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time scales of ⬃6 min, implying structure
on scales of less than 10 km.
Methane lost from the upper atmosphere
of Titan because of photo dissociation has
to be replenished either from a large reservoir on the surface in the form of oceans or
episodically as a result of volcanic activity,
for example. A detailed knowledge of Titan’s surface can address this issue and is
the key to understanding the history of
Titan’s atmosphere.
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Contribution of the Patagonia
Iceﬁelds of South America to
Sea Level Rise
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Digital elevation models of the Northern and Southern Patagonia Iceﬁelds
of South America generated from the 2000 Shuttle Radar Topography
Mission were compared with earlier cartography to estimate the volume
change of the largest 63 glaciers. During the period 1968/1975–2000, these
glaciers lost ice at a rate equivalent to a sea level rise of 0.042 ⫾ 0.002
millimeters per year. In the more recent years 1995–2000, average ice
thinning rates have more than doubled to an equivalent sea level rise of
0.105 ⫾ 0.011 millimeters per year. The glaciers are thinning more quickly
than can be explained by warmer air temperatures and decreased precipitation, and their contribution to sea level per unit area is larger than that
of Alaska glaciers.
The Northern Patagonia Icefield (NPI), located completely in Chile, and the Southern
Patagonia Icefield (SPI), shared between
Chile and Argentina, are the largest temperate ice masses in the Southern Hemi1
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sphere (1). They cover an area of 4200 and
13,000 km2 (2, 3), respectively; receive
abundant precipitation (2 to 11 m of water
equivalent per year), with a large east-west
gradient; and discharge ice and meltwater
to the ocean on the west side and to lakes
on the east side via rapidly flowing glaciers
(4 ). Few reliable mass balance data on the
region exist, leaving considerable uncertainty in the estimation of its contribution
to sea level rise (SLR) (5⫺9). The fronts of
most of these glaciers have been retreating
over the past half century or more, and
discrete measurements of thickness change
in the ablation area of a few glaciers indi-
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cate rapid thinning (8). Yet the existing
data have not been sufficient to get an
accurate estimate of the total volume loss.
Here we report an estimation of volume
loss over the entire area of the icefields,
based on a direct method.
In February 2000, NASA and the U.S.
Department of Defense’s National Imaging
and Mapping Agency (NIMA) flew the
Shuttle Radar Topography Mission
(SRTM) to provide the first global topographic coverage of Earth between latitudes
⫹60N and 57S. The data were processed
into continental maps, with global positioning system (GPS) control, 7-m vertical precision, and 90-m horizontal posting (10), to
provide the first comprehensive and systematic topographic coverage of Patagonia
(Fig. 1). A comparison of SRTM data with
GPS surface reference data on Tyndall (11)
and Chico (12) Glaciers indicates local systematic vertical errors of –3 m and ⫹4.5 m,
which is consistent with the 7-m vertical
precision of SRTM and with negligible biases from the penetration of radar signals
into snow and ice (13).
Prior digital elevation models (DEMs)
of NPI and SPI were assembled from maps
compiled by the Instituto Geográfico Militar of Chile (IGMCh) and Argentina. Aerial
photographs from March 1975 produced
the first regular cartography by photogrammetric restitution, including analog analysis of the photographs and plotting of contour lines from stereo models in areas with
adequate stereoscopic views. In May 1995,
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IGMCh made a second regular cartography
for most of SPI, using digital photogrammetric procedures to cover with contour
lines areas with poor stereoscopic views or
not mapped in 1975. To complement these
data, we used Argentinean cartography from
1968 along the eastern side of SPI. DEMs
generated from the cartography have a vertical precision of 19 m for the IGMCh data and
50 m for the Argentinean data (14, 15).
The thinning rates measured at low elevation during 1968/1975–2000 (Fig. 2) are
several standard deviations larger than the
uncertainty of measurement (16 ). Thinning
varies significantly with elevation. Above
1200 m, the signal falls within the measurement error, and a large fraction (75%) of
the accumulation area is not covered by
contour lines in the 1975 IGMCh topography. Glacier thinning is observed well
above the equilibrium line altitude (ELA)
of SPI glaciers (table S1) and at the ELA of
NPI glaciers, however, suggesting that
thinning affects most of the high plateau
accumulation area.
Elevation changes measured at low elevations near the central flow line were fitted to a third-order polynomial as a function of elevation to extrapolate the results
to higher elevations, imposing the boundary condition that thinning drops slowly to
zero at the highest elevations, and eliminating measurements deviating by more than a
few standard deviations from the local
mean at low elevations. Model fitting is
justified by the similarity in ice thinning
with that observed in Alaska: an exponential decay of thinning with elevation and
little thinning at high elevation (17 ). Few
field data are available in the accumulation
area to quantify the uncertainty of our extrapolation, but existing data indicate thinning. Aniya (8) reports qualitative evidence
for ice thinning of 0.5 to 1 m/year in the
accumulation area of Soler and Arenales
(NPI). Rivera (12) measured meter-scale
ice thinning in the accumulation area of
Chico (SPI), using differential GPS data.
Meteorological data suggest that precipitation has changed little over NPI in the past
four decades but may have decreased 5%
on SPI (18), which is equivalent to a thinning of 0.38 m/year of ice if we assume a
mean accumulation rate of 7 m/year of
water for SPI (4 ).
Many glaciers experienced significant
frontal retreat between 1968/1975 and 2000
(2⫺4). Volume loss includes glacier thinning
over the year 2000 glacier basin and frontal
loss associated with glacier retreat at the
front, tributary branches, and ice margins
since 1968/1975. We find that volume loss by
glacier thinning is 4 to 10 times larger than
that by frontal loss (table S1). In NPI, the
glacier thinning of 24 glaciers is 2.63 ⫾ 0.4

