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The Pine Island Glacier (PIG) transports 69 cubic kilometers of ice each year from 
-10% of the West Antarctic Ice Sheet (WAIS). It is possible that  a retreat of 
the PIG may accelerate ice discharge from the WAIS interior. Satellite altimetry 
and interferometry show that the grounded PIG thinned by up t o  1.6 meters 
per year between 1992 and 1999, affecting 150 kilometers of the inland glacier. 
The thinning cannot be explained by short-term variability in accumulation and 
must result from glacier dynamics. 

The West Antarctic Ice Sheet (WAIS) con- fluctuation affecting a large fraction of the 
tains enough water to raise global sea level by inland glacier. 
-5 m (I)  if the ice were to melt into the We used European Remote-Sensing 
ocean. The Pine Island Glacier (PIG) (Fig. 1) (ERS) satellite altimetry to determine the rate 
has the largest discharge (75 Gt yearp1) of all of change of ice thickness of the entire PIG 
WAIS ice streams (2). A bedrock topography drainage basin between 1992 and 1999, and 
that deepens inland and the absence of an ERS satellite interferometry to determine its 
extensive ice shelf have motivated theoretical relation to the flow of ice within the fast- 
arguments (3-7) about the behavior of moving section. We differenced altimeter 
grounding lines of this type, and encouraged range measurements at individual crossing 
speculation that a retreat of PIG could accel- points of the satellites' ground tracks to de- 
erate mass discharge from the WAIS interior termine elevation changes within the basin, 
(8-11). Evidence of dynamic fluctuations in which fell completely inside the instruments' 
the inland PIG is therefore of considerable region of coverage. We combined range mea- 
interest. Satellite radar interferometry obser- surements from ERS-1 and ERS-2 35-day 
vations (12) have shown that the PIG ground- orbit repeat cycles to form (13) a time series 
ing line retreated 5 km inland between 1992 of elevation change at each individual cross- 
and 1996. Here we show that this grounding ing point (Fig. 2). Using this time series, we 
line retreat is associated with an ice dynamic calculated (13) the 7-year rate of elevation 

change at each point within the PIG drainage 
basin (Fig. 3). To establish the relation of the 

taries (14). We used pairs of ascending and 
descending orbit, ERS synthetic aperture ra- 
dar (SAR) data recorded between 1994 and 
1996, with temporal baselines of 1 and 3 
days, to measure the complete range of ice 
speeds from the slow interior to the fast- 
moving downstream ice (15). 

Between 1992 and 1999, the interior of 
the drainage basin thinned at a rate of -0.1 m 
year-'. This thinning, which extends into the 
neighboring Thwaites Glacier drainage basin, 
is comparable (16) to the expected variability 
in snowfall. It may simply reflect a short-term 
accumulation shortfall. However, a more rap- 
id thinning also occurred coincident with fast 
ice motion (Fig. 3). Thinning of 1.6 + 0.2 m 
year-' occurred near the grounding line, con- 
sistent with the grounding line retreat ob- 
served previously (12). The thinning was re- 
duced inland (Fig. 4B) but was discernible 
150 km upstream from the grounding line. 
We detected no appreciable change in the rate 
of ice thinning during the period of satellite 
observations. 

PIG is fed by tributary ice flows (14) that 
originate deep in the ice sheet interior and con- 
verge - 175 km inland to form the central bunk 
of the fast-flowing outlet glacier. Estimates of 
the ice deformation velocity (14) suggest that 
these glaciers are sliding over their beds along 
each tributary -50 km upstream of the central 
trunk. The trunk is bounded roughly by the 
200 m year-' velocity contour (Fig. 3). The 
thinning is largely confined to the trunk (Fig. 3) 
and does not affect the sliding ice of the tribu- 
taries. New radar echo soundings of PIG [(I 7), 
redrawn in Fig. 4A] provide an estimate of the 
ice thickness. The bunk of PIG is seated within . - 
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Fig. 1. Map of West Antarctica, showing the -151 I I I 

location of the PIC drainage basin (gray) and 1992 1994 1996 1998 2000 
the downstream region shown in Fig. 3 (black). Year 

