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Abstract

The evolution of Maladeta Glacier (Maladeta massif, central Spanish Pyrenees) since the Little Ice Age
maximum is analyzed in this work. The extent of the glacier was mapped into 10 stages using morainic deposits
and graphic documents. Climatic data (temperature and precipitation) were reconstructed by using dendroclimatic
techniques complemented by recent instrumental records. The results thus obtained confirm the control of the
above mentioned climatic factors, particularly annual temperature and winter precipitation, in the evolution of
Maladeta Glacier, which has receded from an extent of 152.3 ha in 1820-1830 to 54.5 ha in 2000, a 35.7%
reduction in size. The rate of ice wastage has varied during that period, defining several phases of glacial
stabilization (1820-1830 to 1857; 1914-1920 to 1934-1935; 1957 to 1981), moderated glacial depletion (1901—
1904 to 1914-1920; 1934-1935 to 1957) and marked glacial depletion (1857 to 1901-1904; 1981 to 2000).
The evolution of Maladeta Glacier is also in keeping with trends observed from other alpine Mediterranean
glaciers, which have experienced a consistent rise in their equilibrium line altitudes during the 19th and 20th
centuries as well as associated and prolonged periods of negative mass balance
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1. Introduction

____The deglaciation process recorded by Pyrenean glaciers since the end of the Little Ice Age (LIA) has been analyzed in
several works (Martinez de Pison and Arenillas, 1988; Gellatly et al., 1995; Copons and Bordonau, 1997; Julian and Chueca,
1998; Chueca



and Julian, 2002; Chueca et al., 2002). In this paper,
we present a detailed reconstruction of the glacier
retreat observed in the Maladeta Glacier (Maladeta
massif; central Spanish Pyrenees) and examine the
relationship between that evolution and climatic
fluctuations. Using different sources of data (morainic
deposits, graphic documents), the extent of the glacier
has been reconstructed and mapped into ten stages
constrained by reliable chronological data (1820-
1830; 1857; 1876; 1901-1904; 1914-1920; 1934-
1935; 1957; 1981; 1990; 2000). This information is
compared with basic climatic data (temperature and
precipitation), reconstructed for the same geographical
area for that period by using dendroclimatic techni-
ques and complemented by recent instrumental
records of several South-Pyrenean weather stations.

2. Study area

The Maladeta massif has today the best preserved
and largest glacial remnants in the whole Pyrenean
region. The massif is located between the Esera and
Noguera Ribagorzana valleys (Fig. 1), and is formed
of crystalline rocks of the Maladeta batholith. This
igneous body extends in an E-W direction and
consists of homogenous masses of granodiorite and
granite. The massive nature and resistance of these
materials confers to the area its particular morphology

and high altitudes (Aneto, 3404 m; Maladeta, 3308
m). The topographical NW-SE disposition of the
massif has determined, as in the case of other
Pyrenean glaciated sectors such as Infiernos, Vigne-
male or Monte Perdido, the development and con-
servation of several north—northeast-facing cirque
glaciers which cover today an area of 197.2 ha. The
largest glacial bodies are Aneto (90.4 ha), Maladeta
Oriental (48.4 ha), Tempestades Occidental (14.3 ha),
Barrancs (10.8 ha) and Maladeta Occidental (6.1 ha)
(Chueca et al., 2002).

The total extent of ice measured in the massif today
represents 32% of the total present (616.2 ha) during
the Final Stage of the LIA, dated to around 1820—
1830 (Chueca and Julian, 1996). Maladeta Glacier
(Fig. 2) has recently been fragmented into two
separate bodies, Maladeta Occidental and Maladeta
Oriental glaciers but, during the LIA maximum, the
single Maladeta Glacier had a surface of 152.3 ha. In
spite of the noticeable reduction in extent and thick-
ness, both glaciers still exhibit an appreciable dyna-
mism, with development of longitudinal and
transversal crevasses of several meters width and
depth. The geophysical investigations carried out by
Martinez and Garcia (1994) and Martinez et al. (1997)
detected ice-thicknesses slightly over 50 m in the case
of the Maladeta Oriental glacier (located in its
easternmost proximal section) and over 30 m in the
Maladeta Occidental glacier (in its westernmost
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proximal section). The equilibrium line altitude (ELA)
in the area is positioned at approximately 3000-3100
m a.s.l. (Chueca and Julian, 1994).

