
the past 150-year period of reported global
warming.

Second, historical information on solar
activity obtained from the C14 and Be&0
records indicates that the present level of
activity is about as high as any reached in
the past several millennia (13). This reduces
the likelihood that a future increase in solar
activity beyond present levels might make
the sun dimmer, decreasing its average out-
put to levels that might fall below the 0.3%
lower total irradiance estimated for the 17th-
century Maunder Minimum (7, 14).

Finally, if transient magnetic activity
levels much exceeding that of the sun at
present are encountered in the future (or
are shown to have occurred in the past),
they are most likely to be associated with a
dimming of the sun. This dimming should
occur if the time scale of magnetic activity
increase is short compared with the radia-
tive relaxation time of layers storing the
heat blocked by sunspots. This time scale
could be as long as the radiative relaxation
time of the solar convection zone, on the
order of 105 years. Over longer time scales,
one would expect the sun's luminosity to
return to its average value, which is deter-
mined by nuclear burning rates and is un-
affected by photospheric thermal imped-
ances (15, 16). This suggests that a closer
look at climate perturbations that may be
associated with periods of anomalously high
solar activity before the past few millennia
might help to explain episodes of more
pronounced climatic cooling than was pro-
duced by the Little Ice Age.

Higher (and lower) levels of solar irradi-
ance may be achieved by other mechanisms
than modulation by photospheric magne-
tism (16), and these could account for the
correlations found between the Earth's tem-
perature variations and several indices of
solar activity (17-19). But further study of
results from stellar photometry will be re-
quired to determine whether there exist
sun-like stars exhibiting large luminosity
variations that cannot be ascribed to photo-
spheric magnetic activity. Discovery of
such stars would be an important event for
climate studies, because the imminent oc-
currence of such large solar luminosity vari-
ations would be much harder to rule out.
Techniques for identifying such stars might
include comparison of luminosity variation
amplitudes measured on rotational time
scales with those observed on much longer
time scales. More detailed comparisons be-
tween the calcium-line variability and the
photometric variability could also help in
the discrimination.
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Trends in Stomatal Density and 3C/l 2C Ratios
of Pinus flexilis Needles During
Last Glacial-interglacial Cycle

P. K. Van de Water, S. W. Leavitt, J. L. Betancourt*
Measurements of stomatal density and b13C of limber pine (Pinus flexilis) needles (leaves)
preserved in pack rat middens from the Great Basin reveal shifts in plant physiology and
leaf morphology during the last 30,000 years. Sites were selected so as to offset glacial
to Holocene climatic differences and thus to isolate the effects of changing atmospheric
CO2 levels. Stomatal density decreased -17 percent and 813C decreased -1.5 per mil
during deglaciation from 15,000 to 12,000 years ago, concomitant with a 30 percent
increase in atmospheric C02. Water-use efficiency increased -15 percent during degla-
ciation, if temperature and humidity were held constant and the proxy values for C02 and
813C of past atmospheres are accurate. The 813C variations may help constrain hypoth-
eses about the redistribution of carbon between the atmosphere and biosphere during the
last glacial-interglacial cycle.

Variations in atmospheric CO2 affect the
physiology and leaf morphology of C3
plants, which dominate the terrestrial bio-
sphere (1). These effects have been studied
primarily in growth chamber experiments
but also should be evident in fossil leaves
from times in the past when CO2 levels are
known to have fluctuated. Evidence from
ice cores indicates that ambient CO2 levels
varied from 190 to 200 parts per million by
volume (ppmv) during glacial maxima to
270 to 280 ppmv during interglacials; rela-
tively rapid increases have accompanied de-
glaciation (2, 3). The ice core evidence has
inspired controlled experiments that simu-
late plant growth at glacial to present CO2
concentrations (4). It also prescribes a rein-
terpretation of late Quaternary vegetation
P. K. Van de Water, Laboratory of Tree-Ring Research
and Department of Geosciences, University of Arizo-
na, Tucson, AZ 85721, USA.
S. W. Leavitt, Laboratory of Tree-Ring Research, Uni-
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J. L. Betancourt, U.S. Geological Survey, Desert Lab-
oratory, 1675 West Anklam Road, Tucson, AZ 85745,
USA.
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changes that acknowledges direct CO2 ef-
fects, such as improved water use efficiency
(WUE) at elevated CO2 concentrations (4).
An abundance of leaves has been pre-

