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Fast-flowing ice streams transport ice from the interior of West
Antarctica to the ocean, and fluctuations in their activity control
the mass balance of the ice sheet. The mass balance of the Ross Sea
sector of the West Antarctic ice sheet is now positive—that is, it is
growing—mainly because one of the ice streams (ice stream C)
slowed down about 150 years ago'. Here we present evidence
from both surface measurements and remote sensing that
demonstrates the highly dynamic nature of the Ross drainage
system. We show that the flow in an area that once discharged
into ice stream C has changed direction, now draining into the
Whillans ice stream (formerly ice stream B). This switch in flow
direction is a result of continuing thinning of the Whillans ice
stream and recent thickening of ice stream C. Further abrupt
reorganization of the activity and configuration of the ice streams
over short timescales is to be expected in the future as the surface
topography of the ice sheet responds to the combined effects of
internal dynamics and long-term climate change. We suggest that
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caution is needed when using observations of short-term mass
changes to draw conclusions about the large-scale mass balance
of the ice sheet.

Both the volume and areal extent of the West Antarctic ice sheet
have decreased greatly since the early Holocene epoch*™, and there
is debate about its future, partly because of its potentially large effect
on global sea level’”. The grounding line in the Ross Sea sector has
on average retreated at about 120 myr ™' for at least 7,500 years; at
this rate, complete deglaciation of the Ross Sea sector will take about
7,000 years (ref. 7). However, recent calculations based on synthetic
aperture radar altimetry indicate overall growth of the Ross drai-
nage system'. It is unclear whether the present growth, which began
less than two centuries ago, is due to unsteady flow of the ice
streams, or if it signals the end of the Holocene retreat.

Fast-flowing ice streams dominate the modern drainage system
of West Antarctica. Fast flow is enabled through lubrication of the
bed by pressurized water and weak subglacial till*°, which allows
rapid motion (10% to 10> myr™') in spite of the very low surface
slopes and associated low gravitational driving stress'®"". The widths
of the Ross ice streams are constrained by relatively stable ridges of
slow-moving ice (Fig. 1), and spectacular zones of chaotic crevasses
form'* at the lateral margins of ice streams that are flowing faster
than about 100 myr~'. Emerging evidence of former (now buried)
shear margins and other relict flow features show that the configur-
ation and activity of the Ross ice stream system has undergone
major reorganization in the recent past; Siple ice stream stagnated
450 years ago (ref. 13; and B. E. Smith, unpublished results); the
lower reaches of ice stream C (ISC) stagnated 150 years ago'; the
Whillans ice stream (WIS) is now slowing and migrating'>"”. Such
changes are indicative of a highly dynamic drainage system that is
reminiscent of braided stream systems, which as a whole can be
relatively stable even as individual channels exhibit rapid reorgan-
ization over short timescales'®"’.

Flow stripes and surface morphology similar to those seen on
11,15

active ice streams'""” are visible in the image of the eastern end of

Figure 1 Satellite image of the Ross Sea ice drainage system in West Antarctica. White
dashed lines delineate the lateral margins of present and former ice streams. The active
ice streams (Whillans ice stream; WIS: ice streams A, D, E, F; ISA, ISD, ISE, ISF) flow at
speeds up to 800 myr~". Siple ice stream (SIS) stopped streaming 450 years ago (ref. 13;
and B. E. Smith, unpublished results) and the lower reaches of ice stream C (ISC)
stagnated about 150 years ago'.
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Ridge BC (Fig. 2). Our ground-based radar profiles (Fig. 3) confirm
the impression that ice once streamed across the ridge. The
disturbed internal layering and diffractors, which are the tops of
buried crevasses'’, indicate that streaming flow (faster than about
100myr ') with associated high rates of marginal shearing has
occurred in the past”. We calculate the time of slowdown by
tracking the deepest undisturbed radar layer across the top of the
buried crevasses to a nearby core where the age—depth relationship
has been measured®. Results indicate that streaming flow ceased
about 250 years ago, which is 100 years before the lower reaches of
ISC stagnated, but 200 years after Siple ice stream stopped.

The elevation of the northern tributary of Whillans ice stream
(WIS2) is now 120 m lower than ISC1 (a tributary of ISC), but the
direction of past flow must have been toward the north into ISC for
several reasons. (1) Analysis of the pattern of radar-detected internal
layers across Ridge BC has shown that WIS2 has thinned about
200 m relative to ISC1 over the past 1,000 years (ref. 21). (2) The
upper reaches of WIS2 are thinning® and if the present rate (0.6 to
0.8myr ') has persisted since 250 years ago, it would have been
150-200 m higher then. ISC1 has thickened about 50 m since it
stagnated®, and so by this analysis WIS2 would have been 80-130 m
higher than ISC1 250 years ago. Long-term thinning at half the
present rate would still place WIS2 higher than ISC1 250 years ago.
(3) The regional flow of ice is toward the northwest'. Hence, we infer
that this flow-path used to be a tributary to ISC, and because of its
location to the south of tributary ISC1 (previously thought to be the