3. Methods
3.1. Reconstruction of glacial evolution

The reconstruction of the evolution of Maladeta
Glacier (Fig. 3) is based on the methodology adopted
in a previous study of the nearby Coronas Glacier
(Chueca et al., 2003). As a starting point of reference,
we used the maximum extent reached by the Maladeta

Glacier during the LIA, dated from its morainic
deposits to around 1820-1830 (Chueca and Julian,
1996). For the other nine stages, we examined and/or
used different graphic sources whenever they pre-
sented sufficient reliability:

1) iconography (engravings, drawings): Although
they have not directly been used in the cartog-
raphy of the glacier extent, they were consulted
as support for other documents. Iconographic
sources include drawings of the north slope of the
massif by Friedrich Parrot around 1820 (Parrot,
1823), engravings from around 1850—-1860 made
by lithographer Victor Petit for the Guide Joanne
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Fig. 3. Cartography of Maladeta Glacier evolution through the ten analyzed stages.

(Joanne, 1862), and a lithography from 1856 by
Edouard Paris.

topographic maps: Different Spanish and French
editions exist for the zone. Their scale (mainly
1:50.000), makes the reliability of the ice
cartography very low. Additionally, most of these
topographic documents cover only the second
half of the 20th century, a period for which more
precise sources are available. Two remarkable
exceptions, used as supporting documents, are
the mapping surveys carried out by Charles Packe
and Franz Schrader in the Maladeta massif
around 1867 and 1890, respectively (Packe,
1867; Schrader, 1894).

aerial photographs: Once georectified, these
documents are highly reliable. In this study we
have used the 1957 aerial survey (American
flight; August 1957; scale 1:30.000; black and
white), 1981 aerial survey, hampered by the
presence of a more extensive snow cover (South
Pyrenees flight; September 1981; scale 1:25.000;
black and white) and 1997-2000 aerial survey

4)

(Aragonese Government flight; August—Septem-
ber 1997-2000; scale 1:20.000; colour).

terrestrial photographs: If the places from which
the photographs were taken are the same, and the
images are significant (include the whole or a
major part of the glacier and show a reduced
amount of snow), they are very useful documents.
A serious problem is their correct dating, partic-
ularly with the oldest documents. The photographs
used in our study are, therefore, only those
significant and for which a trustworthy chronol-
ogy has been established (Chueca and Julian,
2002). The number of old documents of this kind
available for the north slope of the Maladeta
massif, and used in our reconstructions, is consid-
erable, and includes photographs by A. Civiale
(1857), E. Trutat (1876), J. Soler Santal6 (1901),
L. Le Bondidier (1904), Catalana de Gas y
Electricidad (1914), C. Lana Sarrate (1920), R.
Compairé (1934) and L. Garcia Sainz (1935). For
the last three decades, the number of available
photographs increases and we have used several



documents from our particular collection and from
the data base of the research project “Estudio de la
dinamica de los glaciares del Pirineo aragonés”,
that has coordinated glaciological investigations
in the area since 1992. All the terrestrial photo-
graphs used in the reconstruction of the glacier
have been georeferenced visually, using different
terrain elements as reference points (moraines,
scarps, visible bedrock features, etc.). It must be
noted that there is a potential error in the
georeferencing of some of the documents, partic-
ularly in the few cases where not all the perimeter
of the glacier is entirely visible. We believe, in any
case, that this does not affect the overall consis-
tency of the results.

3.2. Climatic data: dendroclimatic reconstructions
and instrumental data

To evaluate climatic influences on the Maladeta
Glacier deglaciation process, dendroclimatic recon-
structions of temperature and precipitation series in
the locality of Capdella were used from the beginning
of 19th century until the 1950s, when instrumental
records are available for the area. Capdella is located
35 km to the east of Maladeta Glacier, at 1485 m a.s.l.
in the southern area of the Aigiies Tortes and Sant
Maurici National Park (Fig. 4). The quality of the
climatic data from this weather station, without urban
effects or statistically significant inhomogeneities,
makes its temperature and precipitation data espe-
cially adequate to carry out reconstructions using
dendroclimatic techniques. Additionally, regional
temperature and precipitation data obtained from
recent instrumental records of several South-Pyrenean
weather stations located between 15 and 30 km from
Maladeta Glacier, were used to complement the
dendroclimatic series (Fig. 4).