served in fossil pack rat middens from the
western United States. These middens span
the last 40,000 years with excellent cover-
age during deglaciation (5). We measured
the stomatal density and 813C of fossil
leaves of limber pine. During the last glacial
period, this C3 species dominated large
expanses of open woodland in the lowlands
of the Great Basin and the Colorado Pla-
teau (5). Stomatal density and 813C are
closely linked to carbon fixation and water
status in C3 plants and should be influenced
by variations in CO2 levels.

Stomatal densities decrease markedly as
atmospheric CO2 levels are increased from
preindustrial (270 ppmv) to current values
(350 ppmv), as seen in leaves from con-
trolled experiments (6, 7) and herbarium
specimens collected during the past 200
years (7, 8). Variations in stomatal densi-
ties have been used as a paleobarometer of
atmospheric CO2 variations during the last
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10 million years (9), although ancient sto-
matal densities may be ineffective for infer-
ring CO2 levels above 350 ppmv (6).

Controls on the stable carbon isotopic
composition of C3 plants (10) are described
by the equation (1 1)

s13cp t=-13C1ir- a - (b - a) CICa
(1)

where a and b are constants representing
isotope fractionation by diffusion into the
stomata (4.4 per mil) and by the enzyme
ribulose-bisphosphate (RuBP) carboxylase
(-27 per mil), respectively, and Ci and Ca
are the concentrations of CO2 in the inter-
cellular leaf space and in the air, respective-
ly. The value of 813Cair can change through
anthropogenic processes or through alter-
ations in the dynamics of ocean geochem-
istry and the terrestrial biosphere. If bt3Cair
remains constant, high values of Ci/Ca
(more negative values of 813C lant) are pro-
moted by high stomatal conductance, low
rates of photosynthesis, and low WUE, and
vice versa. Lower CO2 levels during glacial
times should have promoted increased sto-
matal densities and more negative 513C val-
ues in C3 plants (through decreased WUE),
unless S13Cair varied over time.
We measured stomatal densities (12)

(Fig. 1) and 8t3C (13) (Fig. 2) of almost

Fig. 1. Stomatal densities
(open circles) in limber
pine (Pinus flexilis) needles
from fossil pack rat mid-
dens and C02 concentra-
tions (solid circles) from
the Byrd ice core for
30,000 to 6,000 years ago
(2, 3), from the Siple Sta-
tion ice core for 200 to 35
years ago (27), and from
the Mauna Loa monitoring
station for the last 35 years
(28). Each point repre-
sents the mean and stan-
dard error of stomatal den-
sities, with a range of 22 to
33 needles measured per

E
E 115

E 105
0

1200 limber pine needles from 41 pack rat
middens at elevations from 1320 to 2350 m
in Idaho, Nevada, Utah, and Arizona (Ta-
ble 1). Middens were dated to 14C years,
which we calibrated to calendar ages using
tree rings (14) and mass spectrometric U-Th
ages from Barbados corals (15). A potential
source of error is the mixing of materials of
different ages in the same midden, so that
limber pine needles are not contemporane-
ous with the associated midden age. Using
accelerator mass spectrometric (AMS) assays
of 14C, we tested two samples (Table 1) of
the same CO2 that was combusted from
holocellulose for 813C analysis; in both cas-
es, the AMS dates overlapped with the
associated midden age at two standard devi-
ations (-1320 and 1600 years). Also, we
cannot determine if needles in a given sam-
ple came from a single tree, several trees, or
several generations, nor can we eliminate
the possibility of natural selection for either
low or high CO2 tolerance. Finally, correc-
tion of 813C ant for elevation or latitudinal
effects could impact calculations of key
physiological parameters, such as Cp Ca -
Ci, and WUE (13).

