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ABSTRACT

High mountain lake ecosystems in the Iberian Peninsula, being more than 1700 water bodies, are represented mainly by small
or medium size lakes (75 % with a surface less than 0.5 Ha.). The knowledge of their regional limnology in Spain is yet uneven
and insufficient, as well as their ecological status and sensitivity to human activity impacts. This work describes the major lim-
nological characteristics and functioning of high mountain lakes in the Spanish Central Range, and their relationships with
regional environmental variables and existing human pressures. Some hydrological processes (turnover rate), thermal proper-
ties (ice-cover dynamics) or hydrochemical parameters (conductivity) are discussed in more detail in those lakes with long
term monitoring data. The composition of planktonic and benthic communities responds to both human pressures and biogeo-
graphical or environmental aspects. The effects produced by tourism, cattle, lake damming, wastewater inflow, watershed ero-
sion, introduction of the brook trout, or environmental warming, are studied in some lakes. Implemented management and res-
toration measures to reduce environmental impacts are described and evaluated.

Key words: High mountain lakes, environmental change, human impacts, paleolimnology, lake restoration, regional limno-
logy, Spanish Central Range.

RESUMEN

Los ecosistemas acuaticos leniticos de alta montania de la Peninsula Ibérica, con un numero superior a 1700 masas de agua,
se hallan representados en su mayor parte por lagos de pequerio o mediano tamaiio (el 75 % presenta una superficie inferior
a 0.5 Ha.). El conocimiento limnologico regional de estos sistemas es aun muy limitado e irregular en Esparia, asi como su
estado de conservacion y su sensibilidad ante los posibles impactos producidos por las actividades humanas. Este trabajo des-
cribe los principales aspectos limnolégicos y el funcionamiento de las lagunas de alta montaiia del Sistema Central en territo-
rio espariol, en relacion con las variables ambientales regionales y con las principales presiones humanas a las que se hallan
sometidas. Algunos procesos hidrolégicos (tasa de renovacion), térmicos (cubierta de hielo) o hidroquimicos (mineralizacion)
son abordados con mayor detalle en aquellas lagunas con un seguimiento limnolégico mds continuo. La composicion de las
principales comunidades planctonicas y bentonicas responde tanto a motivos biogeogrdficos o ambientales, como a la presion
humana. Se analiza el impacto producido en algunas lagunas por el turismo y la ganaderia, el represamiento, los vertidos de
un refugio, la erosion en la cuenca, la introduccion de un salmonido o por un posible calentamiento climatico. Las medidas
adoptadas para mitigar algunos de estos impactos o restaurar sus condiciones originales son descritas y evaluadas.

Palabras clave: Lagunas de alta montaiia, cambios ambientales, impactos humanos, paleolimnologia, restauracion de lagu-
nas, limnologia regional, Sistema Central Espariol.
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INTRODUCTION

The study of natural processes that guide the
functioning of ecosystems is a difficult task for
researchers in the 21st century, due to the direct
or indirect interference of human activities. The
location of semi-pristine ecosystems in which to
study the Earth’s processes at different scales
and its response to global environmental chan-
ges is a goal of recent interdisciplinary studies
in the field of ecology (N.R.C., 2005). The
aquatic ecosystems are a key to global change
studies, due to the sensitivity and vulnerability
of their biological communities and their ecolo-
gical processes (Poff et al., 2002). In order to
detect trends in the climate or in ecological pro-
cesses, both natural and resulting from human
activity, researchers have turned to high altitude
aquatic ecosystems, as sites not altered directly
(Marchetto & Rogora, 2004; Livingstone,
2005). Their value as sensors of environmental
change come from a series of characteristics
that set them apart from other aquatic systems:
low mineralization and buffering capacity, low
nutrient concentration (N compounds), accumu-
lation of trace metals and organic compounds in
the food chain, and the predicted higher reaction
to global warming in alpine areas (Morales-
Baquero et al., 2001). These aquatic ecosys-
tems, present in most continents, have been stu-
died as sensors of distinct environmental
processes: acidification (Battarbee & Renberg,
1990; Camarero et al., 1995a, b; Marchetto, et
al., 1995; Wograth & Psenner, 1995; Tait &
Thaler, 2000), climate change (Hauer ef al.,
1997; Lami et al., 1998; Battarbee et al., 2002;
Abbott et al., 2003), dispersion of atmospheric
contaminants (Fernandez et al., 2002; Carrera et
al., 2002; Curtis et al., 2005), land use changes
(Hausmann et al., 2001) and erosion processes
(Toro & Granados, 2002).

The management and control of the factors
that induce environmental changes, as well as
informing society about the magnitude of such
changes and the effectiveness of the adopted
measures, require extensive, continuous and
precise monitoring, which helps detect, moni-
tor and link these variations to the parameters

that quantify the environmental conditions
(Parr et al., 2003). The researcher should make
use of three basic tools to reach this goal:
1) reliable historical information, 2) long term
monitoring networks, and 3) paleoecological
studies. The first two tools are scarce in most
of our alpine systems, which, due to their
remote character and harsh environmental con-
ditions, have been seldom visited in the past,
with few rigorous research done until the
1980s (Pascual et al., 2000). In order to make
up for the scarcity of long-term environmental
studies, scientists have developed complex
mathematical models, both predictive as
reconstructive, in different spatial and tempo-
ral scales, for distinct geographical zones
(Castro et al., 1995; Arpe & Roeckner, 1999).
Nevertheless, it is essential to be able to use
historical and current information, organized
in databases, as calibration for the models
(Richardson & Berish, 2003) or in the paleo-
ecological reconstructions (Veski et al., 2005).
In the alpine regions of the Iberian Peninsula,
there are few long-term studies with sufficient
time scale to detect natural ecosystems responses
to regional environmental changes. The meteoro-
logical station located in Puerto de Navacerrada
(1890 m a.s.l., Guadarrama Mountains, Central
Range) (Martinez-Molina et al., 1984) has one of
the longest databases, with more than 50 years of
measurements. The paleoecological studies per-
formed in the Iberian Peninsula are contributing
valuable alternative data to the task of recons-
tructing our past, and though not homogenously
distributed, have been established in numerous
locations. A large part of these studies have been
developed in alpine regions, contributing to the
knowledge of past climate change and its effects
in the ecosystems in the Iberian Peninsula (Toro et
al., 1993; Ruiz-Zapata et al., 1997; Monserrat,
1992; Penalba et al., 1997, Catalan et al., 2002),
land use changes on the regional scale (Luque &
Julia, 2002), long distance contaminant dispersion
(Camarero et al., 1995b), or human activity
effects on a local scale (Toro & Granados, 2002).
The present work compiles the main studies
performed during the past 15 years by a rese-
arch team in the Ecology Department of the
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Universidad Autéonoma de Madrid, on the
Central Range (Guadarrama and Gredos
Mountains) high mountain lakes and wetland
ecosystems, in the Iberian Peninsula. The focus
of the research done has been the local and
regional characterization of these systems from
a limnologic standpoint, as well as their utiliza-
tion as environmental change sensors in the
local and regional scales for natural and human
induced processes. The results obtained have
served as support for different measures adop-
ted in the management and restoration of the
natural systems studied.

The historic scientific heritage.
Ramon Margalef’s contribution

Even though these alpine ecosystems are consi-
dered today pristine sites, free from impacts or
considerable human activity, it was in the period
of the first explorers (19t century and the first

half of the 20t century) that these ecosystems
were in their most natural condition. The origins
of scientific research in high mountain lakes
and wetlands in Spain can be traced to this
period, motivated by an excursionist illusion and
seeking similarities with the studies done in the
Alps lakes (Casado, 2000).

Some of the first scientific or naturalistic
explorations of the Central Range mountain
lakes cited in the literature date back to the 19th
century (Aznar, 1839; Pictet, 1865) and the first
half of the 20th century (Azpeitia, 1911;
Obermaier & Carandell, 1917; Arevalo, 1921,
1931, Pardo, 1932, 1948). The first aquatic spe-
cies inventories are found in the works of
Gonzalez-Guerrero (1927, 1929a, b, 1965) and
Caballero (1944, 1950) on phytoplankton.

The Penalara lakes were also visited by the
best known Spanish Ilimnologist, Ramoén
Margalef. On April 29, 1949, with his friend
Emilio Ferndndez Galiano, Margalef collected
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Figure 1. Reproduction of Ramon Margalef’s draws of aquatic organisms found in several lakes, streams and mires in Pefalara
Massif in 1949. (Source: R.Margalef. 1949. Datos para la hidrobiologia de la Sierra de Guadarrama. Publ. Inst. Biol. Apl., Tomo
VI: 5-21). Reproduccion de los dibujos realizados por Ramon Margalef de los organismos acudticos encontrados en varias lagu-
nas, arroyos y turberas del Macizo de Pefialara en 1949. (Fuente: R.Margalef. 1949. Datos para la hidrobiologia de la Sierra de

Guadarrama. Publ. Inst. Biol. Apl., Tomo VI: 5-21).
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Figure 2. Location of high mountain lakes in Spanish Central Range (Guadarrama and Gredos Mountains). Localizacion de las
lagunas de alta montaiia del Sistema Central, Espaiia (Sierras de Guadarrama y Gredos).

water samples from several lakes, streams and
mires, in order to supply new biogeographic
data on Iberian fresh water organisms. The
results of this excursion, with an extensive list
of organisms identified, were published in that
same year in a paper entitled “Datos para la
hidrobiologia de la Sierra de Guadarrama”
[Data for the hydrobiology of Guadarrama
Range] (Margalef, 1949). The historical data
provided by Margalef in this work have served
as valuable reference for recent studies, such as
the effects of the introduction of the brook trout
in the lake’s community, with the description of
the species present previous to the introduction
of this salmonid. Margalef mentioned the absen-
ce of phanerogams and mosses in the lake, as

well as the absence of fish. His biological des-
criptions encompass phytoplankton, zooplank-
ton, phytobenthos (herpon and pecton) and
macroinvertebrate species, including detailed
morphological and taxonomic notes on some
species, as well as some drawings (Fig. 1).

