures near their fronts
have retreated most significantly, and glaciers
that are adjacent to the coolest water have re-
mained stable or advanced. The relationship is
strongly depth-dependent: Temperatures at and
below 150-m depth display similar correlations,
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whereas at shallower depths there is no system-
atic relationship. The skewed nature of the glacier
change rates (attributed to the wide range of
glacier basin areas and characteristics) precludes
linear regression, but when tested by rank order,
strong correlations become apparent (table S1).
Spearman’s rank correlation between relative
change rates (in % a−1) and mean temperatures
becomes stronger with depth. There is no correla-
tion at 50 and 100 m, but deeper than this, the
correlations are statistically significant (P < 0.01).
A relationship between ice-front history and

deep ocean temperature is consistent with the
expected dynamics of oceanmelting of glacier ice
in locationswhere the seabed is sufficiently deep.
Several studies have shown that release of fresh,
buoyantmeltwater causes an upwelling at the ice
face that draws in water at depth and drives a
flow away from the glacier at the surface or
pycnocline (25–27). Where present, this circulation
preferentially delivers source waters for melting
at depth, with melting comparatively insensitive
to the properties of the shallower waters. The
available bathymetric data for the western AP
region support a connection between the deeper
shelf waters and the glacier fronts (fig. S1).
We hypothesize that the spatial relationship

between ocean properties and glacier change in
the western AP is a consequence of the differing
thermal characteristics of the two oceanographic
regimes. The regimes have different temporal
variabilities, with CDW variations originating in
the transport and mixing of water from the Ant-
arctic Circumpolar Current (ACC) and BSW var-
iations originating in atmosphere-ocean interaction

284 15 JULY 2016 • VOL 353 ISSUE 6296 sciencemag.org SCIENCE

Fig. 2. Ocean conditions surround-
ing the AP. (A) In situ temperature of
the ocean surrounding the AP at
specific depths. The six regions are
defined by east/west and by two-
degree latitudinal bands, up to 100 km
off the AP coast. (B) Mean in situ
temperature profile in each region. The
dashed line is the in situ freezing
temperature. (C) Potential
temperature–salinity diagram
showing the different water masses in
different regions, namely Shelf Water
(SW), BSW, CDW, WW, and AASW.
Gray lines are contours of surface
density anomaly, and the dashed line
is the freezing temperature.
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Fig. 1. Mean ocean temperatures and overall glacier area changes, 1945 to 2009. Mean in situ
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and sea-ice formation over the Weddell Sea shelf
(28). Ocean heat content in the Bellingshausen
Sea is known to have increased, attributed to an
increase in CDW upwelling onto the shelf, a de-
crease in heat loss to the atmosphere, and a slow
warming of CDWoffshore of the shelf (29, 30). In
common with changes on the Amundsen Sea
shelf (17), the primarymanifestation of the chang-
ing heat content is a change in the thickness of
the deep CDW layer through a shoaling of the
pycnocline. The BSW farther north, however, orig-
inates in a different climatic regime from CDW,
where ocean temperatures are constrained near
the surface freezing point by sea-ice processes,
thus removing the potential impact of any tem-
perature variability.
Although there are too few repeated ocean

measurements before the 1990s to establish the
significance of oceanic changes over the full pe-
riod of glaciological data, there are sufficient ob-
servations of the northern Bellingshausen Sea to
examine changes there since 1990. These obser-
vations reveal that the oceanwas warmer on aver-
age in the 2000s than the 1990s, particularly at
depths between 100 and 300 m in the southwest
region (Fig. 4). During the late 1990s, a universal
acceleration in glacier retreat occurred, apparent
in all coastal regions except in the northwest (8)
(fig. S2). The available oceanographic observa-
tions are therefore consistent with our hypothe-
sis of ocean-driven glacier retreat.
We conclude that ocean temperatures below

100-m depth have been the predominant control
on multidecadal glacier front behavior in the
western AP. Glaciers abutting the warm, and
warming, CDW regions in the Bellingshausen
Sea have retreated, whereas those discharging
into cooler BSW in the Bransfield Strait have
not. The wide-scale regional ocean temperature
pattern has existed since the earliest records, and
the ocean heat content in regions dominated
by CDW has increased since at least as long ago
as the 1990s. Warming has primarily occurred

at mid-depths (100 to 300 m) in these regions.
Most important, ocean warming has occurred
concurrently with a widespread acceleration in
glacier retreat.
Ice shelves farther south in the Bellingshausen