The effects of climate change on temper-
ature and humidity (vapor pressure gradi-
ent), and thus, on stomatal density and 813C
values, were minimized by site selection.

T ~~~~350

330

310
+CC c g f ~290 -

- - ... ~ ~ ~ ~ ~ ~ ~ ~ 1270 0

250 0

-- - 210
0 Qi Or and 4S 'I any--~~~ 90

170
5,000 10,000 15,000 20,000 25,000 30,000

Calendar years ago

data point. The modern sample consisted of needles pooled from 10 trees at Craters of the Moon
National Monument in southern Idaho, in the general area of most of our Holocene samples.

Fig. 2. The 813C of leaf cellulose from Pinus o . Atriplexconfertifolia -105
flexilis, a C3 tree (this report), and Atriplex 0 00 o0
confertifolia, a C4 halophytic shrub (17). The ° 12.5
813C of Atriplex presumably mirrors changes in -205
130r whereas the decreasing Pinus

flexilis may be partly a response to fcPinurexiglus ** -
atmospheric C02. For Pinus flexilis, the modern , *. * *
sample is the same as in Fig. 1. On the basis of " - * ;
similar 8130 values of ancient wood of equiva- -24.5 - -
lent age but varied percentages of undecom- -25.0 5,000 10,000 15,000 20,000 25,000 30,000
posed cellulose, Yapp and Epstein (29) found Calendar years ago
no evidence of decomposition-related isotope
fractionation. Furthermore, fractionation through microbial degradation would tend to make older
material lighter (more negative 813C), which is the opposite of what we found.

Because limber pine no longer occurs at our
glacial sites, we developed the Holocene
part of our chronology at higher elevations
or more northerly latitudes. We selected
sites in southern Idaho, near the lower limits
of limber pine, that contain modem vegeta-
tion that closely resembles our glacial mid-
den floras in southern Nevada, northern
Arizona, and southern Utah. This approach
is commonly used to reconstruct paleocli-
mates; the modem climate at the analog site
approximates the paleoclimate at the glacial
sites. Therefore, effective moisture and av-
erage annual temperatures were constant
over the entire chronology, allowing focus

Table 1. Stomatal densities and 813C values of
limber pine leaves from fossil pack rat middens
in the Great Basin.

Lat. Long. Elev. Age* Density 813Ct
(ON) ('W) (m) (years (mm-2) (perago) mil)

43.28 113.55 1800 0 99.7 -25.0
43.93 113.43 1980 1960 98.6 -23.2
44.27 113.75 2180 2340 89.2 -23.0
43.65 113.13 1930 2760 81.8 -22.6
43.95 113.43 2230 2940 98.4 -23.7
43.95 113.43 2230 2960 98.1 -24.3
43.95 113.43 2230 5720 88.3 -23.3
39.50 114.72 2350 7510 103.9 -24.4
44.27 113.75 2180 7510 102.8 -23.6
43.95 113.43 2230 8420 86.9 -23.4
44.27 113.75 2180 10010 94.9 -24.2
37.80 109.60 2200 11660 100.4 -24.2
37.80 109.60 2200 11850 103.5 -24.8
37.80 109.60 2200 11930 118.2 -24.6
37.43 109.65 1590 12190 105.2 -23.4
37.80 109.60 2200 13300 96.3 -24.6
37.32 109.58 1390 14170 98.7 -21.9
36.25 111.95 2050 14300 109.0 -23.4
38.73 109.50 1320 14600 107.2 -21.3
37.32 109.58 1390 14810 123.0 -23.8
37.32 109.58 1390 14910 138.0 -24.0
37.40 109.63 1450 15340 129.7 -21.5
37.12 116.07 1810 15480 117.4 -23.1
37.98 109.72 1830 15620 109.9 -22.9
37.43 109.65 1585 16210 121.1 -23.4
37.12 116.07 1810 16750 121.5 -21.5
37.12 116.07 1810 17030 123.7 -23.3
37.12 116.07 1810 17250 122.9 -22.2
37.12 116.07 1810 17330 126.6 -22.3
38.73 109.50 1320 17506 108.8 -22.2
38.12 109.73 1510 17580 106.9 -20.8
37.12 116.07 1810 18650 116.3 -21.1
38.73 109.50 1320 19320 128.6 -22.0
36.17 111.92 1770 199004 103.3 -23.9
37.12 116.07 1810 20070 117.0 -21.7
36.17 111.92 1770 217404 91.4 -23.4
37.40 109.63 1450 23110 113.1 -22.2
38.73 109.50 1317 23510 121.0 -22.5
37.98 109.72 1830 25330 119.2 -22.2
37.00 109.73 1755 26170 113.2 -22.2
36.17 111.92 1770 27370 110.5 -22.6
37.98 109.72 1830 28020 130.7 -21.8