STUDY AREA

The Central Range, with a ENE-WSW orienta-
tion, divides the two Iberian Peninsula plateaus
corresponding to the basins of the Duero River
to the north, and Tajo River, to the south (Fig. 2).
This system is formed by the following moun-
tains, from the northeast: Ayllon (1691 m),
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Somosierra (2250 m), Guadarrama (2430 m),
Gredos (2592 m), Béjar (2401 m), Peiia de
Francia (1723 m), Gata (1519 m) and, in
Portugal, the Estrela and Lousa (1991 m). It is
constituted primarily by Paleozoic Precambrian
igneous rocks (granite and gneiss) and metamor-
phic rock slates, with very low solubility. Lakes
are only found in the Guadarrama, Gredos and
Estrela Mountains, where the landscape forming
role of the glaciers was more intense. The results
obtained in projects in the Guadarrama and
Gredos ranges are presented in this work.
Information on the Estrela mountain range lakes
can be found in the work of Boavida (2000).
Most of the glaciers of the Gredos Mountains
were located on the northern slope, where all of
the alpine lakes are situated. Their watersheds
flow into the Duero River basin, in the Northern
Iberian Plateau (Fig. 2). The glacial impacts
were much less in the neighbouring Guadarrama
Mountains. The high snow accumulation by the
wind in the leeward slopes facing southeast ori-
ginated the development of these small glaciers
of ice masses on south-facing slopes (Sanz-
Herraiz, 1977). Sanz-Herraiz (1988, 1999) and
Pedraza et al. (2004) describe and interpret gla-
cier’s geomorphology in Pefalara Massif.
Besides a considerable number of ponds, there
are three main lakes which represent the circus
and moraine types, whose watersheds flow into
the Tajo river basin in the South Iberian Plateau
(Fig. 2). The precipitation reaches maximum
values above 2000 mm in some places in the
Central Range. The mean annual precipitation in
the Penalara Massif (Guadarrama Mountains)
is 1350 mm, ranging between 780 mm and
2380 mm, and maximum and minimum mean
values of temperature are 20 °C and -5 °C res-
pectively (data from the period of 1946-2004:
Meteorological Station of Puerto de Nava-
cerrada, 1890 m.a.s.l. National Institute of
Meteorology). There are no meteorological sta-
tions in the high mountain zone of the Gredos
Mountains that could collect local data, but bulk
precipitation is estimated to be slightly higher
and temperature values slightly lower that in
the Guadarrama Mountains. The timberline is
situated at an altitude of 1900-2100 m.a.s.l.

(Martinez, 1999), with the Pinus sylvestris pine
as the forest community that reaches the highest
altitude in all of the Central Range (Lucefio y
Vargas, 1991). The high mountain zone, the
focus of this study, has two vegetation zones: the
oromediterranean, typical of “piorno serrano”
(Cytisus oromediterraneus) and the cryoromedi-
terranean, represented by the psychroxerophi-
lous grassland. Most of the lake basin has little
vegetation or developed soils.

The two groups of lakes studied in the
Central Range are under the protection of two
regional parks: the Pefialara Natural Park,
reclassified in 1990 from the former National
Interest Natural Site of 1930, and the Gredos
Mountains Regional Park, created in 1996. The
Penalara Massif wetlands are in the process of
approval for inclusion in the RAMSAR list of
international importance.

METHODS

The limnologic samples have been collected
from 1991 to the present with variable intervals,
according to the lakes sampled. The methodo-
logy used was based on the following references:
morphometric  parameters according to
Hikanson (1981), water chemistry following
standard methods and protocols (APHA, 1992;
Catalan & Camarero, 1988; Catalan Lafuente,
1990; Krol et al., 1997, Wathne & Hansen,
1997), plankton analyses (Sournia, 1978; De
Hoyos & Negro, 2001), pigments (Jeffrey &
Humphrey, 1975), macroinvertebrates (Toro &
Granados, 1998), sediment sampling, dating and
analyses (Battarbee, 1986; Appleby et al., 1986;
Walker, 1987; Glew, 1988, 2001), and sediment
traps (Wathne & Hansen, 1997). Besides that, the
methodology used in the various specific envi-
ronmental change studies is described in detail in
the following works: effects of the brook trout
introduction (Granados & Toro, 2000b), study of
erosion in a lake basin (Toro & Granados, 2002),
effects of wastewater refuse (Robles et al., 2000),
and the study of subfossil diatoms and chirono-
mids as sensors of recent changes (Toro et al.,
1993; Granados & Toro, 2000a).
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REGIONAL LAKE LIMNOLOGY IN THE
SPANISH CENTRAL RANGE

Morphometrics and genesis

The Central Range morphology is a result of
several morphoclimatic processes, with a pre-
dominance of fluvial and glacial processes.
The end of glaciers took place around 10.000
years ago (De Pedraza & Loépez, 1980). The
lakes were formed by the melting of ice and
snow in the depressions, and by water retention
by the lateral or frontal moraines, that acted as
dams. Toro & Granados (2001), based on a pre-
vious classification done by De Pedraza &
Lopez (1980), developed a typology of the lake
basins based on their genesis (glacial geomor-
phology) and morphometrics, that conditions
the ecological functioning of each of the lake

Toro et al.
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Figure 3. Distribution and total surface area (km?2) of high
mountain lakes (lake surface area > 0.5 ha) in the mountain ran-
ges of the Iberian Peninsula (adapted from Pascual ez al., 2000).
Distribucion y superficie total (km?) de los lagos de alta monta-
Aa (superficie mayor de 0.5 ha) en los sistemas montariosos de
la Peninsula Ibérica (adaptado de Pascual et al., 2000).

systems (Table 1): circus (4 lakes), glacial
valley bottom (10), “hoyas” (4), fluvial (2) and

Table 1. Morphometric characteristics of high mountain lakes in Gredos and Guadarrama mountains (Central Range, Iberian Peninsula).
Caracteristicas morfométricas de las lagunas de alta montania de las Sierras de Gredos y Guadarrama (Sistema Central, Peninsula Ibérica).

Lake Coord. Altitude Typology = Watershed Surface Lake Lake Max. Residence
UTM (m) (genesis)* Area Area Volume Perimeter Depth Time
(ha) (m?) (m%) (m) (m) (days)

Guadarrama

Pefialara 30TVL190215 2019 Circus 442 5779 11563 364 4.7 9.0
Claveles 30TVL201231 2119 Moraine 12.6 6263 11560 440 2.6 --
Pajaros 30TVL200239 2170 Hoya 4.8 4943 1021 447 0.5 5.2
Gredos

Duque 30TTK716650 1595 Bottom valley 760.0 203295 1644000 2440 215 46.4
Cura 30TUK159614 1750 Moraine 4.8 2000 -- 150 0.4 --
Barco 30TTK785567 1785 Bottom valley 3744 74781 357702 1250 14.8 20.5
Cervunal 30TUK054630 1815 Moraine 6.3 4200 -- 235 1.0 --
Majalaescoba  30TUK042617 1830 Fluvial 403.1 2615 -- 231 1.2 --
Lagunilla 30TUK035621 1915 Hoya 62.5 5437 -- 362 1.7 --
Grande Gredos  30TUK 064585 1935 Bottom valley 325.0 63076 145837 2423 6.5 9.6
Nava 30TTK810565 1945 Circus 624 92268 425500 1100 11.0 146.4
Caballeros 30TTK798553 2025 Circus 58.0 14027 40840 450 5.2 15.1
Trampal 3 30TTK697658 2025 Bottom valley 188.0 62042 599830 1140 20.8 68.5
Negra 30TTK697643 2070 Hoya 23 1450 -- 180 2.0 --
Cuadrada 30TTK787557 2085 Hoya 4.6 7773 10525 380 2.5 53
Garganton 30TUK054594 2085 Fluvial 99.0 441 -- 250 1.5 --
Bajera 30TUK044605 2100 Bottom valley 120.0 9599 14974 505 42 2.7
Brincalobitos  30TUK042600 2100 Bottom valley 106.3 981 1391 150 33 0.3
Trampal 2 30TTK692657 2115 Bottom valley 70.0 15352 37715 650 425 11.6
Trampal 1 30TTK689658 2125 Bottom valley 542 6063 8780 400 2.9 35
Mediana 30TUK043602 2130 Bottom valley 97.9 3240 4693 295 24 1.0
Galana 30TUK045604 2135 Bottom valley 92.3 15251 54353 680 7.6 12.6
Cimera 30TUK040596 2140 Circus 75.6 44900 216890 1275 9.4 61.6
Trochagosta  30TTK691652 2210 -- 19.5 -- -- -- -- --
Gutre 30TUK045594 2300 Hoya 3.1 960 -- 175 2.0 --

* Hoya: local term for small lakes or ponds located at glacial valleys bottom or depressions (Toro & Granados, 2001).
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Mountain
Refuge

Figure 4. Bathymetric map of Grande de Gredos Lake with
location of sampling sites and mountain refuge. Mapa batimé-
trico de la laguna Grande de Gredos con la ubicacion de los
puntos de muestreo y del refugio de montana.

moraine (3). The lakes of the Central Range
have smaller dimensions when compared to
other mountain systems in the Iberian
Peninsula, such as the Pyrenees or the Can-
tabric Range, having much fewer water bodies
(Fig. 3). This reduced size determines a greater
influence of the external environmental condi-
tions on the water bodies. The lakes with grea-
ter surface areas are the ones that were dam-
med: Duque (20.3 ha.), Nava (9.22 ha.) and
Barco (7.47 ha.), with a considerable increase
from their original surface areas. The larger
natural lakes are the Grande de Gredos

(6.3 ha.) and the Cimera (4.49 ha.), both in
the Gredos Mountains. In the Guadarrama
Mountains, the largest permanent lake is the
Grande de Penalara (0.57 ha.), although
Claveles, a temporary lake, is slightly larger
(0.62). Table 1 contains the main morphome-
tric parameters of Central Range lakes. Their
altitudes range between 1600 m and 2300 m,
with a mean altitude of 1994 m, and 60 % of
the lakes situated above 2000 m.

The Grande de Gredos Lake has the most
peculiar morphometrics of all the Central
Range lakes, in which the erosion of the ice on
a long bottom glacier circus generated two
depressions, originating two lake basins con-
nected by a narrow strait (Fig. 4). The rocky
nature of the basin generated a very sinuous
perimeter, uncommon in these alpine lakes,
giving it the longest perimeter of all the Central
Range lakes (> 2400 m) and the largest surface
area of the lakes that are not dammed (6.3 ha).
The rest of the lakes have a single basin. Most
of the lake catchment have steep slopes, with a
predominance of partially fractured bedrock
and moraines and talus zones with smaller
sized materials, as well as small areas occupied
by psychroxerophilous alpine fields, or
small depressions occupied by ponds, wetlands
or peatlands. There are few catchments with
considerable alpine shrub vegetation on the
less steep slopes (Duque, Barco, Caballeros,
Cervunal, Majalaescoba and Penalara). As a
representative example, the Pefalara Lake
watershed has 63 % of its surface occupied by
bedrock and talus, 29 % by mountain scrubs
(Cytisus oromeditarraneus, Juniperus commu-
nis ssp. alpina), some 6 % by psychroxerophi-
lous grassland (mainly Festuca curvifolia) and
2 % by Nardus stricta wet meadows.