Sea are already recognized as being susceptible
to ocean forcing (13, 14, 31), but this study shows
that relatively warm coastal seas are also driving
frontal retreat in 596 (90%) of the 674 marine-
terminating glaciers farther north. Indeed, the
climatic setting and marine-terminating nature
of these AP glaciers mean that they share greater
similarity to other “near-polar” environments
where similar marine-terminating glaciers dom-
inate (e.g., Greenland, Alaska, Patagonia, Svalbard,
and some sub-Antarctic islands) than to the rest
of Antarctica. Furthermore, our results emphasize
the likely sensitivity of all such systems to changes
in deep coastal waters and caution against assum-
ing the dominance of atmospheric forcing, even
where that warming is strong, as in the case of
the AP. Our observations demonstrate clearly
that simulations of glacier change over the past
half-century that are driven solely by atmospheric
climate [e.g., (32)] would fail to capture the most
salient processes driving ice loss in the AP. It fol-
lows that predictive models employed to project
future ice loss from glacial systemswheremarine-
terminating glaciers abound will require cou-
pling to oceanic, as well as atmospheric, forcing.
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EVOLUTIONARY COGNITION

Ducklings imprint on the
relational concept of
“same or different”
Antone Martinho III* and Alex Kacelnik*

Theability to identify and retain logical relations between stimuli and apply themtonovel stimuli
is known as relational concept learning.This has been demonstrated in a few animal species
after extensive reinforcement training, and it reveals the brain’s ability to deal with abstract
properties. Here we describe relational concept learning in newborn ducklings without
reinforced training. Newly hatched domesticatedmallards that were briefly exposed to a pair of
objects that were either the same or different in shape or color later preferred to follow pairs of
newobjects exhibiting the imprinted relation.Thus, even in a seemingly rigid and very rapid form
of learning such as filial imprinting, the brain operates with abstract conceptual reasoning, a
faculty often assumed to be reserved to highly intelligent organisms.

R
elational concepts, such as “same” and
“different,” have been demonstrated in a
few animal species, typically after extensive
training (1, 2). Relational concepts differ
from other forms of categorical general-

ization. For instance, pigeons and bees can be
trained to discriminate whether novel images

contain humans or not (3), or whether novel
paintings are by Monet or Picasso (4), by relying
on the similarity between features of the training
and of the novel stimuli. In relational concept
learning, however, relative properties between
training stimuli generate the relationship that
has to be generalized to sets of novel stimuli (5).

The relations of “same” and “different” have
been used to study relational concept learning
in a few primates and birds (6), using a variety
of protocols. For instance, in the identity match-
ing to sample (IMTS) protocol, an animal sees a
sample stimulus and subsequently chooses be-
tween two test stimuli, one of which is identical
to the sample. Reinforcement can be contingent
on responding to the identical one (“same”) or
to the alternative (“different”). Honey bees can
learn this discrimination and even transfer a
correct response to novel stimuli across sensory
modalities (olfaction and visual texture) (7). The
IMTS task requires learning the appropriate com-
parison between the working-memory represen-
tation of the sample and the currently perceived
test stimuli, but it does not require interpreting
an abstract relationship between perceived items
and then reapplying the same relation to dis-
criminate between sets of novel objects.
A different procedure, that isolates relational

learning, involves presenting more than one
stimulus as a sample, and then selecting, from
between various sets of stimuli, the set that has

286 15 JULY 2016 • VOL 353 ISSUE 6296 sciencemag.org SCIENCE

Fig. 1. Imprinting and testing stimuli. Newborn ducklings were first ex-
posed to a pair of objects revolving about the center of a training arena, then
tested with two novel pairs of objects. (A) Example of a “different shape”
training stimulus pair. (B) Example of a “same color” training stimulus pair.
After this exposure, the ducklings were tested for their preference between
two novel stimulus pairs revolving in apposition. (C) A duckling trained with

the set shown in (A) demonstrates its preference for a novel “different
shape”’ stimulus over an also-novel “same shape” stimulus. (D) A duckling
trained with the stimulus pair shown in (B) approaches a novel “different
color” stimulus pair—an incorrect response. (E) The same duckling later in
the same trial correctly approaches and closely follows the novel “same
color” stimulus.

Department of Zoology, University of Oxford, South Parks
Road, Oxford OX1 3PS, UK.
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