*The 14C dates up to 7750 - 120 years ago were
converted to calendar years with the use of tree-ring
calibrations (14). Older dates were corrected on the
basis of U /Th ages of Barbados corals (15). tNor-
malized to modern sea level with 1.2 mil-1 km-1.
*AMS dates on same C02 combusted from holocellu-
lose that yielded 813C values.
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on the effects of changing CO2 levels. Ho-
locene sites (42.3P1N, 2151 m) average ~5
farther north and -400 m higher than our
glacial sites (37.430N, 1761 m). For a typical
annual temperature decrease with latitude
(-0.750C per degree) and elevation
(-6.50C per kilometer), the difference be-
tween annual temperatures at our glacial and
Holocene sites is -6.40C. Studies of eleva-
tional displacement of indicator species like
limber pine in the Great Basin have implied
that during glacial times, average annual
temperatures were -6° to 80C colder than
they are today, assuming no CO2 effects on
former plant distributions (5).

Stomatal density and 813C values both
declined abruptly between 15 to 12 ka
(thousand years ago) (Figs. 1 and 2). For
comparison, we divided the last 30,000 years
into three periods on the basis of the ice core
record of atmospheric CO2 levels: glacial (30
to 15 ka), transition (15 to 12 ka), and
Holocene (since 12 ka). Average stomatal
densities decreased 17% coincident with a
30% increase in atmospheric CO2 from the
glacial period to the Holocene (Table 2).
Because stomatal densities are a function of
the number of stomatal rows in an area for a
given length and needle width, we also
compared these attributes among the differ-
ent periods. Needle width increased and the
number of stomatal rows decreased from

Table 2. Chi-square contingency table for test-
ing significance of differences between glacial
(30 to 15 ka) (G), transition (15 to 12 ka) (T),
and Holocene (12 to 0 ka) (H) measurements of
stomatal frequency (in stomata per square mil-
limeter), needle width (in millimeters), number
of stomatal rows, and 813C (in per mil) in Pinus
flexilis needles from fossil pack rat middens.
For 813C, we pooled needles for analysis, so
that only 42 cases could be analyzed. The low
case numbers violate one of the tenets of
contingency table analysis; nevertheless, they
should not significantly affect the differences
between glacial and Holocene 813C.

Pe- Mean ± SE (N) Chi-square
niod ± E() analysis

Stomatal density
G 117.0 ± 1.0 (618) G vs H 90.84***
T 111.1 ± 2.0 (200) GvsT 5.37*
H 97.2 ± 1.6 (367) HvsT 17.54***

Needle width
G 46.5 ±0.2 (618) G vs H 14.67***
T 44.9 ±0.4 (200) GvsT 6.78**
H 48.9 ± 0.3 (367) H vs T 27.48***

Stomatal rows
G 2.06 ± 0.02 (381) G vs H 26.85***
T 1.87 ± 0.04 (121) G vs T 13.29***
H 1.87 0.03 (21 1) H vs T 0.35

,13C
G -22.31 ±0.17 (21) GvsH14.08***
T -23.21 ± 0.44 (7) GvsT 5.19*
H -23.80 ± 0.19 (13) H vs T 0.43

*P < 0.05. **P < 0.01. ***P < 0.001.

glacial to Holocene times (Table 2). The
decrease in stomatal rows shows that lower
stomatal densities are not a simple artifact of
larger leaves (12).