(1) In the dendroclimatic reconstruction of the
climatic data from Capdella, five chronologies con-
structed in the Spanish slope of the Pyrenees were
used: Aigiies Tortes and Larra, obtained from Pinus
uncinata R. samples, and Pinobajo, Trapa and
Ibonciecho, from Pinus sylvestris L. These chronol-
ogies come from the Spanish Dendrochronological
Data Bank, made up of 47 chronologies distributed
throughout the country (Creus and Fernandez, 1992;
Creus et al.,, 1992). As a whole, this data bank

FRANCE

P:Barrosa

P/T:Seira ®|Capdella

P/T:Pont de

P:Boltafia

0 25 50 km
L | |

[] Study area P: Precipitation

B Weather station

o Capdella weather
station

T: Temperature

P/T: Precipitation and temperature

Fig. 4. Location of Capdella weather station and the observatories
from which the instrumental regional series has been obtained.

contains more than 1500 samples extracted from
different living trees.

Standard techniques were applied for the sampling,
construction of chronologies and reconstruction of
climatic variables (Fritts, 1990, 1991; Cook and
Kairiukstis, 1990; Guiot, 1990). Between 20 and 25
samples were extracted from living trees to construct
each chronology. Tree-rings widths were measured
with a resolution of 0.01 mm using an ANIOL
measuring table connected to a PC and the program
CATRAS (Aniol, 1983). Absolute dating of tree-rings
was checked by program COFECHA (Holmes, 1997).
This software makes it possible to detect and correct
false or missing rings and measure errors. ARSTAN
program was used to standardize ring-width measure-
ment in order to eliminate low frequency non-climatic
signals and to combine standarized indices into site
chronologies (Cook and Kairiukstis, 1990). Finally,
using PRECON software (Fritts and Shaskin, 1995)
chronologies and climatic data were calibrated in
order to obtain a response function. When a statisti-
cally significant relationship is found, a transfer
function is obtained and a linear regression equation



used to reconstruct past variations in the climate from
past variations in ring-widths (Fritts, 1990; Guiot,
1990). The variance explained (%) by each transfer
function must be greater than 0.32 (Fritts, 1990,
1991); in our case, the values of * calculated were
0.73 for the third trimester temperature, 0.68 for
annual temperature, 0.64 for first trimester precipita-
tion and 0.77 for annual precipitation.

(2) Instrumental data from several weather stations
located in the Cinca, Esera and Noguera Ribagorzana

basins were also used to obtain recent regional series
of precipitation and temperature to complement the
dendroclimatic data (Fig. 4). Specifically, the precip-
itation series was developed from the weather stations
of El Grado, Boltafia, Pineta, Barrosa, Seira, Plandes-
cun, Molino de Chistau, Pont de Suert and Vilaller.
The temperature series was made using the informa-
tion collected at Benasque, Seira, Villanova, Pont de
Suert and Vilaller. All data sets were at least twenty
years long into the considered reference period (1951-
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Fig. 5. Climatic data reconstructed by dendroclimatic techniques in Capdella weather station (gray line) and regional series obtained from

instrumental information (black line).



1980). Missing data were filled by applying linear
regression with the nearest weather stations. The
regional indexes were developed in three steps: i)
normalization for the series of each station by
subtracting the 1951-1980 mean from the annual
value and dividing by the 1951-1980 standard
deviation; ii) calculation of the yearly averages of
each variable of the stations that were well correlated
(#*>0.7 for rainfall, and *>0.6 for temperature); and
iii) normalization of the averaged time series. The

results were indexes that summarized well the trends
for temperature and precipitation for the study area
from the 1950s until 2000.

Dendroclimatic and instrumental data were grouped
in quarterly values [third trimester temperature (July,
August and September) and first trimester precipitation
(January, February and March)] and annual values.
These periods (particularly summer temperature and
winter precipitation) were selected according to their
impact on the glacier mass balance: summer temper-
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Fig. 6. Climatic data filtered with a 5 year moving average. Dendroclimatic reconstruction from Capdella weather station is used until 1950;
from 1950, the regional series obtained from instrumental information is used.