Figure 2 Flow features at the eastern end of Ridge BC (location shown in Fig. 1). The
underlying image is derived from synthetic aperture radar data from the Radarsat
Antarctic Mapping Mission (AMM-1) mosaic?. Bright band at lower right is a result of
scattering from open crevasses at the margin of the northern tributary of the Whillans ice
stream (WIS2). Flow stripes, which are often visible on fast-flowing ice streams'®, are also
visible on the formerly active tributaries of ice stream C (ISC1 and ISC0). Black dashed
lines, elevation contours (metres above WGS84) derived from GPS measurements and
photoclinometry?®. White dashed lines, relict ice stream margins inferred from buried
crevasses that have been detected by others' and by us using ice-penetrating radar.
A-A'", the location of the radar traverse shown in Fig. 3. The measured accumulation rate
at the core site™ is 8.8 cmyr ™ (ice equivalent). Crevasse tops are about 18 m below the
surface along the southern margin of ISC1, which corresponds to an age of ~150yrs
before present, Bp. Crevasses on the newly discovered tributary ISCO are now buried 28 m
below the surface (corresponding age is 250 yr Bp). Present-day surface velocities
(represented by arrows) were calculated from repeat GPS surveys (up to 13 months
between surveys) of poles placed in the snow. The modern flow cuts across visible flow
stripes; apparently the motion in the new direction has not yet been sufficient to deform
the flow stripes significantly.
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southern-most tributary of ISC) we name it ice stream CO (ISCO).

Our measurements of surface velocity show that ice now flows
southward out of ISC1 toward WIS2 (Fig. 2), which is almost
completely opposite to the direction of past flow. The present-day
flow, which cuts across the relict margin of ISC1 and other visible
flow stripes (Fig. 2), follows closely the direction of surface slope.
Observations suggest the following sequence of events: (1) about
1,000 years ago WIS2 started to thin faster than ISC for some reason
that is unknown; (2) about 250 years ago thinning and inland
migration of WIS2 beheaded tributary ISCO and caused it to
stagnate; (3) continuing thinning of WIS2 and more recent thicken-
ing of ISC1 has subsequently altered the surface topography in a way
that has reversed the direction of both the gravitational driving
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Figure 3 Ice-penetrating radar profiles along A—A" in Fig. 2. Present-day flow direction is
into the page. Top, low-frequency (5 MHz) radar profile starts at 82.68° S 134.33° W and
ends on Ridge BC. The upper 40 m are not resolved by the system. The bright reflector
near 1,100 m is the bed. Internal layers on the ridges at both ends of the profile (visible to
depths of 700 m) are continuous and relatively undisturbed. The disturbed internal layers
between 6.5 km and 27.22 km are typical of those observed within active ice streams.
Bottom, high-frequency (100 MHz) measurements show near-surface details of the
transition across the western margin of the former ice stream. With this system the upper
5m are not resolved, but outside the limits of the former ice stream (27.22 to 27.4 km),
continuous internal layers are visible to depths greater than 60 m. Diffractors, visible
between 26.8 and 27.2 km within the ice stream, are the tops of buried crevasses,
indicating that high rates of strain have occurred in the past'?. The deepest undisturbed
layer across the tops of the buried crevasses is 28 m below the surface.
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stress and the flow of sub-glacial water (the basal hydraulic gradient
is controlled primarily by the surface slope®). This likely sequence
of events raises the possibility that the shutdown of flow of ice and
basal water through ISCO contributed to the eventual stagnation of
the trunk region of ice stream C about 100 years later. Others have
also suggested that the slow-down of ISC was a result of re-routing
of ice” or basal water*® away from the main trunk of the ice stream.

Of particular consequence are implications for the future. On the
basis of the present-day geometry (ice thickness about 1.1km,
surface slope about 1.8 X 10~ ?), measured surface velocities toward
WIS2 (up to 20 myrfl) are two orders of magnitude faster than
those expected from deformation of the ice column alone*. Most of
the speed today is a result of basal motion, which is not surprising
because fast flow requires a lubricated bed, and liquid water has
been detected in boreholes that have been drilled to the bed in the
region®. Basal meltwater production will increase if flow continues
to accelerate'®, which could lead to streaming velocities in the near
future. The mass balance of the Ross ice streams is now positive', but
flow of 600 myr ' through such a hypothetical tributary (WIS3—
1.1km thick and 30km wide) would discharge about
20 X 10" kgyr ™! and effectively eliminate the present imbalance
not only of ISC, but also of the entire Ross drainage system. 0
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Lateralization of brain functions, once believed to be a human
characteristic, has now been found to be widespread among
vertebrates'”. In birds, asymmetries of visual functions are
well studied, with each hemisphere being specialized for different
tasks*®. Here we report lateralized functions of the birds’ visual
system associated with magnetoperception, resulting in an
extreme asymmetry of sensing the direction of the magnetic
field. We found that captive migrants tested in cages with the
magnetic field as the only available orientation cue were well
oriented in their appropriate migratory direction when using
their right eye only, but failed to show a significant directional
preference when using their left eye. This implies that magneto-
reception for compass orientation, assumed to take place in the
eyes alongside the visual processes’', is strongly lateralized,
with a marked dominance of the right eye/left brain hemisphere.

In birds, fibres of the optic nerves cross over completely and
interhemispheric commissures are comparatively small. As a con-
sequence, visual input from the right eye is predominantly pro-
cessed by the left hemisphere and vice versa. Studies testing
monocular birds with one eye occluded suggest a division of
functions between the two hemispheres, with the left eye/right
hemisphere being specialized for geometric aspects of visual cues
and novelty®, whereas the right eye/left hemisphere predominantly
processes object vision>®'*. These studies concerned tests per-
formed in the small-scale surroundings of laboratories. However,
recent studies with pigeons homing over distances of up to 40 km
revealed that monocular birds using their right eye performed

AT

Figure 1 A robin ready for monocular testing. Left, view of the covered eye; right, view of
the open eye. J.T. took the photographs.
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