Average Holocene b13C values were
1.5 per mil more negative than glacial

and -0.6 per mil more negative than tran-
sition values. The abrupt decline in both
stomatal density and 813C values occurred
entirely during the transition. Despite sim-
ilarities in the glacial to Holocene trends
(Figs. 1 and 2), stomatal density is signifi-
cantly correlated with 813C only during the
Holocene (R = -0.78). This linkage could
entail increased stomatal conductance with
increased stomatal density (at constant
CO2 level). The lack of correlation during
the glacial and transition periods may re-
flect variability introduced by greater site
(and population) differences or to the great-
er instability of glacial and transition cli-
mates compared to that in the Holocene.
Alternatively, stomatal density and isotopic
discrimination may decouple in low CO2
environments.

Limber pine b'3C values of each period
represent integrated measures of several
physiological parameters (Table 3), which
can be estimated by means of Eq. 1 and an
equation for instantaneous WUE (16)

A/E (WUE) = (Ca -Ci)/(1.6v) (2)
where A is assimilation, E is transpiration,
and v is the gradient in water vapor pressure
divided by total atmospheric pressure. We
assumed that the average 813Cair values
inferred from ice cores and C4 plant cellu-
lose (13, 17), as well as the Ca chronology
derived from ice cores (13), are accurate.
Plant discrimination (A) against 13C of the
atmosphere increases 12% from glacial
(17.3 per mil) to Holocene (19.3 per mil)
times. The Ci/Ca ratio increased 16.4%
from glacial (0.55) to Holocene (0.64)
times, but Ca - Ci also increased 13.6%
during this time (from 88.7 to 100.8
ppmv). In response to changing CO2 con-
centrations, plant physiological strategy
may be to keep either Ci/Ca or Ca - C
constant (18). Limber pine seems to have
been unable to regulate either constant
Ci/Ca or Ca - C, during deglaciation. The
WUE increased 14.6% from glacial to Ho-
locene times, if we assume that v did not

differ significantly between our glacial sites
and their Holocene analogs; we cannot
verify this assumption. However, such an
increase in WUE is predicted from in-
creased CO2 concentration (19).

The lower glacial Ci/Ca ratios suggest
that either stomatal conductance was lower
or assimilation was greater than during the
Holocene. The higher stomatal densities
during the glacial period would seem to
preclude lower stomatal conductance, but
the theoretical linkage between stomatal
density and stomatal conductance is uncer-
tain (20, 2 1). The lower Ca in glacial times
would suggest a 50% decrease in carbon
assimilation (19), which could be offset by
greater stomatal densities. Increased sto-
matal densities, measured as a significant
reduction of leaf width as well as additional
stomatal rows (Table 2), should reduce the
pathway of diffusion for CO2 into the leaf
interior. Despite this, discrimination
against 13C at the site of carboxylation was
reduced as CO2 became less abundant, as
reflected in elevated glacial %13Cplant.

The limber pine b13C chronology may
provide clues to shifts in the global carbon
cycle over the last 30,000 years. If the
glacial atmosphere was depleted in both
CO2 and 13C (as suggested from ice cores
and C4 plants), then there must have been
a corresponding larger size and '3C enrich-
ment of a terrestrial or ocean carbon reser-
voir. Although we recognize the impor-
tance of the ocean in controlling Ca and
b13Cair' the role of the terrestrial biosphere
perhaps is not trivial. As a hypothetical
exercise, we calculated mass balance assum-
ing simple carbon exchange between the
atmosphere and terrestrial biosphere and
that our limber pine chronology is represen-
tative of b13C values for other C3 plants
MHb(bHb) + MHa(&Ha) =