The bottom of most of the lakes is mainly
silty, with a relatively low organic matter con-
tent (13 % Pefalara, 16 % Cimera, 19.5 %
Grande de Gredos) with a higher percentage
of sandy material at the shores and at stream
inlets, with the presence of blocks or scat-
tered stones, usually at the foot of the hills,
talus or slide rocks. One exception is the
Claveles Lake (Guadarrama Mountains), loca-
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Figure 5. Lake level, volume and turnover rate responses to the water inflow from snow melting and liquid precipitation in
Pefialara Lake for 1999 and 2000. Respuesta del nivel, volumen y tasa de renovacion de la laguna de Pefalara a la entrada de agua
procedente de la fusion de la nieve y de la precipitacion liquida durante 1999 y 2000.

ted on a moraine arch, which gives it a tempo-
rary characteristic, due to the substrate per-
meability. This lake’s bottom is lined with
medium sized rocks (0.1-1 m in diameter)
with almost no silt or fine material, probably
due to the small catchment slope of rocky
nature and the absence of water in the summer
months, when the biological productivity is
greatest in these lakes (Toro et al., 2000).

Hydrology

All the Central Range lakes, except for the
Cervunal and Negra lakes, have a superficial
water outlet and one or two main surface water
inlets and several intermittent streams, with
greater flow during the thaw period or heavy
storms. With the exception of the large lakes
(Barco, Duque, Nava, Trampal 3 and Cimera),
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the mean annual turnover rate is less than 15
days (Table 1), reaching minimums of less than
1 day during the ice cover melting (the precipi-
tation as snow can exceed 60 % of the total
annual precipitation; Puerto de Navacerrada
Meteorological Station data, INM). The inter-
annual and seasonal variation in turnover rate
is apparent in the data collected in the Penalara
Lake basin during a period of several years.
Figure 5 reflects the lake level, volume and
turnover rate responses to the phenomena of
snow melt and liquid precipitation during the
studied period, picked after the thawing and the
autumn rains, and with minimum values during
summer. Isolated precipitation events during
the summer can cause an increase of between 4
and 15 % of the lake water volume in only one
day (a precipitation of 32 mm caused a rise in
the water level of 15.5 cm in July 1998), with
theoretical lake turnover rates of up to 183 %
for October 19, 2001 (almost twice its volume).
It is relatively common to have periods of one
or more days with a turnover rate of over 50 %
of the water retained in the lake, in response to
intense precipitation.

The water discharge coming from the snow-
pack responds rapidly to the increased spring air
temperatures, generating a hydrogram with
strong daily fluctuations during the days of maxi-
mum melting, due to the day/night temperature
difference. Figure 6a shows the Pefialara Lake
outlet stream hydrogram during a typical thawing
month, with a diminishing fluctuation range with
temperature or by the snowpack disappearance.
On the other hand, the typical hydrogram during
the summer period is less fluctuating, though iso-
lated sharp water level increments can be obser-
ved, resulting from heavy storms (Fig. 6b), retur-
ning to the normal flow 2 or 3 days later. It has
been assumed, for the hydrological balance and
turnover rate estimations, that the precipitation
falling on a watershed, as well as the snowpack
melting water, run almost entirely on the surface
of the soil. Nevertheless, recent studies with mar-
kers have shown the important role of the “soil
and talus reservoirs” in high mountain water-
sheds, where up to 50 % of the snow melt water is
infiltrated in the terrain and later discharged in
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Figure 6. Pefialara Lake outlet stream hydrogram during: a) a
typical thaw month; b) a summer month with heavy storms.
Hidrograma del arroyo de salida de la laguna de Penalara
durante: a) un mes tipico de deshielo; b) un mes estival con
fuertes tormentas.

the watershed streams. This promotes the chemi-
cal interaction of the water and the substrate
during the subsoil storage, noticeably affecting
the water chemical composition (Williams et al.,
2005). The storage capacity of the studied Central
Range watersheds is not known, but it probably
varies according to each watershed’s size and
lithological characteristics. Nevertheless, base
flow for Pefialara Lake watershed in summer is
less than 5 L s7!, and the lake outlet uses to beco-
me dry after a 30-45 days period without rainfall,
therefore underground water storage period or
storage capacity would not be so large.

During periods of intense turnover, the sma-
ller lakes’ limnological characteristics are closer
to a lotic ecosystem (e.g. lakes Majalaescoba,
Brincalobitos, Garganton), with predominance
of watershed material transport by erosion and
of aquatic organisms drift, with a total instabi-
lity of the water column (turbulent heat and flux
distribution) and a grater ion and nutrient dilu-
tion. The change magnitude of the water turn-
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Figure 7. Isopleth diagram of temperature at Pefialara Lake
during the period 1997-1999. Diagrama de isopletas de tempe-
ratura en la laguna de Penialara durante el periodo 1997-1999.

over rates depends mainly on two meteorologi-
cal variables: temperature and precipitation, just
as shown in the figure 6 hydrograms. Therefore,
changes in precipitation and temperature regime
in these high mountain watersheds (e.g. as a
consequence of a possible climate change)
would noticeably affect the water flow regime,
and ultimately, the water availability as a resour-
ce throughout the year (Williams et al., 2005).

Water temperature

The physical stability of the water column, as well
as it’s thermal inertia as related to the air tempera-
ture in the lakes studied are smaller than in other
deeper alpine lakes, due to their smaller size.
Mixed water column periods predominate over
stratified ones (Fig. 7). The water thermal respon-
se to air temperature changes is fast: in summer,
with maximum air temperatures above 25 °C, the
superficial water layer of some lakes reaches tem-
peratures of 18-20 °C, although there is not a sta-
ble and lasting actual thermocline in most lakes.
In water depths of less than 10-15 m, stable strati-
fication only occurs under ice cover (Fig. 7).
Figure 8 illustrates the summer water temperature
profiles in the Central Range’s deepest lakes. It
can be observed that the three dammed lakes
(Duque, Trampal 3 and Barco) have a greater sur-
face/bottom thermal gradient, since there’s no

natural water column turnover during the summer.
Duque, the deepest lake, stands out, presenting a
clear thermal stratification with an evident ther-
mocline. During the autumn, temperatures pro-
gressively drop, and the water column is mixed by
the rain water input, up to the formation of an ice
cover. Lakes freeze over in November or
December, coinciding with a period of at least 3
or 4 days with maximum air temperatures below
0 °C, beginning the winter inverse stratification
(Fig. 7). During the winter period, if the ice cover
thickness is not thick enough and minimum air
temperature increase over 0 °C for a few days, it
can melt completely until air temperature decrea-
ses again (Fig. 7). The ice cover duration in the
lakes varies spatially and temporally. Besides pre-
cipitation, temperature, winds and radiation fac-
tors during the winter months, the watershed’s
relief can prolong the duration of the ice cover, by
obstructing direct radiation incidence on the lake
surface. The Cimera Lake (Gredos Mountains) is
a clear example of this. There is a distinctive
escarpment in the south side, which exerts a noti-
ceable shading effect on the lake. Figure 9 shows
the percentage of reduction of the potential inci-
dent radiation (direct radiation) on the lake by the
effect of the surrounding relief. As opposed to the
north shore, the south shore does not receive
direct solar radiation from October 7t to March
7t (there’s only diffuse solar radiation incidence)
and receives less than 10 % of the potential radia-
tion during five months of the year. On the other
hand, the potential radiation only drops noticeably
for one month a year at the north shore, with a
relief-related reduction of only 40 %. This inci-
dent radiation asymmetry causes a delay in the
south shore ice cover melting of 1-2 months com-
pared to the north shore, and the lake water tem-
perature has a marked north-south gradient during
the melting, with temperatures of up to 12 °C in
the north side while the south shore still has a
considerable ice cover. The possible ecological
implications in the benthic shore habitat are evi-
dent: 1) water temperature differences between 8§
and 12 °C; 2) ice cover shading effect on the ben-
thic habitat, reducing primary production; and 3)
this situation can last up to two months. The relief
effect is less important in the Pefalara lakes, due
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to their south-southeast orientation, than in the
Gredos lakes. Due to this, the mean ice cover
duration is much more prolonged in the Gredos
lakes (e.g.: 115 days in the Pefalara Lake,
185 days in the Grande de Gredos Lake, and
220 days in the Cimera Lake). The formation and
melting of the ice cover are also quite different
between the lakes of the two massifs: they form in
November-December in Gredos, completely melt
in June-July (August 1996 in Cimera); the ice
cover period in Pefialara goes from December-
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January to March-April (Fig. 7). Ice cover thick-
nesses of 142 cm (March 1996) and 165 cm
(March 1991) have been recorded for Pefialara
Lake, with the lowest maximum being approxi-
mately 30 cm (winter of 2001-2002). In the
Cimera Lake (Gredos Mountains), the maximum
ice cover thicknesses registered were >280 cm in
the winter of 1996-1997 and 187 cm in the winter
of 1997-1998. In the former, the ice cover was
composed of up to 10 layers with different thick-
ness, texture and water content.
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Figure 8. Profiles of water temperature and percentage of dissolved-oxygen saturation in the Central Range’s deepest lakes in sum-
mer months. Perfiles de temperatura y porcentaje de oxigeno disuelto en las lagunas mas profundas del Sistema Central en los

meses de verano.
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Dissolved oxygen

Under natural conditions, the water column oxy-
gen concentration in the high mountain lakes is
relatively high during the whole annual cycle, and
is not a limiting factor for the biota’s development.
Dissolved oxygen saturation between 90 and
110 % is common. There is an annual periodical
fluctuation in the lake’s surface layer, with maxi-
mum values in the winter (e.g. 10-12 mg L O,)
and minimum values in the summer (e.g. 7-
8 mg L' O,). Nevertheless, during the ice cover
period, there can be a progressive depletion of the
oxygen in the water layer closer to the sediment
(up to 0.1 mg L-1), as compared to the upper layers
under the ice cover (up to 13 mg L-1). This process
is directly proportional to the ice cover duration. If
the trend for increasing mean air temperatures is
happened and continued, the processes related to
the ice cover dynamics could be affected, such as
the oxygen depletion in the bottom. The intensity
of this process could have been reduced since the
beginning of the 1980s, when the recent increase
in air temperatures was first detected (Granados
and Toro, 2000a). The melting of the ice cover pro-
duces a massive input of water in the lakes, mixing
and renewing the whole volume in few days, rea-
ching a maximum dissolved oxygen concentration
in the deeper layers (10-12 mg L1).

In some of the dammed lakes (Trampal 3, Barco
and Duque), the general pattern in dissolved oxy-
gen concentration during the summer is different
than the rest of the lakes, diminishing in depth as
the summer passes, reaching anoxic conditions in
the deepest layers (Fig. 8). The oxygen depletion
in the Trampal 3 Lake caused the formation of
methane bubbles in the sediment, as a result of the
organic matter degradation in anaerobic condi-
tions. These bubbles are then release to the water
column from structures in the sediment that
resemble small volcanoes, with several centime-
tres of height. This inadequate condition for a
high mountain oligotrophic lake can be caused by
the following reasons: 1) the decrease in the natu-
ral turnover rate and its annual variation, increa-
sing the quantity of organic matter that reaches
the sediment (Whiteside, 1983); 2) the damming
produces a higher fluctuation in the lake’s water

Toro et al.

level eliminating the littoral aquatic vegetation
and favouring the organic matter decomposition
in the shore line with the alternation of dry/flood-
ed periods, increasing the nutrient availability.
The annual fluctuation in the water level can
reach several meters in the dammed lakes, while
in most natural lakes usually is less than 50 cm.