3

2

km /year over an area of 3481 km , with a
frontal loss of 0.20 km3/year. Scaled over the
entire icefield of 4200 km2 (3), this implies a
volume loss of 3.2 ⫾ 0.4 km3/year. During
the same period, SPI glaciers lost 7.2 ⫾ 0.5
km3/year over an area of 8167 km2 and an

3

additional 1.3 km /year frontal loss. Scaled
over the entire icefield of 13,000 km2 (2), this
implies a loss of 13.5 ⫾ 0.8 km3/year of ice.
The total volume loss of NPI and SPI of
16.7 ⫾ 0.9 km3/year is equivalent to a SLR of
0.042 ⫾ 0.002 mm/year, with an ice density

Fig. 1. Location of the 63 surveyed glaciers,
labeled in white, overlaid on the topography
of (A) NPI and (B) SPI, derived from SRTM of
February 2000. Drainage boundaries between
glaciers are indicated in red. Elevation contours in gray lines are separated by 100 m
between 100 and 2000 m, and by 200 m
above 2000 m elevation. Ice-covered areas
are shown in white shaded relief. Non-ice
areas are shown in colored shaded relief with
illumination from the west. (C) Location of
the iceﬁelds in South America.
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of 900 kg/m3. This result agrees with earlier
rough estimates (8, 9).
The area-average thinning rate is 1.0 ⫾
0.1 m/year (table S1), with 25% larger
values on SPI than NPI (Fig. 2), which is
consistent with existing field data (8).
Thinning near the glacier snout ranges from
1 to 8 m/year on NPI, and –2 (Pı́o XI) to 18
m/year ( Jorge Montt) on SPI. Glaciers on
the northern half of SPI thinned more rapidly than those on the southern half. Several
large glaciers experienced massive thinning
( Jorge Montt, Greve, Amalia, Dickson, Upsala, and O’Higgins) and retreated several
kilometers, which is comparable in magnitude to the rapid retreat of Columbia Glacier in Alaska (19).
A similar analysis was applied on a
limited area of SPI, where 1995 cartography was available to us, showing a larger
noise level due to the shorter time separation (Fig. 2). On glaciers for which both
1975 and 1995 cartography were available,
we detect a large increase in thinning rates
(table S1). Glacier thinning over an area of
5642 km2 was 14.3 ⫾ 1.9 km3/year in
1995–2000. Assuming the same rate of
frontal loss as in 1975–2000, we calculate a
volume loss of 38.7 ⫾ 4.4 km3/year for
SPI. Assuming no accelerated thinning on
NPI, the volume loss from both icefields is
41.9 ⫾ 4.4 km3/year, which is equivalent to
a SLR of 0.105 ⫾ 0.011 mm/year.
Pı́o XI is the only large advancing glacier in
SPI. It thickened between 1975 and 2000 at low
elevations and thinned between 1995 and 2000
at high elevations (table S1). We attribute this
trend to the surging of the glacier in recent
decades (20), which displaced a large ice mass
from upper elevations to lower elevations, resulting in thickening and frontal advance at low
elevations and thinning in the accumulation
area. Pı́o XI started retreating after 1997. Overall, the glacier is likely to have been thinning.
Fig. 2. Thickness change versus elevation of NPI (brown, 24 glaciers)
and SPI (black, 31 glaciers) during
the 1975–2000 period and the
1995–2000 period (SPI, red, 20 glaciers). Each plot is the average of all
glaciers. The decrease in thinning at
low elevations occurs because ice
was completely removed at the ice
front. The average of all glaciers includes too few data points above
1400 m elevation. The inset shows
the thinning rate measured along
the central ﬂow line of glaciers HPS
12 (1995–2000, light blue), Jorge
Montt (1975–2000, red), Upsala
(1968 –2000, black), and Moreno
(1975–2000, brown) (table S1).
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Ice thinning is largest on HPS12 (⬎28
m/year), which experienced a catastrophic
retreat in the late 1990s. Many glaciers
more than doubled their thinning rate in
recent years (table S1). In situ measurements of elevation changes on Tyndall Glacier indicate an increase of the thinning
rates in the late 1980s from 1.9 m/year for
1945 to 1975, to 3.3 m/year for 1985 to
2002 (11). Ice thinning also increased on
Upsala Glacier from 3.6 m/year near the
front for 1968 to 1990, to 11 m/year for
1990 to 1993 (21, 22). Conversely,
O’Higgins Glacier, which showed the largest retreat (14 km) of all Patagonia glaciers
in this century (23), slowed its retreat in
recent years (8) and thinned less rapidly
(table S1), possibly because of shallower
fjord depths at O’Higgins Lake, which resulted in increased flow drag and lower
calving activity. Moreno Glacier is the only
glacier experiencing little to no thinning
(Fig. 2 and table S1).
The primary cause for the thinning of
Patagonia glaciers must be a negative mass
balance caused by climate change. Long-term
changes in temperature suggest a 0.4 to
1.4C temperature increase in this century
south of 46S (24), with temperature increases being higher southward, which explains
the higher thinning rates of SPI as compared
to NPI (table S1). Over the past 40 years,
temperature increased 0.5C at 850 mb,
which is near the ELA (18). A 0.3C warming in 25 years would raise the ELA by 50 m,
based on a lapse rate of 0.6C/100 m. If we
accept a steady-state mass balance change of
0.015/year for the ablation area (25), an increase in melt of 50 ⫻ 0.015 ⫽ 0.75 m/year
is calculated. Melt will further increase
from topography feedback, as the glacier
surface lowers with time, by 0.75 ⫻ 25 ⫻
0.015 ⫽ 0.28 m/year. Combining this 1
m/year thinning of the ablation area of SPI