MGOb(Gb) + MGa(SGa)
where masses of the Holocene terrestrial
biosphere (MHb) and atmosphere (MHa) are
1.667 x 1017 and 6.233 x 1016 mol of C,
respectively (22). The masses of glacial terres-
trial biosphere (Ma,) and atmosphere (Ma)
are 1.860 x 10'7 and 4.308 x 1016 mol, re-
spectively, obtained by shifting 86 ppmv
of CO2 (172 gigatons of C) from the Ho-
locene atmosphere (278 ppmv) to the glacial

Table 3. Summary of values used to calculate discrimination (A), C,/Ca, Ca - Cj, Cj, and WUE for
the glacial, transition, and Holocene periods.

Period 813Cair* 813Ct cat A Cl Ca8C, Cj WUE(per mil) (per mil) (ppmv) (per mil) C/C (ppmv) (ppmv)

Glacial -6.92 -23.7 198.4 17.3 0.55 88.7 109.7 55/v
Transition -6.62 -24.7 242.6 18.5 0.61 95.7 146.9 60/v
Holocene -6.48 -25.3 278.5 19.3 0.64 100.8 177.7 63/v
*Average from (3, 17). tLimber pine whole-tissue values obtained by subtracting 1.5 per mil from holocellu-
lose values (30). *ice core C, (3).
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atmosphere (192 ppmv). The W13C of the
Holocene (bHb) and glacial (&ob) terrestrial
biospheres are -25.3 and -23.8 per mil from
the limber pine results (averages in Table 2
have been adjusted by - 1.5 per mil). Atmo-
spheric 813C is -6.48 and -6.92 per mil for
the Holocene (bHa) and glacial (8Ga), respec-
tively, from the ice core and C4 data. Al-
though perhaps coincidental, the mass bal-
ance of Eq. 3 is within 2% with these values.
There is other evidence for a glacial, globally
13C-enriched biosphere from terrestrial plants
(23) and from marine sediment and organic
813C records (24). Low Ca values seem incon-
sistent with a large biosphere, but valid car-
bon cycle models must still account for the
significant shifts in 813C of C3 plants during
the past 30,000 years.
We realize that stomatal density and

813C responses could vary widely, even
among C3 species. This variability could
complicate their use in modeling the car-
bon and hydrological cycles. For example,
average 813C values of gymnosperms may be
-1 per mil more positive than those of
angiosperms (25); in theory, an increase in
conifer relative to flowering plant biomass
could sequester more 13C from the atmo-
sphere. Similarly, the sensitivity of sto-
matal density to changing CO2 levels is less
for gymnosperms than for angiosperms (1).
As CO2 increased from glacial to Holocene
times, stomatal densities in limber pine
decreased 17%, whereas in willow, they
decreased by -30% (9). Since industrial-
ization, stomatal densities have dropped 20
to 40% in various angiosperms (7-9) but
have not varied in limber pine (Fig. 2).
Thus, stomatal densities in conifers may be
sensitive to the lower CO2 of glacial atmo-
spheres but not to future CO2 enrichment.
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Quantifying Global Warming from
the Retreat of Glaciers

Johannes Oerlemans
Records of glacier fluctuations compiled by the World Glacier Monitoring Service can be
used to derive an independent estimate of global warming during the last 100 years.
Records of different glaciers are made comparable by a two-step scaling procedure: one
allowing for differences in glacier geometry, the other for differences in climate sensitivity.
The retreat of glaciers during the last 100 years appears to be coherent over the globe.
On the basis of modeling of the climate sensitivity of glaciers, the observed glacier retreat
can be explained by a linear warming trend of 0.66 kelvin per century.

As suggested by many historic records,
valley glaciers are sensitive indicators of
climatic change (1-5). This large sensitiv-
ity is a consequence of the typical properties
of a melting ice or snow surface. Because
the surface temperature is fixed during melt-
ing, an increasing flow of energy to the
surface, either by radiation or air motion, is
used entirely for additional melting. In
contrast, a normal surface would raise its
temperature and radiate more energy up-
ward to restore the balance.