Table 1

Correlation coefficients obtained between Capdella dendroclimatic series and the regional instrumental ones

T3 instrumental

TA instrumental

P1 instrumental PA instrumental

T3 dendroclimatic 0.60
TA dendroclimatic -
P1 dendroclimatic —
PA dendroclimatic - -

0.44

0.65 -
- 0.53

T3: average temperature of the third trimester; TA: annual mean temperature; P1: total precipitation of the first trimester; PA: annual total

precipitation.

ature controls the melting—ablation conditions of the
glacier; winter precipitation represents the season
where the glacier receives the most important snowfalls
which feed the system. The selected values are plotted
in Figs. 5 and 6. The total time length of the original
dendroclimatic reconstruction series for Capdella
covers almost six centuries, starting in the 15th century
(Saz and Creus, 2001; Saz, 2003) but, as mentioned,
only data from 1800 are used on this work. From the
1950s, instrumental data were selected and used in the
analysis and interpretation of the deglaciation process.
Dendroclimatic and regional-instrumental series show
a similar sequence during the selected common period
(1940-1992) (Fig. 5). The correlation existing between
dendroclimatic and instrumental data, calculated for
each of the four analyzed variables (Table 1), is
statistically significant in all cases (z=0.01).

4. Results and discussion

Around 1820-1830, Maladeta Glacier reached its
maximum LIA superficial extent. Since that time, the

glacier has experienced an almost continuous degla-
ciation process, especially evident in the second half
of the 19th century and in the last two decades of the
20th century. In examining the relationship between
glacier evolution and climatic changes, is important to
note the obvious mismatch between our two data sets,
continuous in the case of temperature and precipita-
tion records, but intermittent for glacier extent (even if
the amount of graphic documents we have used to
reconstruct the glacial extent is considerable).

4.1. LIA maximum (1820-1830)

The maximum extent of the Maladeta Glacier has
been dated from its morainic deposits (Figs. 2 and 3)
at c¢. 1820-1830 (Chueca and Julian, 1996). The
glacier was then a remarkable ice body of 152.3 ha
(the area data cited in this work are planimetric
surface area values; therefore, the actual surface area
is likely to be slightly larger). Its length reached 1560
m, with maximum and minimum altitudinal levels of
the ice mass placed at 3220 and 2510 m as.l,
respectively. The ELA, estimated by the classic

Table 2
Basic characteristics of Maladeta Glacier in the analyzed stages
1820-1830 1857 1876 1901-1904 1914-1920 1934-1935 1957 1981 1990 2000
Surface area 1523 148.5 129.9 100.7 92.9 89.7 74.2 70.9 61.6 M.Oc: 6.1
(ha) M.Or: 48.4
% Surface to 100 97.5 85.2 66.1 60.9 58.8 48.7 46.5 40.4 35.7
initial surface
Surface-loss rate —0.11 —0.97 —1.03 —0.55 —0.18 —-0.68 —0.13 —-1.03 —0.88
(ha year ")
Maximum altitude 3.220 3.220 3.220 3.200 3.200 3.200 3.200 3.200 3200 M.Oc: 3.180
(m as.l) M.Or: 3.200
Minimum altitude 2.510 2.510 2.570 2.640 2.660 2.670 2.700 2.710 2730 M.Oc: 2.910
(m a.s.l.) M.Or: 2.740
Maximum length 1.560 1.540 1.540 1.540 1.340 1.300 1.220 1.200 1.100  M.Oc: 380
(m) M.Or: 1.030
ELA (m as.l) 2.840 2.840 2.900 2.980 3.005 3.010 3.030 3.035 3.090 3.095




Kurowski method, was located at 2840 m (Table 2).
Prior to this time, Saz and Creus (2001) and Saz
(2003) detected in dendroclimatic reconstructions of
temperature data series in northern Spain a long and
negative trend beginning in the middle of the 18th
century. In agreement, and also favoring glacial
growth, the dendroclimatic reconstruction of Capdella
analyzed in this paper indicates that in the 1810s
decade, summer and annual temperatures were lower
than those of the reference period 1951-1980 (0.25 °C
and 0.35 °C lower, respectively), while total annual
precipitation was higher.