Hydrochemistry

The chemical composition of the high mountain
lakes is determined by several factors: weathering
and Dbiogeochemical processes, atmospheric
inputs, biological processes in the lakes, and
finally, hydrological variables such as the evapo-
ration and turnover rates dynamics. The chemical
composition values of the Central Range lakes
(displayed data from end-summer samplings) are
shown in Table 2. The mean water column con-
ductivity of all the lakes studied is very low, fluc-
tuating between 4 uS cm! 25 °C in the lakes of
the Cinco Lagunas circus (Gredos Mountains)
and 22 uS cm! 25 °C in the Pefialara Lake (Gua-
darrama Mountains) in the summer months.
Nevertheless, there are remarkable fluctuations in
the annual and interannual scales, depending
mainly on the turnover rate (Fig. 10). The mean
water pH is slightly acid (ranging between 6.2 and
6.8), and the mean alkalinity is very low (ranging

lce cover duration
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185 days
200 days
215 days

) Morth shore
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Reduction of potential incident radiation by the
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Figure 9. Percentage of reduction of the potential incident
radiation (direct radiation) on Cimera Lake (Gredos
Mountains) and mean duration of the ice cover over the diffe-
rent areas of lake. Porcentaje de reduccion de la radiacion
potencial incidente (radiacion directa) en la laguna Cimera
(Sierra de Gredos) y duracion media de la cubierta de hielo en
las diferentes zonas de la laguna.



High mountain lakes of Central Spain

between 40 and 60 peq L1), contributing to a very
low buffering capacity in lake waters. The pH
fluctuation range observed in some lakes (e.g.
Pefialara) is very broad, with minimum values of
4.76 during the ice cover meltdown to maximum
values of 7.70 during the summer months (Fig.
10). The maximum values for conductivity, pH
and alkalinity during the year occur in the middle
of the summer, under low turnover rates and high
evaporation, with maximum primary productivity,
increasing the concentration of dissolved ions in
the water (Fig. 10). Even though pH over 7.5 is
common in the Gredos Mountains lakes, a peak of
8.70 was registered in the Pefialara Lake, in the
year 2000. With the autumn rains, the conducti-
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vity decreases temporarily until the ice cover for-
mation, when the turnover rate falls to almost
zero. A progressive gradient in conductivity, alka-
linity and pH is formed then, with higher values
in the deeper layers of the lake.

A significant correlation (r2 = 0.42; p<0.05)
has been found between the ice cover duration
and the increased conductivity under the ice
cover for a 10 year time series in the Penalara
Lake. In the ice cover period in the years 1995-
1996 and 2004-2005, when the ice cover was
very thick, stable and long-lasting, there was a
large increase in conductivity, reaching summer-
like values (>17 uS em! 25 °C). On the other
hand, during the ice cover period in 1997-1998 y

Table 2. End-summer chemical characteristics of the high mountain lakes in Central Range (Iberian Peninsula) (Gredos: 1995/1997,
Guadarrama: 1999). Caracteristicas quimicas de los lagos de alta montaiia del Sistema Central (Peninsula Ibérica) a finales del periodo esti-

val (Gredos: 1995/1997; Guadarrama: 1999).

Lake pH Cond. Ca?* Mg** Na* K* Alk SO, Cl- NO; NH,* TN TP  TN/TP
puS/em  peq/l  peq/ll  peq/ll  peq/l  peq/l  peq/l  peqll  pgNA pgNA o pgNA o pg/l
25°C

Guadarrama

Mountains
Pefialara 6.87 16 53 23 39 4 106 33 4 27 22 164 7 15
Claveles 6.85 7.0 23 16 52 17 44 15 7 18 45 403 26 15
Pajaros 6.80 23.1 27 13 44 8 120 37 17 11 321 529 35 15

Gredos

Mountains
Duque 6.50 8.0 49 20 47 3 94 12 10 7 0 92 6 15
Cura 5.89 18.4 56 21 80 21 120 14 33 145 84 848 13 65
Barco 6.49 10.2 26 23 25 3 46 13 4 52 53 225 7 32
Cervunal 5.52 14.4 33 22 47 15 79 2 18 245 284 1559 39 40
Majalaescoba 7.00 7.8 29 16 24 2 42 14 6 125 29 256 5 51
Lagunilla 6.23 9.3 33 9 18 2 66 16 7 12 105 355 <0.1 --
Grande Gredos ~ 6.72 7.0 35 15 15 3 47 19 6 100 64 245 17 14
Nava 6.60 6.6 13 6 20 2 34 10 5 9 118 -- 8 --
Caballeros 6.62 9.9 25 18 19 2 45 16 5 9 31 -- 12 --
Trampal 3 6.24 9.5 51 23 44 5 103 20 10 2 0 98 3 33
Negra 6.50 13.0 56 30 24 2 101 25 6 14 125 303 8 38
Cuadrada 6.55 6.6 13 7 14 2 36 10 6 26 122 532 22 24
Garganton 6.18 8.1 23 9 15 2 33 11 5 0 101 313 9 35
Bajera 7.24 5.3 20 13 13 3 36 10 5 8 75 227 24 9
Brincalobitos 6.90 5.5 18 13 11 2 29 11 5 62 29 204 23 9
Trampal 2 7.03 12.9 69 23 54 3 129 28 11 14 0 176 7 25
Trampal 1 6.40 177 114 62 62 4 167 34 12 34 0 514 10 51
Mediana 7.15 5.2 21 11 12 1 30 11 6 14 1 167 9 19
Galana 7.47 5.1 20 11 11 2 39 11 5 13 103 228 10 23
Cimera 6.80 53 20 14 15 2 42 3 2 36 0 288 9 32
Trochagosta 6.73 7.7 15 4 31 2 63 13 7 35 290 208 2 104
Gutre 6.52 9.3 24 13 20 3 33 13 8 159 56 252 14 18
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Figure 10. Seasonal variation of alkalinity, pH and conductivity
in Peflalara Lake during a four years period (2001-2004).
Variacion estacional de la alcalinidad. pH y conductividad en
la laguna de Perialara durante un periodo de cuatro anos
(2001-2004).

2000-2001, when the ice cover was thinner and
lasted less time, the increase in conductivity was
small (< 9 uS cm! 25 °C). The clear pH peaks in
these deep layers is also only observed in the
years with a long-lasting ice cover. When the ice
is formed, there’s ionic exclusion, as observed in
other high mountain or alpine shallow lakes
(Barica, 1977; Baron, 1992; Welch & Bergman,
1985). The magnitude of this process can be
approximately quantified with the example of the
Pefialara Lake: with an ice cover of more than 1m
thick (1995-96 or 2003-04), it is assumed that
more than 40 % of the lake water volume beco-
mes ice. There’s also a release of basic cations
from the sediment (Psenner, 1988) and a sulphate
and nitrate reduction in the anoxic condition that
can be reached in the few millimetres of the
water-sediment interface (Psenner & Catalan,

1994). The final result is a remarkable increase in
the lake deeper layers conductivity, as well as an
increment in the alkalinity —and therefore, of pH—
of the water layer closer to the sediment. Under
the ice, though, these parameters remain low. The
more potent, stable and durable the ice cover, the
more intense these changes in the lake water che-
mistry are. During the ice cover melting, there is
a water mineralization increment due to the early
fusion of the ion richer layers; nevertheless, the
most important result is the input of a large quan-
tity of water in the lake, which has a dilution
effect in the medium, reaching the annual mini-
mum conductivity, with extremely low values.
The pH and alkalinity also decrease, with the
input of acid ions retained in the snowpack and
ice cover (Fig. 10). In the Cimera Lake, there has
been a conductivity measurement of 1.34 uS cm'!
25 °C (7/7/98), which is assumed to be the lowest
registered value in these high mountain lakes.
Therefore, the conductivity seems to be a good
indicator of the intensity of the processes present
in a lake as a consequence of the ice cover forma-
tion, such as the ion and compound fluxes from
the sediment, the oxygen depletion in the bottom
or the generation of alkalinity.

The wide pH range observed in some lakes
(Penalara) (Fig. 10) is due to the scarce alkaline
reserves (bicarbonate) which characterizes their
hydrochemistry, in essence, the low buffering
capacity of the water. Thus, their sensitivity to the
atmospheric input of acid anions is very high, and
acid rain is one of the potential risks for this type
of lakes. There have been records of dry or wet
deposition of dust from the Sahara (e.g. the orange
snow episode in the Pefialara Lake in the winter of
1992), which contribute for the neutralization of
the possible acid compound inputs from atmosphe-
ric deposition. This dust from the Sahara is an
important source of alkalinity and nutrients for the
alpine lakes in southern Europe (Psenner 1999),
contributing with a high percentage of the total
annual calcium (70 %) and bicarbonate (100 %)
input in the lake watersheds (Rogora et al., 2004).
Nevertheless, in the absence of this dust deposition
from the Sahara, the snow is usually highly acid
(pH between 4.19 and 5.43), with an extremely
variable ionic composition, influencing in the lake
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hydrochemistry, especially during the ice cover
melting period. Even though the bicarbonate con-
centration is low (< 100 peq L), they represent a
high percentage of the ionic composition in these
lakes, reaching values of close to 90 % of the total
anions in lakes like the Cimera, one of the least
mineralized in all of the Central Range. The predo-
minance of sulphates over chlorides reflects the
distance from the ocean —and thus, from the
influence of marine aerosols. The following rela-
tions are found in the Central Range lakes: for
cations [Ca?'] = [Na'] > [MgZ"] >> [K'], and
for anions [HCO5] = [SO,~] > [CI']. These rela-
tions are common in high mountain lakes on silica
basins in other continental mountainous systems in
the world (Baron, 1992; MOLAR, 1999). Summa-
rizing the chemical composition described above,
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the water in most of the Central Range lakes can be
classified as a mix between bicarbonate-calcic and
bicarbonate-sodic, a result of the crystalline litho-
logy of the basins (gneisses and granites).

Nitrate concentration is low in most of stu-
died lakes (<60 pg L1 N-NO;), with the excep-
tion of Cura, Cervunal, Majalaescoba, Grande
de Gredos or Pefialara lakes, where NO; reach-
ed higher values. Ammonium concentration is
usually under 90 pg L-! N-NH,, and mean
annual values are about 20 pg L-!. Total phos-
phorus concentration do not exceed 25ug L-1,
except for Cervunal Lake, where a maximum of
39 pug L1 P was recorded. TN/TP ratio founded
in summer months in lakes ranges from 9 to
104. Kopacek et al. (1996) established a TN/TP
ratio of 7.2 for phytoplankton in high mountain
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Figure 11. Annual succession pattern of the main phytoplankton groups in Pefalara Lake (Source: Toro & Montes, 1993). Patron
de sucesion anual de los principales grupos del fitoplancton en la laguna de Pefialara (Fuente: Toro & Montes, 1993).
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lakes; therefore, summer productivity should be
P-limited in most of lakes. In Penalara Lake,
several years of monthly monitoring show a P-
limited productivity during most all-year period,
but TN/TP trend to reach lower values is detect-
ed in summer periods, changing to a N-limited
phytoplankton productivity. This trend has been
also observed by Morales-Baquero et al. (1999)
in a survey of 31 high mountain lakes in Sierra
Nevada (Southern Spain), where the importance
of atmospheric N and P inputs together with the
size of the lake catchment is highlighted.