Fig. 2. The change in 
surface elevation 13 
km upstream of the 
grounding line of PIC 
between 1992 and 
1999, observed by the 
ERS-1 (stars) and ERS-2 
(squares) satellite al- 
timeters. The 6-month 
period of simultaneous 
operation permitted 
cross-calibration of the 
altimeters. Data gaps 
are the result of instru- 
ment operations. The 
location of this time se- 
ries is shown as a col- 
ored dot highlighted 
with a solid black pe- 
rimeter in Fig. 3. 
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over the glacier trunk (Fig. 3), the average rate Although the evolution of the thinning remains ning is the result of short-term changes in the 
of thinning is 0.042 + 0.005% year-'. How- uncertain, if the trunk continues to lose mass at surface mass balance. The elevation change 
ever, much of the bed lies below sea level (Fig. the present rate it will be entirely afloat within of the glacier trunk (-0.75 m year-' in Fig. 
4A) (at its deepest section, the hydrostatic over- 600 years (18). 3) is, on average, almost an order of magni- 
burden of the trunk is only 535 m of ice). We examined the possibility that the thin- tude greater than expected fluctuations in 

snowfall [9.3 cm year-' in (16)l. Interannual 

Fig. 3. The rate of elevation 
change of the lower 200 km of 
PIC between 1992 and 1999 
(colored scale) registered with a 
map of the ice surface speed 
(gray scale). The colored dots are 
located at crossing points of the 
ERS orbit ground tracks and have 
an area equal to the radar altim- 
eter footprint. The velocity field 
is restricted to regions of overlap 
between ascending and descend- 
ing ERS SAR coverage. Also 
shown are the trajectory of a 
recent radar echo flight (red 
dashed line) and the boundary 
we chose to delimit the glacier 
trunk from the remainder of the 
drainage basin (black dashed 
line). The trunk is bounded later- 
ally by the 200 m year-' veloc- 
ity contour and streamwise by 
the grounding line (lower solid 
black line) located by Rignot (72) 
and the intersection of the east- 
ernmost tributaries, which coin- 
cide roughly with a deep bedrock 
trough (Fig. 4A). The greatest el- 
evation change is adjacent to the 
grounding line, and the thinning 
is concentrated over fast-flowing 
ice. Changes beyond the region 
of fast flow were much smaller, 
although there is some evidence 
that the tributary joining the gla- 
cier at the southern edge of the grounding line is also thinning. We calculate the mean rate of 
elevation change of the glacier trunk to be -0.75 5 0.07 m year-' and that of the remainder of 
the basin (including that not shown here) to be -0.11 % 0.01 m year-'. 

Fig. 4. (A) Bedrock and surface 
elevation along PIC from airborne 
ice-penetrating radar (7 7). The 
grounding line (CL) lies within a 
(-30 km) zone of near-buoyancy 
where small changes in ice thick- 
ness result in large CL migration. 
Upstream of this region there is a 
deep subglacial trough that holds 
the central trunk of the PIC. The 
trunk boundary is coincident with 
the intersection of the flight tra- 
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jectory and the locus of fast flow 
described in Fig. 3. The eastern- 0.0 - - 
most edge of Fig. 3 is also marked 
(E). The glacier develops a driving 2 
stress in excess of 100 kPa in sur- 5 'O - - 

mounting the bedrock trough, and -2.0 
the associated upstream thicken- e c 
ing appears to determine the loca- 4.0 
tion of the present grounding line. c 
(B) Rate of elevation change -4.0 
(1992-1999) measured by ERS ra- 0 100 200 300 400 500 
dar altimeter at discrete locations Along-track distance (km) 
along the same transect. Also 
shown is the value determined by Rignot (72) for the thinning (1992-1996) at the grounding line. The 
thinning is largely confined to the region of high driving stress, suggesting that the progress of retreat 
may be controlled by the dynamics of this section of PIC. 

changes in katabatic winds, which may be 
spatially correlated with the pattern of ice 
flow, could enhance the short-term surface 
ablation of the glacier. However, the thinning 
is up to 13 times larger than the variability we 
estimate (19) from this source. The thinning 
we observe is far greater than any reasonable 
fluctuation in the surface mass balance. Rap- 
id variations in the mass supply from the 
interior are unlikely, and there is no evidence 
of thinning in either the upper glacier tribu- 
taries or the ice sheet interior. The rate of 
thinning in the future depends on how the 
velocity of the trunk adjusts to the long-term 
accumulation mean. In consequence, the time 
scale for the thinning process is that of an ice 
dynamic fluctuation and not that of mass 
supply from the atmosphere. 