4.2. Glacial stabilization period (1820-1830 to 1857)

Between 1820-1830 and 1857, Maladeta Glacier
shows a clear stabilization. Although the contact of the
ice terminus with the frontal portion of the LIA
moraine was lost in some areas (Figs. 3 and 7), the
glacier morphology remained almost unchanged. The
glacier had a surface extent of 148.5 ha, registering a
rate of surface-loss since the previous stage of just
—0.11 ha year™' (Table 2). This glacial stabilization
period might be related to annual and summer
temperatures which were below the mean of the
reference period and similar to those of the previous
analyzed stage. Precipitation, on the contrary, is
mainly below the average of the reference period, at
least until the beginning of the 1850s decade. This cold
and dry phase has been identified in Spain (Barriendos,
1996; Saz, 2003) as well as in other areas of Europe

(Jacoby and D’Arrigo, 1989; Pfister, 1992; Tarussov,
1992; Serre-Bachet, 1994; Briffa, 1995; Koslowski
and Glaser, 1995, 1999; Kalela-Brundin, 1999).

4.3. Marked glacial depletion period (1857 to
1901-1904)

The first period of marked ice depletion in the
Maladeta Glacier during the last two centuries was at
the second half of the 19th century (1857 to 1901-
1904). In 1876, the glacier began to show signs of
degradation (Figs. 3 and 8; Table 2), confirmed from
photographic evidence from 1901-1904 (Figs. 3 and
9; Table 2). Between 1857 and 1901-1904, the
glacier lost almost one third of its surface area (47.8
ha), with a rate of surface loss during this period of
—1.03 ha year '. In fact, several works indicate that
the LIA had already ended in Europe by this time
(Gribbin and Lamb, 1979; Jacoby and D’Arrigo,
1989; Jones et al., 1998; Mann et al., 1999). Our
dendroclimatic reconstruction shows that summer
temperatures were 0.3 °C and annual temperatures
0.2 °C higher in the 1860s and 1870s decades than
those of the reference period, whereas winter and
annual precipitation were approximately 10% lower.
These unfavourable climatic conditions could be
responsible for the high rate of surface loss in the
glacier. In the 1880s and 1890s, temperature was
slightly colder or around the mean of the reference
period, but precipitation was still reduced, partic-
ularly winter precipitation, which only on four

Fig. 7. View of Maladeta Glacier from Puerto de Benasque (Photo: A. Civiale; Date: 1857).



Fig. 8. Panoramic view of Maladeta Glacier from Puerto de Benasque (Photo: E. Trutat; Date: 1876).

occasions between 1878 and 1908 surpassed the
mean value of the 1951-1980 period.

4.4. Moderated glacial depletion period (1901-1904
to 1914-1920)

The rate of glacial depletion diminished during
the first two decades of the 20th century (—0.55 ha
year ). The Maladeta Glacier, around 100 years
after the LIA maximum, had a surface area of 92.9
ha (60.9% of the LIA maximum value); retreat of its
ice front terminus was considerable, and the glacier
had a length of 1340 m, 220 m shorter than the
length measured in 1820-1830 (Figs. 3 and 10;
Table 2). During this period, following the trend
detected in the last two decades of 19th century,
temperature was still mainly below the reference
period, but precipitation was also reduced, with a
mean decrease of approximately 20% in winter

precipitation and 9.4% in annual precipitation for
1898-1908, and 22.6% and 6.6%, respectively, for
1914-1920.

4.5. Glacial stabilization period (1914—1920 to
1934-1935)

The tendency towards stabilization continued and
culminated in this period, registering a rate of ice
surface loss of just —0.18 ha year'. The glacier had a
surface area of 89.7 ha (58.8% of the initial area) but
showed almost no changes in length or maximum and
minimum ice altitudes (Figs. 3 and 11; Table 2). The
stabilization could be related in this case to both
precipitation and temperature values which lie near to
the mean of the reference period. The only cold peaks
identified fall within the interval 1929-1932 (0.4 °C
below the reference period for summer, and 0.21 °C
for annual temperature).

PIRENEU ARAGONES (Series 1), - La Maladeta (3312 m) des del Pic de Paderna (26.

Fig. 9. View of Maladeta Glacier central-western sector (Photo: J. Soler Santalo; Date: 1901).



B

- e et 5]

-

AP, 2% He,

Fig. 10. Panoramic view of Aneto (left) and Maladeta (right) glaciers from Puerto de la Picada (Photo: C. Lana Sarrate; Date: 1920).