Phytoplancton

The phytoplankton communities in the studied
lakes are composed of widely distributed, non-
endemic species, most of them typical of acidic
oligotrophic lakes. Figure 11 reflects the annual
succession pattern of the main algae groups in
the Penalara Lake (Toro & Montes, 1993). In the
summer, with water column stability and high
nutrient content and temperatures, the main
algae groups reach their maximum density and
biovolume: chlorophytes (up to 90 % of the bio-
mass), with an alternation of predominance of
Zygnematales (Arthrodesmus sp.) with Chloro-
coccales (Chlorella sp., Dydimocystis sp.,
Scenedesmus sp.), cianobacteria (summer bloom
characteristic of a filamentous species, without
heterocysts; Aphanothece sp., Pseudanabaena
sp.) and, at the end of the summer, dinoflagella-
tes and diatoms (Aulacoseira sp., Fragilaria sp.)
favoured by the first autumn rains. The impor-
tance of planktonic diatoms is very low (<1 %)
in the lakes studied, in comparison to their
importance to the benthonic communities. The
density of flagellate algae, favoured by their
mobility in the stratification bellow the winter
cover, increases in the beginning of the winter:
dinoflagellates (Amphidinium sp., up to 50 % of
the biomass), chrysophytes (Dynobrion sp.,
Ochromonas sp.) and some flagellate chloro-
phytes (Pedinomonas sp.). The ice cover melting
causes a low phytoplankton density, even though
small flagellate groups persist. This community
succession annual pattern happens in the group
level, since each period’s dominant species
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usually vary each year (Toro y Granados, 1997).
There is a strong correlation between the diffe-
rent phytoplankton communities and the lake’s
degree of mineralization, indicating a low orga-
nic contamination, or by nutrients in general,
since this is the main factor that differentiates
the algae communities (De Hoyos & Negro,
2001). The smaller and shallower lakes
have been found to be the richest in number
of species (e.g.: >200 species in the Pefialara
Lake) (Toro & Montes, 1993; De Hoyos &
Negro, 2001), in which the proportion of ben-
thonic or shore habitats exceeds the pelagic
zone, not corresponding to typically planktonic
communities (>30 % of the algae species are
diatoms, and most are benthonic).

Macrophytes

The composition of the macrophyte communi-
ties is determined by the degree of temporality
or water level fluctuation in the lakes, and there
are two main communities: permanent lakes
with stable water level or shallow lakes or ponds
with a fluctuating water level (Aldasoro & Toro,
2001). The typical alpine aquatic systems spe-
cies are in the first group: Subularia acuatica,
Isoetes velatum, Callitriche palustris or Spar-
ganium angustifolium are the most representati-
ve. Subularia acudtica, a boreoalpine species,
has in the Trampal 1 and 2 lakes their only
known distribution in the Central Range
(Aldasoro & Toro, 2001). The surface area
covered and the richness depend on the morpho-
logy of the shore and on the substrate type.
Therefore, the Grande de Gredos Lake, with a
large shore development and shallow zones, has
one of the largest macrophyte richness and den-
sity in the Central Range. The most characteris-
tic species of the second group are Ranunculus
peltatus, Antinoria agrostidea, Potamogeton
natans or Juncus bulbosus. Bryophyte species
of the Fontinalis and Sphagnum genera are also
common in the lakes. In the Guadarrama
Mountains, the Grande de Pefialara Lake does
not have any aquatic vegetation, although a cou-
ple of Callitriche plants were observed by the
lake shore in 2002-2003 summer periods.
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Nevertheless, there is in the area a total of 27
aquatic plant species (angiosperm phanerogams,
charophytes and bryophytes), with the presence
of Nitella flexilis, a charophyte typical of oligo-
trophic waters (Granados & Toro, 2000b).

Zooplankton

The zooplankton species richness in the lakes
studied is smaller than in other alpine systems in
the northern Iberian Peninsula (Miracle, 1978;
Vega et al., 1991), being more like other lakes in
the southern Peninsula (Cruz-Pizarro et al.,
1981). There have been found 21 species in the
Gredos Mountains lakes (Robles & Aldasoro,
2001), similar to the 19 species found in the
Guadarrama Mountains lakes (Toro & Granados,
1998). Both mountain systems present a very
similar community composition, with low spe-
cialized and cosmopolitan, copepods and clado-
ceran species, such as Tropocyclops prasinus,
Ceriodaphnia quadrangula, Daphnia longispina
or Chidorus sphaericus. Nevertheless, there are
species with a more boreoalpine character, such
as Alonella nana. The main difference between
these mountain systems is the absence of the
diaptomid Diaptomus castaneti in the Penalara
lakes, with presence in the Gredos lakes and in
other mountain systems of the northern Iberian
Peninsula (Aldasoro ef al., 1984). The most fre-
quent diaptomid in the Pyrenees lakes, Diap-
tomus cyaneus (Miracle, 1978), is not present in
the Penalara lakes, but has been cited in some
high mountain ponds in an area very close to the
Penalara Massif (Baltanas, 1985). Within the roti-
fer group, species such as Poliarthra remata and
Asplachna priodonta dominate in the summer
months, while Keratella quadrata dominate in
the winter, in the absence of predatory pressure
from Asplachna sp. (Toro & Granados, 1997).

Macroinvertebrates

The richness of species in the benthonic macroin-
vertebrate communities is high in the Central
Range lakes. More than 90 species have been iden-
tified in the Gredos Mountains, with 47 belonging
to the chironomid group, with 33 different genera

(Toro & Granados, 2001). A total of 59 species
have been identified in the Guadarrama Mountains
lakes, with 29 chironomids (Granados & Toro,
2000b). This is one of the groups that contribute
the most to the total benthonic invertebrate bio-
mass in these lakes with mean values of 847 indi-
viduals/m? for the Pefialara Lake, and peak con-
centrations of almost 4000 individuals/m2. The
species Micropsectra spp., Heterotrissocladius
marcidus or Parakieffieriella bathphyla, frequent
in alpine systems (Langton, 1991; Rossaro, 1982;
Soriano, 1995), stand out for their abundance. The
oligochaetes are another group that represent a
large proportion of the benthonic biomass in seve-
ral of the lakes. The two most characteristic species
are Stylodrilus heringianus, typical of oligotrophic
environments, and Nais alpina, characteristic of
high mountains (Brinkhurst, 1971). The mean
abundance of individuals in the Pefalara Lake is
317 individuals m-2, with maximum abundance of
up to 1800 individuos m2. Besides the chirono-
mids and oligochaetes, species like Sialis lutaria, a
megalopteran predator, and Pisidium casertanum,
the only represented bivalve mollusc, are common
in the silty substrate of the lake bottom, with densi-
ties between 38 and 150 individuals/m? in the
Penalara Lake. In the lake shores, where there’s
greater substrate diversity, there are also other gas-
tropod (Ancylus fluviatilis), hirudinea (Helobdella
stagnalis), ephemeroptera (Baetis fuscatus,
Siphlonurus lacustris, Habrophlebia fusca), ple-
coptera  (Protonemura  meyeri), tricoptera
(Plectrocnemia conspersa, Athripsodes cinereus),
odonata  (Selysiothemis nigra), coleoptera
(Nebrioporus fabressei, Oulimnius tuberculatus)
and heteroptera (Notonecta obliqua, Arctocorisa
carinata, Sigara sp.) (Granados & Toro, 2000b).
The distribution of some species can be a response
to certain impacts suffered by some lakes.
Helobdella stagnalis, a species that tolerates anae-
robic conditions or temporary dry periods, indica-
ting an organic matter enrichment (Elliot & Mann,
1979), is present only in lakes that have been alte-
red by damming (Barco, Trampal 3), with abun-
dant aquatic vegetation (Grande de Gredos,
Trampal 1) or with incipient eutrophication pro-
cesses from a recent past (Pefalara and Grande de
Gredos). The trichoptera are absent in the dammed
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lakes, and from the lakes with a superior trophic
level (Cura, Negra and Cervunal). The formation
of a dry section in the shores of the dammed
lakes, due to the water level oscillation, can hin-
der the colonization of the shore area by some
macroinvertebrate groups. There are Chironomus
sp. in some well conserved lakes, characteristic of
situations with intense organic matter decomposi-
tion in usually eutrophic environments. This is
explained by its adaptation to oxygen depletion in
the bottom during the formation of the ice cover
in the winter. Larger sized species from the odo-
nata, coleoptera or heteroptera families are only
present in the Central Range lakes without fish or
with abundant aquatic vegetation.

Vertebrates

There are several fish, amphibious, reptile and
mammal species in the Central Range lakes.
Among the fish, the only endemic Iberian spe-
cies is the brown trout (Salmo trutta), present in
only 6 lakes, although it hasn’t been confirmed
if this presence is natural or has been introdu-
ced. Besides that, the brook trout (Salvelinus
fontinalis) has been introduced in the Cinco
Lagunas complex (Cimera, Galana, Mediana,
Brincalobitos and Bajera) and in the Pefialara
Lake, and the Iberian chub (Leuciscus caroliter-
tit) and the Iberian nase (Chondrostoma polyle-
pis) have been introduced in the Duque Lake
(Lizana & Morales, 2001).

In the Gredos and Guadarrama Mountains
lakes and wetlands, there are 10 amphibious spe-
cies: the common salamander (Salamandra sala-
mandra), the alpine newt (Triturus alpestris)
(introduced in Pefialara in the beginning of the
1980s), the marbled newt (7. marmoratus), the
midwife toad (Alytes obstetricans), the natterjack
toad (Bufo calamita), the common toad (B. bufo),
the Portugal painted frog (Discoglossus galganoi),
the San Antonio frog (Hyla arborea), the Iberian
frog (Rana iberica) and the green frog (R. perezi)
(Lizana & Morales, 2001; Martinez-Solano et al.,
2002) . Among the reptiles, there are only two spe-
cies related to the aquatic ecosystems of these
mountains: the two snakes of the genus Natrix
(N. natrix and N. maura) (Lizana & Morales,
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2001). Finally, among the mammals, the otter
(Lutra lutra) and the American mink (Mustela
vison) are occasional visitors to the lakes sear-
ching mainly for fish, and occasionally for amphi-
bious and other preys. The mink is an introduced
species, naturalized in the Central Range by esca-
ping the farms where it is raised for its fur. The
Iberian desman (Galemys pyrenaica), although a
fluvial habitat species, is occasionally present at
some Gredos lakes (Lizana & Morales, 2001).