Potential sources of fluctuations in ice 
stream velocity are numerous. According to 
theoretical arguments (6, 7, 20-23), ice dy- 
namic mechanisms that could be responsible 
for the thinning provide a variety of time 
scales ranging from 10' to lo4 years. Process- 
es that continue for millennia, such as ther- 
mally regulated oscillations in basal lubrica- 
tion (20), could affect a substantial fraction of 
the ice sheet. There is speculation that such 
behavior is typical of ice streams (7). How- 
ever, simple computer models predict that 
upstream thinning is associated with down- 
stream thickening and grounding line ad- 
vance, which are not seen in the data (Fig. 
4B). The shortest lived events (10' to lo2 
years), such as glacier surges (23), should be 
resolved by the time series of elevation 
change. However, we detect no change in the 
rate of ice thinning across the glacier over a 
7-year period (Fig. 2). Processes that could 
affect the equilibrium state of the glacier at 
intermediate time scales (lo2 to lo3 years) 
are therefore the most likely. The thinning 
could be largely due to increased velocities 
within the central trunk. There is some evi- 
dence (21) for the existence of a more exten- 
sive ice shelf than at present (Fig. 4A), the 
collapse of which may have precipitated such 
a response. Computer simulations (6, 22) of 
this type of disturbance, albeit of simpler 
dynamical situations than that apparent in 
PIG (Fig. 4A), predict a pattern of thinning 
similar to that in Fig. 4B. A more detailed 
understanding of PIG'S departure from equi- 
librium flow will require an understanding of 
its particular stream mechanics. 

We estimate from Fig. 3 that the present 
rate of thinning is reducing the mass of PIG 
by 3.9 + 0.9 Gt year-', or -5% of the mass 
flux across the grounding line, which is 
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equivalent to 0.01 mm year-' of eustatic sea 
level rise. If the entire grounded section of 
PIG were lost to the ocean, we estimate the 
net contribution to eustatic sea level to be 6 
mm (18).Both of these are small in compar- 
ison with other expected changes in sea level 
(1) .  On the other hand, if sufficiently pro- 
longed, the present thinning could affect the 
flow of what is now slow-moving ice in the 
interior, increasing the volume of rapidly 
drained ice (10). 
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Scale Dependence in Plant 

Biodiversity 


M. J. Crawley* and J. E. Harral 

The relationship between the number of species and the area sampled is one 
of the oldest and best-documented patterns in  community ecology. Several 
theoretical models and field data from a wide range of plant and animal taxa 
suggest that the slope, z, of a graph of the logarithm of species richness against 
the logarithm of area is roughly constant, wi thz ;= 0.25. We collected replicated 
and randomized plant data at 11 spatial scales from 0.01 t o  10% square meters 
in  Great Britain which show that the slope of the log-log plot is not  constant, 
but varies systematically wi th  spatial scale, and from habitat t o  habitat a t  the 
same spatial scale. Values of zwere low (0.1 t o  0.2) a t  small scales (<I00 square 
meters), high (0.4 t o  0.5) a t  intermediate scales (1 hectare t o  10 square 
kilometers), and low again (0.1 t o  0.2) for the largest scale transitions (e.g., East 
Berks t o  all of Berkshire). Instead of one process determining changes in  species 
richness across a wide range of scales, different processes might determine 
plant biodiversity a t  different spatial scales. 

Understanding the determinants of species 
richness is central to many questions in both 
pure and applied ecology. At the largest spa- 
tial scales and over the longest time scales, 
species richness is determined by rates of 
speciation and extinction (1) .At smaller spa- 
tial scales and over shorter periods of time, 
the number of species is determined by the 
birth, death, and dispersal rates of individuals 
interacting with populations of competitors, 
mutualists, and natural enemies (2). In all 
cases, however, the number of species de- 
pends on the area sampled (3-5), the absolute 
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abundances of the species (4 ,  6 ,  7), their 
spatial patterns (8,  9) ,  and the degree of 
mixing of species (10, 11). The relationship 
between species richness and area is particu- 
larly important in biodiversity studies be- 
cause it holds out the prospect of predicting 
species richness at large scales from data 
gathered relatively inexpensively at much 
smaller scales (12, 13). It is conventional to 
use the power law S = cA' to describe the 
relationship between species richness S and 
the area sampled A.  The exponent, z ,  is close 
to 0.25 for several theoretical models (14-16) 
and for much field data ( I ) ,but there are also 
data where z is greater than 0.25 [e.g., on 
islands, and at large scales generally ( I ) ] ,  and 
data where the slope is less than 0.25 [e.g., 
with smaller, plant-sized quadrats (1  7-19)]. 

Two fundamentally different processes 
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