4.6. Moderated glacial depletion period (1934-1935
to 1957)

Glacial depletion increases during these two
decades, with a rate of surface loss of —0.68 ha
year '. The ice body had an extent of 74.2 ha (48.7%
of the LIA maximum), with a length of approximately
1220 m (Fig. 3; Table 2). This surface and length
diminution might be related to the warm anomaly
detected in the second half of the 1940s, with summer
and annual temperature 0.25 °C and 0.4 °C, respec-
tively, above the mean of the reference period.
Precipitation during the 1940s is below the mean,
with decreases in winter precipitation of 10% and 8%
in the annual values.

4.7. Glacial stabilization period (1957 to 1981)

A noticeable stabilization in the deglaciation
process is registered in the Maladeta Glacier during
this period. The rate of surface-loss since the
previous stage is just —0.13 ha year ' (Fig. 3; Table
2), almost as low as the one calculated for the post-
LIA maximum in the first half of the 19th century.
The glacial body lost only 3.3 ha during these 24
years; its length, maximum and minimum ice
elevation and ELA altitude did not show significant
variations. The reason for this stabilization is clear,
and lies in prolonged summer and annual temper-
ature values well below the mean of the reference
period, and on winter and annual precipitation values

Fig. 11. Panoramic view (from left to right) of Aneto, Maladeta and Alba glaciers from Puerto de Benasque (Photo: L. Garcia Sainz; Date:

1935).



Fig. 12. Detailed view of the Maladeta Glacier separation into the two present ice bodies: right, Maladeta Occidental Glacier; left, Maladeta

Oriental Glacier (Photo: J. Chueca; Date: 1995).

above that mean, particularly during the 1960s
decade.

4.8. Marked glacial depletion period (1981 to 2000)

The climate during the last two decades has been
particularly damaging for Maladeta Glacier. The rate
of surface loss between 1981 and 1990 (—1.03 ha
year ') was practically an order of magnitude greater
than that measured during the previous phase, and

similar to that mentioned for the period 1857 to 1901—
1904, in the beginning of the deglaciation process
after the LIA maximum. Between 1990 and 2000, the
rate of surface loss remained high (—0.88 ha year™ ")
and during that decade fragmentation of the glacier
into the current two bodies (Maladeta Occidental and
Maladeta Oriental Glaciers) ocurred (Figs. 3, 12, 13
and 14; Table 2). The two climatic variables analyzed
in our study continued to have a strong influence on
glacier evolution: The 1980s and 1990s were two of

Fig. 13. Detailed view of Maladeta Occidental Glacier (Photo: J. Camins; Date: 1992).



Fig. 14. View of Maladeta Occidental and Oriental glaciers from Puerto de Benasque (Photo: J. Camins; Date: 1999).

the most warm and dry periods of the last two
centuries. Temperature (annual and, particularly,
summer temperature), surpassed almost constantly
the mean of the reference period, with peaks 1.1 °C
and 2.0 °C above the mean, respectively, while winter
and annual precipitation were almost always below
average.

In order to further investigate the relative roles of
temperature and precipitation in the observed glacier
variations, a correlation analysis between climatic
data and glacier surface loss rate (GSL) was under-
taken. The analysis was made using data from the
nine reconstructed stages (1820-1830/1857; 1857/
1876; 1876/1901-1904; 1901-1904/1914-1920;
1914-1920/1934-1935; 1934-1935/1957; 1957/
1981; 1981/1990; 1990/2000), measuring for each
period the strength of the linear relationship between
GSL and the average of the standardized values for
third trimester temperature, annual temperature, first
trimester precipitation and annual precipitation
(Table 3).

The results show the existence of statistically
significant correlation between annual temperature
and GSL (correlation coefficient r=—0.68; o=0.05),
and between winter precipitation and GSL (correla-
tion coefficient »=0.59; «=0.10). No significant
relation was found between summer temperatures
and GSL (correlation coefficient /=—0.49) or annual
precipitation and GSL (correlation coefficient
r=0.47). The results obtained are not conclusive,

considering the small number of stages used in the
correlation analysis and the difficulty of properly
evaluating (due to the nature of the data sets) the
response time between climate fluctuations and GSL.
They could be indicative of the importance of annual
temperature and winter precipitation as the main
control on glacier development in a temperate mid-
latitude Mediterranean alpine context such as the
Pyrenees, where precipitation in the form of snow is
almost limited to the winter period and high temper-
atures are not only typical of the summer months,
but can be registered from early spring to late
autumn.