ENVIRONMENTAL CHANGE AND THE
IMPACT IN THE CENTRAL RANGE
HIGH MOUNTAIN LAKES

Incipient eutrophication of the Pefialara Lake
caused by tourism and cattle

In the end of the 1980s, the Pefialara Lake presen-
ted symptoms during the summer period that indi-
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Figure 12. Chlorophyll a (ug L!) and TP (ug P-PO, L-1) evolu-
tion in Pefalara Lake during a 15 years period. Recovery of
natural levels of both variables, after restoration measures were
adopted to reduce the input of nutrients (1991-1993), is obser-
ved. Evolucién de la clorofila a (ug L)) y TP (ug P-PO, L) en
la laguna de Perialara durante un periodo de 15 aios. Se obser-
va la recuperacion de los niveles naturales de ambas variables
despues de que se adoptasen medidas de restauracion para
reducir la entrada de nutrientes (1991-1993).
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cated an increase in the phytoplankton and benthic
primary production. Chl-a concentration over
50 pug L1 was recorded in the August 1990, in
waters of an intense green and Secchi disk transpa-
rency under 50 cm. The maximum phosphorous
concentration during that month was 427 pg P-
PO, L1, with a mean annual value of 242 pg P-
PO, L-l. Several management practices were
adopted in 1991 in order to reduce the nutrient
input from human activity in the lake watershed:
bathing and camping were prohibited, and cattle
access to the lake was limited. The chlorophyll
concentration decreased in a short period, approa-
ching oligotrophic levels (Fig. 12), with summer
maximums of 12.4 ug L1 in 1992 and 4.5 ug L'l in
1993, and phosphorus values of 137 pg P-PO, L-!
in 1992 and 62 in 1993. From 1995 on, there was a
clear annual pattern of this variable, with a Chl-a
summer peak concentration of between 3-8 ug L1,
and phosphorus peaks of 10-40 pug P-PO, L-1.
Chl-a reached 7.6 pg L1, in the summer of 2002,
coinciding with a previous winter with very low
rain and snow precipitation - which caused the lake
turnover rate to be smaller and the water level to be
the lowest. Chlorophyll concentration is minimum
in the ice cover period, with mean minimum values
under 1 pg L-! Chl-a, although higher maximums
under the ice cover have been recorded in some
years. In the winter of 2004-2005, for example,
there was a remarkable chlorophyll increment in
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the deeper layers close to the sediment, reaching
values of 7.7 ug L1, and 0.4 pg L-! in the layers
adjacent to ice cover. The sensitivity of the phyto-
plankton primary production in the high mountain
lakes to environmental variables such as total
annual or winter precipitation, temperature or
nutrient input, is evident in the response obtained
throughout the management practices adopted in
the Pefialara Lake to control nutrient input related
to visitors and cattle. The turnover rate of some
lakes (mean annual values of under 15 days, with
minimum values of under 1 day during the melting
of the ice cover) favour the fast recover of the oli-
gotrophic levels, by producing a decrease in the
nutrient input, reaching natural levels in 2 or 3
years of control. The high sensitivity of these eco-
systems with oligotrophic vocation is demonstrated
by the increments in summer maximum concentra-
tion of chlorophyll related to the minimum values
of winter precipitation, which generate a lower
melting volume, and thus, a lower turnover rate.

Wastewater inflow from a refuge in the
Grande de Gredos Lake

In 1971 a mountain refuge was built close to the
inlet stream of the Grande de Gredos Lake, near
its south basin (Fig. 4). Until 1995, the residual
waters were depurated in a waste treatment lago-
on in a natural pond located between the refuge
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Figure 13. Dry weight (%), organic matter (% loss on ignition) and number of Clostridium sp. (CFU/g: colony-forming units per
gram of dry weight of sediment) profiles of sediment cores collected at Grande de Gredos Lake in 1991 and 1997. 219Pb dating
was carried out for 1991 sediment core (adapted from Toro et al., 1993 and Robles et al., 2000). Perfiles de peso seco (%), materia
organica (% pérdida por combustion) y nimero de Clostridium sp. (CFU/g: unidades de colonias formadas por gramo de peso
seco de sedimento) en dos testigos de sedimento obtenidos en la laguna Grande de Gredos en 1991 y 1997. El perfil de 1991 fue
datado con ?1Pb (adaptado de Toro et al., 1993 y Robles et al., 2000).
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Figure 14. Formation process of the gas chambers and anoxic water layer under macrophyte roots in the bottom of south basin at
Grande de Gredos Lake as a consequence of a waste water inflow from a refuge (Summer 1995). Proceso de formacion de camaras
de gas y capas de agua anoxica bajo las raices de las macrofitas en el fondo de la cubeta sur de la laguna Grande de Gredos como

consecuencia del vertido de un refugio (verano de 1995).

and the lake. In that year, a more complex depu-
ration system was constructed. It consisted basi-
cally of an initial grid, a 13t decant-anaerobic
digestion tank, and a 2"d aerobic digestion tank
with an electric air diffuser. The resultant
effluent or wastewater circulated through some
drainage pipes surrounded by gravel and sand in
a ditch towards the Grande de Gredos Lake.
During the following winter, one depuration
system tank broke, due to the ice and the weight
of the snow mantle over the installation, genera-
ting a continuous flow of wastewater into the
lake. At the same time, the faulty operation has
not produced the desirable purification levels. In
this way, a second source of scarcely purified
wastewater with diffuse character, passed
through the drainage pipes, because the depura-
tion system did not work due to low winter tem-
peratures and to the lack of power. Tank repairs
during the next summer originated a wastewater
spill of about 6000 litres of black waters without
depuration treatment over the surrounding area,
close to the lake. This fact, together with diffuse
pollution caused by the high number of visitors
and campers in the lake watershed, originated
serious changes in the lake’s trophic level.

The paleolimnological surveys carried out in
1991 and 1997 reflected a big increase in

the organic matter content accumulated in the
period between both studies, as well as an in-
crease in the sedimentation rate. A general trend
to increase the organic matter content (measu-
red as LOI) since the beginning of the 1960,
according to the 219Pb dating, is observed along
the sediment record (Fig. 13). Before 1991, the
sedimentation rate was around 2.2 mm/year,
increasing after that year to reach values of
approximately 5 mm/year. This increase clearly
reflects an extraordinary input of organic matter
(measured by LOI) in the past few years. Since
the lake has two different basins (Fig. 4), com-
parisons between north and south basins sedi-
ment profiles were made to look for differences
in the sedimentation rates and organic matter
content. The input of soluble and particulate
materials (of natural origin from the watershed
drainage or from the refuge and campground
area) is higher in the south basin, which acts as
a sediment and nutrient trap prior to the north
basin. The LOI concentration in the surface
sediment of the south basin is much higher than
in the north basin, although there is an accepta-
ble correlation between both curves’ trends.
One of the main impacts and extreme conse-
quences in the lake ecosystem because the high
organic matter input from the refuge was the for-
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mation of gas chambers, under macrophyte roots
in the south basin. These gases originate as a
consequence of intense organic matter degrada-
tion in anaerobic conditions. In another lake of
the Central Range, the Trampal 3, a similar pro-
cess has been verified as a consequence of the
modification of the hydrological cycle due to
damming lake (Toro & Granados, 2001). The
formation of bacterial mats in the upper layers of
the sediment, together with the dense net of
macrophyte roots, hinders the efflux of the gas to
the atmosphere. Because of this accumulation,
the macrophytes and their roots are lifted up
towards the water surface. In this way, gas cham-
bers and a layer of anoxic water with relatively
high concentrations of nutrients ([P-PO,~] = 43
pg L1 [NH,*] = 1.025 mg L-1), reach a height of
2 m and a surface area of several square metres.
The formation process of the gas chambers and
anoxic water layer is schematised in figure 14.

Robles et al. (2000) studied the effects of out-
door activities in the Grande de Gredos Lake
watershed by the analysis of sulphite-reducing
clostridia in the lake sediment from the south
basin. Sulphite-reducing clostridia are good
indicators of past human pollution because of
their longevity in natural habitats, and they can-
not multiply at temperatures below 20°C, or in
the presence of O,. There was a great increase in
the numbers of clostridia (expressed as colony-
forming units per gram (CFU g'!) of dry weight
of sediment) in the sediment record of this lake
since the 1970s, showing the rise of human pres-
sure caused by the practice of outdoor activities.
Clostridia CFU gl increased dramatically after
the breakdown of the refuge’s depuration system
in 1995 (Fig. 13). Concentration levels of clostri-
dia in the north basin of this lake were similar to
those found in the surface sediment of the
Cimera Lake, located in a more remote area
without this high tourist pressure: both were two
orders of magnitude lower than in the Grande de
Gredos Lake (Robles et al., 2000).

Additional evidences of a recent nutrient and
organic content enrichment in the lake has been
provided by Toro et al. (1993) by means of the
subfossil diatoms analysis from the sediment
core taken in the north lake basin. It reflected a
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remarkable trend towards an increase in lake
trophic conditions since the end of 60’s. Some
species, such as Navicula radiosa var. tenella,
Pinnularia microstauron, Fragilaria pinnata or
Aulacoseira sp., showed a response to a possible
nutrient enrichment increasing their densities
in more recent sediment layers, whereas other
species associated to oligotrophic conditions,
such as Achnanthes austriaca or Cymbella per-
pusilla, decreased their densities towards surfa-
ce layers (Toro et al., 1993).

The progressive recovery that has been
observed in the Grande de Gredos Lake after
the repair and control of the wastewater inflow
is another proof of the great self-recovery
capacity which seems to be characteristic of
these alpine systems. Nevertheless, the studies
being carried on the follow up of these lakes
biological communities (phytoplankton, zoo-
plankton, macroinvertebrate and macrophytes)
will provide knowledge in the future about the
long term effects of these impacts.