(4100 km2 ) with a 0.38 m/year decrease in
precipitation (18, 26, 27 ) over the accumulation area (8700 km2 ) yields a negative
mass balance of 0.6 m/year, which is half of
the observed signal in 1975–2000. Climate
forcing due to warmer and drier conditions
is therefore not sufficient to explain the
glacier thinning rates.
A large fraction of the NPI and SPI
outlet glaciers are calving glaciers (28),
versus only a few in Alaska. Twice as many
calve in fresh water as in tidewater (table
S1). Calving glaciers are more sensitive to
climate change than noncalving glaciers,
and once pushed out of equilibrium by
climate, they can undergo large aclimatic
changes controlled mainly by their calving
dynamics (29). Climate warming and drier
conditions alone cannot explain the areaaverage thinning rates of the major glaciers
[Occidental (2.2 m/year), O’Higgins (1.5
m/year), and Jorge Montt (3.3 m/year)],
which dominate the icefield mass budget
(table S1). A substantial part of the thinning must be due to ice dynamics, which
means excess creep (ice thinning from longitudinal stretching) and accelerated calving (ice loss to the ocean or lakes). Climate
warming enhances meltwater production,
which in turn increases basal lubrication
and allows faster flow rates, as recently
revealed on Soler Glacier (30). As calving
glaciers retreat from stabilizing morainal
shoals or bed rises, calving accelerates and
entrains the glaciers further into a recession
(19, 23, 25).
The Patagonia glaciers cover an area
five times smaller than their Alaskan counterparts (90,000 km2 ), yet they account for
9% of the SLR contribution from mountain
glaciers (5) versus 30% in Alaska. The
contribution of Patagonia to SLR is therefore disproportionately larger (by a factor
of 1.5) than is indicated by its area. We
attribute this enhanced vulnerability of Patagonia glaciers to climate change to their
higher turnover rates and low ELAs, combined with the dominance of calving glaciers.
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The “sexually deceptive” orchid Chiloglottis trapeziformis attracts males of
its pollinator species, the thynnine wasp Neozeleboria cryptoides, by emitting a unique volatile compound, 2-ethyl-5-propylcyclohexan-1,3-dione,
which is also produced by female wasps as a male-attracting sex pheromone.
Despite the large number and wide variety
of animal pollinated plants, as well as the
crucial role of floral volatiles in pollinator
attraction (1), little is known about the
attractiveness of volatile compounds to
specific pollinators (2, 3). In most cases
where pollinator-attracting substances have
been identified, they proved to be mixtures
of rather common compounds (4, 5). In
sexually deceptive orchids, in which the
flowers mimic female insects, a combination of ethological and chemical investiga-

tions have shown that floral volatiles are
responsible for the attraction of specific
pollinators (6–9). In such cases, floral volatiles are a key trait for the reproductive
isolation of sympatric species and play a
major role in the evolutionary dynamics of
sexually deceptive orchid lineages (10).
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The Australian orchid genus Chiloglottis relies exclusively on sexual deception
for pollination (7 ). We investigated C. trapeziformis Fitzg. and its pollinator, the
thynnine wasp Neozeleboria cryptoides
(Smith). To identify the specific compound(s) attracting males to flowers ( pollination) and to female wasps (mate finding), we analyzed labella extracts of the
orchid and head extracts of female wasps
(11). Gas chromatography (GC) coupled with
electroantennographic detection (GC-EAD)
(11, 12), using antennae of N. cryptoides males,
revealed only one single component to be biologically active. This compound proved to be
identical in orchids and wasps.
Elucidation of the structure of the target
compound was based predominantly on GCmass spectroscopy (GC-MS), GC coupled
with Fourier transform infrared (FT-IR) spectroscopy, and microreactions, as the samples
contained too little material even for modern
Fig. 1. 70V EI-mass
spectrum of 2-ethyl-5propylcyclohexan-1,3dione.
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