The monitoring of glacier mass balance
(annual mass gain or loss at the surface) is
the best way to infer climatic change with
glaciers. Although such measurements are
being made on selected glaciers, the avail-
able records are short (<45 years, <30
years in most cases). Records of glacier
length are much longer, some beginning
around A.D. 1600, and can be used to
provide information on climate variability.
Many glaciers have retreated over the last
100 or 150 years (Fig. 1). Current under-
standing of glacier dynamics permits a
quantification of the climate change needed
to explain this retreat (in the same spirit as
the use of tree-ring data or oxygen isotope
values from ice cores). Although very dis-
continuous in time, the data points are
reliable, especially with regard to the max-
imum glacier extent because the trimlines
and moraine systems left behind can be
studied. However, to provide information
on global climate, the records must be
scaled and considered together.

The climatic interpretation of a change
Institute for Marine and Atmospheric Research,
Utrecht University, Princetonplein 5, 3584 CC Utrecht,
Netherlands.

in glacier length is hampered because re-
sponse times are different for different gla-
ciers (5, 6). For most valley glaciers, the
response time is 10 to 50 years. When
studies are in a significantly longer time
scale, >75 years, a workable assumption is
that the long-term change in glacier length
largely reflects the dependence of the equi-
librium glacier state on climate. More for-
mally, climate and glacier fluctuations over
a specific period can be viewed as composed
of a linear trend on which smaller scale
fluctuations are imposed. In this report, I
try to find this linear component, thereby
assuming that glacier extent is in balance
with climate. This assumption will be more
accurate when the period considered is
longer. Here I consider the period 1850 to
1990 (but the average length of the records
used is only 94 years).

In total, I used records from 48 glaciers
in the analysis, considering data from only
1850 onward (Table 1) (7-11). I calculated
linear trends of change in glacier length for

all glaciers, irrespective of the start or end
of the record. All glacier fronts appeared to
have retreated; the mean rates were be-
tween 86 and 1.3 m/year. Next I used a
two-step scaling procedure to make results
from different glaciers comparable. The first
step allows for the notion that glaciers with

0

1840 1880 1920 1960 2000

Year A.D.
Fig. 1. Examples of fluctuations in glacier
length. Data were compiled by the World Gla-
cier Monitoring Service (Zurich), with some
additions (7). Each dot represents an observa-
tion. Glaciers shown are Lewis Glacier (LG,
Kenya), Glacier d'Argentibre (GA, France),
Hansbreen (HA, Spitsbergen), Franz Joseph
Glacier (FJ, New Zealand), Nigardsbreen (NI,
Norway), Hintereisferner (HF, Austria), and
Wedgemount Glacier (WE, Canada). In these
records, retreat has stopped or slowed as a
response to the decrease in global temperature
from 1950 to 1975 (21, 22). This observation
suggests an effective glacier response time of
about 25 years.

Table 1. Summary of the results for different regions. In total, data from 48 glaciers were used (11).

Number Data Mean Scaled
Region of soure Period (m/yenu (meanRegion oflaier (refer- Periodaren trendglaciers ence) (in /year)(i/er

Rocky Mountains 24 (7) 1890 to 1974 -15.2 -13.7
Spitsbergen 3 (7) 1906 to 1990 -51.7 -14.9
Iceland 1 (8) 1850 to 1965 -12.2 -6.3
Norway 2 (7,9) 1850 to 1990 -28.7 -12.1
Alps 4 (7) 1850 to 1988 -15.6 -9.3
Central Asia 9 (7) 1874 to 1980 -9.9 -13.3
Irian Jaya 2 (7) 1936 to 1990 -25.9 -7.1
Kenya 2 (7, 10) 1893 to 1987 -4.8 -6.7
New Zealand 1 (7) 1894 to 1990 -25.9 -13.9
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