Erosion processes in the Pefialara Lake
watershed

The intense tourism and cattle raising activities
in the proximity of the Pefialara Lake caused an
advanced erosion process at the shores of the
lake basin, in the beginning of the 1990s. The
results obtained in the paleolimnological sedi-
ment study (Fig. 15) show clearly some of the
effects of this pressure (Toro & Granados, 2002).
Firstly, the dispersed and irregular radiometric
profile obtained from sediment dating shows a
possible recent alteration in the surface sediment
layers (0-20 cm), probably due to its re-suspen-
sion by the numerous bathers who visited the
lake during the summer, as well as by livestock.
A period of increased sediment accumulation is
observed from the 1970’ onwards, associated
with denser sediment at a depth of 8.5 cm in the
core. Furthermore, this period is the inflexion
point of the relationship between the sedimenta-
tion rate (measured as g m2 y! or cm y!) and
annual precipitation. Figure 15b shows that prior
to 1970, the sedimentation rate is inversely
correlated to annual precipitation, but after that
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Figure 15. Relationship between sedimentation rate evolution and annual precipitation in Pefialara Lake during second half of 20t cen-
tury. Correlation changes between both variables prior and post 1970 is emphasized (Toro & Granados, 2002). Relacion entre la evolu-
cion de la tasa de sedimentacion y la precipitacion anual en la laguna de Pefialara durante la segunda mitad del siglo XX. Se seriala el
cambio producido en la correlacion entre ambas variables antes y después de 1970 (Toro & Granados, 2002).

year, a significant positive correlation is initiated
between precipitation and sediment accumula-
tion rate. Thus, before 1970, the sedimentation
process was driven mainly by the opposed
influence between the sedimentation and flush-
ing rates: as water turnover time is reduced (i.e.
more precipitation), the sedimentation rate is
also reduced (Fig. 16). On the other hand, after
1970, a notable rise in the erosion rate in the
watershed and at the shore of the lake starts as a
consequence of the loss of vegetation cover
(mainly mountain pasture) caused by visitors’
trampling. Because of these large areas of bare
soil, erosion increases with increased precipita-
tion. In addition, at the shoreline and in shallow
parts of the lake, bathing visitors cause a process
of re-suspension of the sediment, which accumu-
lates in the deeper area. Prior to the increase in
organic content, at a depth of 8-10 cm there is a

sharp drop in these values, coinciding with an
increase in the percentage of dry weight and wet
density, and less 137Cs and 210Pb activity (Toro
& Montes, 1993). This may represent a strong
erosion process in the watershed or at the shore
of the lake, as has been previously discussed. In
some areas of critical erosion level, soil losses
up to almost 1 m of thickness were recorded bet-
ween 1985 and 1995 (Toro and Granados, 1999).
For some zones of the frontal moraine that
encloses the lake, this loss meant almost half of
the height of the same above the water level
of the lake. After the prohibition of access to the
lake, the vegetation cover was recovered in
the least degraded zones, but the erosive process
continued in the critical zones. In 1997, it was
necessary to interfere, artificially seeding the
soil with various species of grasses and protec-
ting it with vegetable fibre matting.
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Figure 16. Annual model of the erosion-sedimentation processes in the watershed of a small high mountain lake in natural condi-
tions (prior 1970) and with high soil erosion problems (post 1970): Penalara lake (Granados et al., 2002). Modelo anual del proce-
so de erosion-sedimentacion en la cuenca de un pequerio lago de alta montaria en condiciones naturales (antes de 1970) y con pro-
blemas de alta erosion del suelo (después de 1970): laguna de Pefialara (Granados et al., 2002).

The sedimentation rate in a lake basin may be
used as an indirect measurement of sediment
influx, i.e. the rate of erosion in the watershed
(Dearing, 1986). The natural sedimentation pro-
cesses in the studied lake watersheds follow a
general annual pattern according to the erosion
process degree (Fig. 16) (Granados et al.,
2002). The sedimentation under the winter ice
cover is minimal, without watershed material
inflow and with a negligible photosynthetic pri-
mary productivity. During the melting period,
the sedimentation rate is still low, due to the
high lake water turnover rates, in spite of the
very high available energy for particle transpor-
tation form the watershed (erosion) and the
maximum soil erodibility due to its higher
water content and the winter cryofraction phe-
nomenon. During the summer, sedimentation
reaches the annual maximum values, because of
the higher water column stability, more visitors
(watershed erosion) and annual maximum pri-
mary productivity (organic matter generation
through photosynthesis), besides the highly ero-
sive summer storms. The persistent autumn
rains cause an increase in the turnover rates, a

decrease in the primary productivity and, there-
fore, a decrease in the sedimentation rates.

To monitoring the response of erosion-sedi-
mentation processes to the restoration measures
adopted in the Penalara Lake watershed, two sedi-
ment traps were located in the deepest area of the
lake (1.3 and 2.6 m above lake bottom) in 1997.
The annual evolution of the rate of organic/inor-
ganic material caught in the sediment traps from
1997 to 2005 validates this model, since the lar-
gest percentage of inorganic material is observed
in the summer (Fig. 17). In this period, the mine-
ral material input by watershed erosion is higher,
increasing the percentage of organic matter
during the rest of the year (Granados et al., 2002).
Besides this clear annual pattern, the sedimenta-
tion rates have varied in the last few years, with a
trend of decreased sedimentation, due to the
watershed erosion control measures adopted and
the re-vegetation of the most affected zones (Toro
& Granados, 2002). The sedimentation rates in
the summer of 1997 were between 24.3 and
29.2 g m2 d! (1.9 kg m? y!), reached a maxi-
mum of only 10.9 g m?2 d-! (0.83 kg m?2 y!) in
1998, and have since reached annual maximum
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Figure 17. Interannual evolution of the sedimentation rate in
Pefialara Lake according to the material collected in the sedi-
ment traps during the period 1997-2005. Evolucion interanual
de la tasa de sedimentacion en la laguna de Perialara segiin
el material recogido en las trampas de sedimento durante el
periodo 1997-2005.

values of between 2.6 and 8 g m2 d! (0.22 —
0.56 m2 y!) (Fig. 17). According to the data
obtained in the Pefialara Lake paleolimnological
study (Toro and Montes, 1993; Granados et al.,
2002), there was an annual maximum accumula-
tion of 1.4 kg m2 y! between 1918 and 1970,
with a mean of 1.06 kg m?2 y-! for this period.
From 1970 on, with the beginning of tourism rela-
ted erosion processes, the maximum accumula-
tion was 2.5 kg m2 y1, with 1970-1991 mean of
1.59 kg m2 y-1. Therefore, it is shown that both
the paleolimnological and the sediment trap tech-
niques provide results of the same order of magni-
tude. However, when comparing the results of
both techniques, it is necessary to consider some
aspects related to how each method represents the
watershed erosion processes. The sediment traps
produce values of percentage of organic matter
sedimentation, since part of this material could
have been degraded in the consolidated lake sedi-
ment. On the other hand, the traps underestimate
the quantity of total sediment, since they do not
collect the sediment that reaches the bottom
through lateral “focusing” movement bellow the
height of the trap’s entrance (Hakanson, 1977;
Crusius and Anderson, 1995). Assuming certain
compensation between both factors, the value
obtained in 1997 with sediment traps (1.9 kg m-2)
would be comparable to the average of the years
when the tourism related erosion was more inten-
se. Therefore, the values obtained between 1999
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and 2003 (between 0.22 and 0.56 kg m2) would
be comparable to the mean values of the years
preceding the impact of tourism.

Climate change detection through the study
of sediment subfossil chironomid

A paleolimnological study was carried out in
Cimera Lake sediment, where some changes
were observed in the diversity and abundance of
the chironomid head capsules in the more recent
sediment layers. It wasn’t possible to detect the
possible sources of direct impacts on the lake
that could be responsible for the biological
changes during this period (Granados & Toro,
2000a). To explain these changes a hypothesis
about a possible influence of local climate chan-
ge (temperature) on chironomids communities
was tested by temperature reconstruction.
Several authors have used the subfossil chiro-
nomid to develop temperature reconstruction
models (Walker et al., 1991; Lotter et al., 1997:
Olander et al., 1997), though none of them is
specific for the Iberian Peninsula. Granados and
Toro (2000a) used the model developed by
Lotter et al. (1997) in the Alps to estimate the
summer mean temperature (June, July and
August), since it is the mountainous region bio-
geographically most similar to the Iberian
Peninsula, with a similar species composition.
The Cimera Lake species taxonomy was pre-
viously harmonized with the one use in the
model, to avoid incoherence in its application.
Figure 18 shows the mean summer temperature
reconstruction by way of subfossil chironomid
transfer functions, as well as by the use of long
term climate series (Agusti-Panareda &
Thompson, 2002). When applying the transfer
functions developed to reconstruct summer past
temperatures in the Alps to fossil chironomids
of the Cimera Lake, it is also well correlated
with reconstructed air temperatures (n = 20,
r = 0.45, p <0.01), especially when only the
most accurate dating levels (top of the core, ca
75 years) are taken into account (n = 13,
r = 0.75, p <0.01). However, 1) the linear
regressions of both models show significantly
different slopes, and 2) chironomid reconstruc-
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Figure 18. Upper graph: Reconstructed annual mean summer air temperatures using long climate series (Agusti-Panareda &
Thompson, 2002). Lower graph: Reconstructed mean summer air temperatures in Lake Cimera by means of climate model and chi-
ronomids calibration model (Granados & Toro, 2000). Grdfica superior: Reconstruccion de las temperaturas del aire medias anua-
les del verano mediante largas series climaticas (Agusti-Panareda & Thompson, 2002). Grdfica inferior: Reconstruccion de las
temperaturas del aire medias del verano en la laguna Cimera mediante un modelo climatico y un modelo de calibracion basado en

el analisis de quironomidos (Granados & Toro, 2000).

tion underestimates air reconstruction in ca.
3 °C. The later is probably because the fossil
chironomid model has been developed for a dif-
ferent geographical region. Nevertheless, the
results of the two different and independent
models suggest the existence of an environmen-
tal warming of over 1.5 °C in the summer mean
temperature since the 1980s in the Central
Range mountains. Our data also supports the
use of chironomid head capsules as an effective
tool for past temperatures inference.

The introduction of the brook trout

The effects of the introduction of the brook trout
(Salvelinus fontinalis), a salmonid from the
northeast region of North America, have been
studied in one of the Central Range lakes
(Pefialara Lake). Although this species was intro-
duced in Spain at the end of the 19th century
(Gémez Caruana & Diaz Luna, 1991), it was in
the 1970s that mountain rivers and lakes were
populated for sport fishing purposes. The brook
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trout eats mainly aquatic invertebrates, though it
preys upon a large range of organisms throughout
its life cycle (zooplankton, juvenile fish, amphi-
bious larvae) (Massabuau, 1997; Mullen, 1958;
Newman & Dubois, 1996; Scott & Crossman,
1973), causing, besides, nutrient cycling in the
lake water (mainly phosphorus), stimulating pri-
mary production (Slusarczyk,1997) and causing
an important alteration in the lake ecosystem.
Before the introduction of the brook trout, there
were no fish species in the Penalara Lake, as
reported by researchers or naturalists who visited
the lake in that period (Margalef, 1949; Arévalo,
1921, 1931). Besides, the existence of a small
cascade in the lake outlet would be a barrier for
the fish to swim upstream to colonize the lake.
During 1997 a field experiment in situ was
carried out in the lake to test the effects of fish
predation on aquatic invertebrates by using two
types of limnological enclosures, pelagic and lit-
toral, to prevent the access of fishes. The results
obtained with the shore limnological enclosures
do not reflect differences in the species composi-
tion within and outside these enclosures. A year
is probably not a long enough period to observe
the re-colonization of aquatic organisms.
Nevertheless, in some larger macroinvertebrate
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taxa, some differences were observed in the den-
sities of the communities inside and outside the
limnological enclosures, probably as a response
to the presence/absence of the brook trout (Fig.
19). About the macroinvertebrates communities
(littoral enclosures), the tricoptera and megalop-
tera, the larger sized taxa in the lake, have a lar-
ger population density inside the enclosures (Fig.
19a). There are no significant differences in the
coleoptera present, small in size. Those taxa
which live on top of the substrate (e.g. tricoptera)
are more susceptible to the brook trout predation
than the species which live buried in the sedi-
ment. In the presence of brook trout, no swim-
ming or pelagic taxa individuals have been detec-
ted. The diptera of the chironomid and
ceratopogonid families, of small size, were not
different in both environments. However, the
tabanids, larger sized, had a slightly higher den-
sity inside the limnological enclosures. The oli-
gochaetes have a higher population density outsi-
de the enclosures, while the only bivalve species
found in the lake tends to have a higher density
inside the enclosures. The Pefialara Lake diver-
sity has been much lower during the years with
brook trout presence (9-13 species during the
introduction, compared to 23 after its eradica-