Table 3
Glacier ice wastage and climatic data for the nine analyzed periods

GSL T3 TA P1 PA

1820-1830/1857 —0.11 —-0.43 —-0.43 0.14  0.04
1857/1876 -0.97 —-0.12 -0.05 020  0.20
1876/1901-1904 -1.03 -0.34 —-026 -0.06 025

1901-1904/1914-1920 —0.55 —0.53 —0.41 —0.04  0.25
1914-1920/1934-1935 —0.18 —0.31 —0.31 0.10  0.11

1934-1935/1957 —0.68 025 —0.18 0.23 0.02
1957/1981 —0.13 0.05 —0.61 0.55 0.51
1981/1990 —1.03 152 0.64 —-0.67 —0.62
1990/2000 —0.88 0.67 0.66 —0.80 —0.32

GSL: glacier surface loss rate (ha year '); T3: average of the
standardized values for third trimester temperature; TA: average of
the standardized values for annual temperature; P1: average of the
standardized values for first trimester precipitation; PA: average of
the standardized values for annual precipitation.



5. Conclusions

Maladeta Glacier represents a fine example to test
the relationship between climate and glacier fluctua-
tions. The deglaciation process that all Pyrenean
glaciers have undergone since the Little Ice Age is
evident here: From having an area of 152.3 ha in
18201830, the glacier has been reduced to merely
54.5 ha in 2000 (total extent of the present two ice
bodies), a 35.7% reduction of the initial surface area.
This ice depletion value is in accord with those
mentioned by Chueca et al. (2002) for the remainder
of the main South-Pyrenean glaciated areas: 32.0% for
the whole Maladeta massif, 39.2% for Posets, 24.9%
for Taillon-Monte Perdido, and 33.6% for Infiernos-
Punta Zarra.

The results obtained reveal also that the ELA of
Maladeta Glacier increased 255 m between 1820-
1830 and 2000. This evolution is in keeping with the
trend observed in other alpine Mediterranean glaciers,
which have experienced a constant rise of their
equilibrium line altitudes during 19th and 20th
centuries, as well as associated and prolonged periods
of negative mass balances. This has been the case in
the small glaciers of the Southern Maritime Alps
(Gellatly et al., 1994a; Pappalardo, 1999), the Central
Apennines with the Ghiacciaio del Calderone (Gel-
latly et al., 1994b; D’Orefice et al., 2000), the Sierra
Nevada with the Corral del Veleta Glacier (Messerli,
1980; Gomez Ortiz and Salvador, 1997), and on the
northern, climatically Atlantic and more humid
Pyrenees (Gellatly et al., 1995; René, 2000). The
timing of this deglaciation process is not the same in
all alpine Mediterranean areas, due to the importance
of local factors such as topography, shading, presence
or absence of debris-cover or particular topoclimatic
conditions, but the general tendency towards reduc-
tion of the surface area and thickness, or even glacier
extinction, is well evidenced at this macro regional
level.

A noticeable matter observed in Maladeta Glacier
is that the periods during which the climate favoured
positive mass balances saw only stabilization of ice
volume and surface area losses, but were insufficient
to interrupt the general recessional trend. No advances
of the ice front have been recorded or documented
during the whole deglaciation process. The fact that
many current Pyrenean glaciers, due to their steep

topographic positioning, lack a cover of debris on
their surfaces which would reduce ablation, is con-
tributing to the process.

Finally, a minimum response time of very few
years seems to exist between temperature and
precipitation changes and the stabilization or retreat
of the Maladeta Glacier. As the lag time for a glacier
to react to climatic fluctuations depends mainly on its
size and its latitudinal location, climatic changes, even
subdued ones, are felt more precisely by smaller
glaciers placed in warmer settings (such as the
Pyrenean) than by larger glaciers in higher latitudinal
areas. This fact makes the Pyrenean glacial remnants
useful and reliable proxy indicators to analyze the
impact of the current climatic changes on mid-latitude
mountains.
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