Table 3. Zoooplanktonic crustacea recorded in Pefalara Lake. In 1995 and 1997 columns, the percentage of samples with each taxa is indicated.
Maximum length is related to partenogenetic female about cladocera (according to Alonso, 1996), but in copepoda it is related to both sexes
(according to Dussart, 1969). Crustdceos zooplanctonicos citados en la laguna de Pefialara. Para los afios 1995 y 1997 se cita entre paréntesis
el porcentaje de muestras en que se ha encontrado cada especie. La longitud maxima se refiere a la de la hembra partenogenética en los clado-

ceros, segiin Alonso (1996), mientras que en los copépodos se presenta la longitud maxima para ambos sexos, seguin Dussart (1969).

Margalef, 1949

(1 sampling) (13 samplings)

Toro & Montes, 1995

Toro & Granados, 1997
(17 samplings)

Maximum lenght

Cladocera Daphnia pulex - - 2.5 mm
(=pulicaria)

_ _ Daphnia longispina (18 %) 2.3 mm

- - Ceriodaphnia reticulata 1.3 mm

_ Ceriodaphnia Ceriodaphnia quadrangula (82 %) 0.8 mm

quadrangula (100 %)

- Alona quadrangularis (23 %)  Alona quadrangularis (47 %) 0.8 mm

_ Chydorus sphaericus (92 %) Chydorus sphaericus (76 %) 0.5 mm
Copepoda  Eucyclopslilljerborgi  Eucyclops serrulatus (46 %) Eucyclops serrulatus (12 %)  @: 0.55-0.60 mm
(=serrulatus) Jd":0.67-0.95 mm
_ Tropocyclops prasinus (100 %)  Tropocyclops prasinus (94 %)  @: 1.20-1.76 mm
J": 1.46-2.30 mm
_ _ Cyclops strenuus (6 %) Q@:0.68-0.80 mm

d": 0.80-1.45 mm
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Figure 19. Differences observed in the densities of the aquatic invertebrates communities inside (fish absence) and outside (fish
presence) the limnological enclosures in Pefalara lake during Summer 1997. a) Macroinvertebrates in littoral enclosures.
b) Zooplankton in pelagic enclosure. Diferencias observadas en las densidades de las comunidades de invertebrados acudticos
dentro (con ausencia de peces) y fuera (con presencia de peces) de los limnocorrales instalados en la laguna de Penialara durante
el verano de 1997. a) Macroinvertebrados en los limnocorrales litorales. b) Zooplankton en el limnocorral pelagico.

tion) when compared to the macroinvertebrate
communities found in other Pefialara Natural
Park ponds or lakes (Toro y Granados, 1998),
where there are no fish species. In the case of the
pelagic limnological enclosure, the densities of
organisms (zooplankton) both inside and outside
were relatively small, though presenting signifi-
cant differences, and there were no differences in
species composition in the two environments
(Fig. 19b). The cladocera Ceriodaphnia reticula-
ta, not cited before in this lake, much larger
(maximum length: 1.3 mm) than the Cerio-
daphnia species previously cited, quickly appear-
ed in the enclosure, reaching higher densities in
the absence of the brook trout pressure. The
second cladocera species of larger size, Alona
quadrangularis, had a lower density outside the
enclosure. The third cladocera species found,
Chydorus sphaericus, smaller in size and with a
low and irregular density in both environments,

had slight larger numbers inside the enclosure.
Regarding the copepods, the two species found
had a similar size (Tropocyclops prasinus and
Eucyclops serrulatus), and had similar popula-
tion densities, though with a trend for higher den-
sities within the enclosure. Lastly, the two rotifer
species identified (Asplancha priodonta and
Keratella quadrata) presented the opposite trend,
with a higher population density outside the
enclosure, in the presence of the brook trout.
Comparing the results of this and recent stu-
dies (Toro and Montes, 1993; Toro and Granados,
1997) after the fish introduction to the species
composition data in Margalef’s historic research,
previous to the introduction of the brook trout
(Table 3), there are some interesting changes,
which are probably related to the introduction of
this salmonid. Margalef (1949) only cites 2 spe-
cies of plankton crustaceous in the Penalara
Lake: Daphnia pulex and Eucyclops lilljerborgi,
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which possibly would be correspond with
D. pulicaria and E. serrulatus according to up-
to-date or later taxonomy (Alonso, 1996;
Dussart, 1969, Margalef, 1953). In order to give
a comparison of relative sizes of each species,
there is a column with the species maximum
length, since this is an essential factor in the
probability of being predated by a brook trout.
The difference in the number of species found is
probably due to the fact that Margalef cited spe-
cies found in one single sampling day (April
29th 1949), while the other authors integrated
the species found in 30 lake samplings, varying
between 2 and 4 species per sample. After the
brook trout introduction, two crustaceans cle-
arly dominated: Ceriodaphnia quadrangula and
Tropocyclops prasinus, representing at least
50 % of the individuals present, being fre-
quently found with Chydorus sphaericus and, in
a smaller proportion, with Alona quadrangula-
ris and Eucyclops serrulatus, all species of
small or medium size. On the other hand, the
larger species, the cladocera Daphnia longispi-
na and the copepod Cyclops strenuus, are only
found sporadically and always represent less
than 5 % of the total of individuals in a sample.
Margalef’s citation in 1949 of the presence of
Daphnia pulex (= D. pulicaria), a macrofilter-
feeder of a large relative size, without other
smaller sized cladocera, is possibly evidence
that the presence of this predator has clearly
favored the smaller species in relation to the
macrofilters. Besides, Margalef (1949) himself
comments that “the absence of planktonic roti-
fers is remarkable”, while ten species of this
group have been found in later samplings. The
changes in the rotifer community structure cau-
sed by different fish population densities have
been observed in experiments in other lakes
(Stenson, 1982). In summary, the larger species
tend to dominate in the zooplankton not submit-
ted to the brook trout pressure. The copepod and
cladocera population densities are higher inside
the limnological enclosure. In contrast, the den-
sity of rotifers is higher outside the limnological
enclosure. The brook trout juvenile stages have
predominantly plantivore habits, although their
incidence is directly proportional to the zoo-
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plankton species size. The rotifers, microscopic
organisms, would be, thus, benefited by the
brook trout presence, being able to use the tro-
phic resources that would be otherwise consu-
med by the larger species in the zooplankton. As
additional information, Bosch et al. (2000)
observe that the common salamander (Salaman-
dra salmandra) and the midwife toad (Alytes
obstetricans) reproduced in the lake before the
introduction of the brook trout. There are no
citations of salamander larvae after the intro-
duction of the brook trout (Bosch et al., 2002).
The results of the experiments with shore and
pelagic limnological enclosures, as well as the
existing historic data, reflect remarkable chan-
ges in the aquatic vertebrate community structu-
re in the lake, due to the brook trout predatory
activity. The negative effect that the fish fauna
can have on the benthonic and planktonic com-
munities has been demonstrated in other lakes:
Brana et al. (1996) found a significant decrease
in the abundance of amphibious larvae in high
mountain lakes in the Cantabric Range in rela-
tion to those without fish; Balvay (1978) obser-
ved the almost complete disappearance of ben-
thos just a few years after the introduction of
salmonids in a lake in the French Alps. Johnson
et al. (1996) demonstrated a clear decrease in
the number of benthonic (triclads, mollusks,
odonate, ostracode) and planktonic (large sized
daphnid) invertebrates due to predation by fish
in mesocosmos experiments. Therefore, the era-
dication of the brook trout in the lake was pro-
posed, in order to recover the aquatic population
previous conditions. In order to achieve this, gill
nets were used for 5 years, until the total absen-
ce of the brook trout was confirmed. Before the
brook trout eradication, the maximum number
of aquatic invertebrate families in the months
without the ice cover (1991-2000) was 9-13.
This taxonomic richness increased to 14 fami-
lies in 2001, with a reduced brook trout popula-
tion. Once the brook trout was eradicated,
17 families were found during the period
without the ice cover in 2002, and 23 families
were found in the two following years (2003 and
2004). It is evident that the brook trout eradica-
tion has brought about an increment in the taxo-



High mountain lakes of Central Spain 245

nomic richness of the macroinvertebrate fauna,
and an absolute transformation in the benthonic
macroinvertebrate community. Practically all
the species that inhabited the lake before the
eradication maintained their population, and a
large number of taxa, mainly large sized aquatic
insects, were added to the community. These
taxa have been found in other Natural Park
ponds and lakes (Toro y Granados, 1998), from
which they were able to re-colonize the lake
once their predator was eliminated.

CONCLUSIONS

The ecological characteristics of the Iberian
Peninsula Central Range high mountain lakes
make them extraordinary sensors for natural or
human induced environmental change. The che-
mical composition of their waters, their thermal
and hydrological dynamics, as well as their biolo-
gical communities respond with high sensitivity
to changes in climate variables such as tempera-
ture or precipitation, to excess nutrients from the
watershed or the atmosphere, to erosion proces-
ses related to tourism or cattle raising activities,
to water regulation by damming, to the introduc-
tion of exotic species, or to the organic contami-
nation of the water. However, their self-recovery
capacity once the pressure or the origin of the
impact is eliminated is also extraordinary, due,
mainly, to their high water turnover rates.

One of the main contributions of this work is
the joint utilization of paleoinformation and
modern monitoring systems as support for mana-
gement and restoration of the lake ecosystems
and their watersheds. Besides, the importance of
the historic information provided by the first
researchers who dedicated their efforts to disco-
ver remote, unaltered ecosystems, leaving a writ-
te heritage of invaluable documental and scienti-
fic importance, is emphasized.

Finally, this work contributes indirectly by stres-
sing the importance of communication and of coo-
peration between scientists and managers, in order
to achieve a greater efficiency in environmental
conservation and to technically back up manage-
ment measures. The need for institutional support

to develop long-term monitoring systems which
can provide invaluable information about local,
regional and global trends is also emphasized.
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