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ABSTRACT

This paper summarize, from a regional limnology point of view, some of the identifying characteristics of Sierra Nevada
high mountain lakes, as a result of the studies carried out by the l[imnology group of the University of Granada since 1975. A
overall narrow variability in the morphological, physical and chemical characteristics of this lakes seems to appear as a conse-
quence of asmaller and more homogeneous distribution area than high mountain lakes of other mountain ranges (i.e. the Alps)
cover. The position of Sierra Nevada, far away from industrialized areas, keep their water bodies free of air pollution which
reflectsin the relatively high levels of alkalinity compared with other mountain lakes under acidification processes (i.e. Norwe-
gian ones). Likewise, their southern position makes the Sierra Nevada high mountain lakes ideal reference sites for climate
change monitoring. The homogeneity in their abiotic environment is responsible of alimited biological diversity of their plank-
tonic communities. The phytoplankton is dominated by nanoplanktonic species and the zooplankton is only composed by 20 roti-
fer species, 8 cladocerans and 5 copepods. All these characteristics underline the interest of Sierra Nevada lakes as subject of
scientific research both applied as in a purely theoretical plane.

INTRODUCTION

Small high mountain lakes, under severe physical condi-
tions, have for long been recognized as unique inland waters
ecosystems. Properties linked to a fluctuating climate, short
growing seasons, low thermal stability, high irradiance and,
usually, low nutrient levels, in turn due to small sized
watersheds and weak human influence, are all responsible
for their relatively simplified biological communities, thus
being suitable sites to study the basic relationships between
their components.

Their, at times, remote location can explain their
knowledge to be far from desirable, and, because of their
mostly glaciar origin, the bulk of the available informa-
tion comes from septentrional and central mountains of
the northern hemisphere where the glacial activity had
its maximun impact (TONOLLI & TONOLLI, 1951;
PENNAK, 1955; THOMASSON, 1956: ANDERSON,
1974...). Toward southern latitudes, as higher altitudes
are needed to observe such effects, areas suited to having
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comparable lakes became much more scarce and isola-
ted.

The Sierra Nevada (37°N), is the most southerly moun-
tain system in Europe reaching altitudes higher than 3000
m, and embraces in its highest zone some 50 small water
bodies, whose primary interest as reference sites in any
comparison study concerning climatic factors and pollution
background levels, reveals obvious.

Appart from some spot data coming from studies by
LOFFLER (1974) and GONZALEZ-GUERRERO (1975), an
integrated research program was started by MARTINEZ
(1975) at the limnology group of the University of Granada.
In this paper we summarize some of the identifying characte-
ristics of these lakesfrom a regional limnology point of view.

LIMITED VARIABILITY AMONG LAKES.

The glacial action in the Sierra Nevada was limited to
the upper areas, close to the crest lines, and so most of the
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lakes lay in a narrow strip of between approximately 2800
and 3050 m.a.s.l. whithin a distance of just under 20 km.
This sharply contrast with the greater geographical area
and ranges of altitudes they spread out in the Pyrenees
(1000-2800 m, NUSSBAUM, 1931) or in the Alps (e.g.
900-3000 m, MOSSELLO, 1984), and having important
consequences, such as in relation with weathering rates in
the watersheds and therefore in the chemical characteris-
tics of the lakes at different altitudes (ZOBRIST &
DREVER, 1990).

The bedrock underlying ihese lakes is also relatively
homogeneous. It is mainly siliceous and dominated by diffe-
rent kind of micaschists, in addition to some brechoid
marbles (PUGA, 1971), although the differences in mineral
types composition over the individual watershed areas do
not seem to reflect on the chemical characteristics of the
waters (table 1).

The lakes in Sierra Nevada are small in size (from afew
dozen of square meters to a maximun of ca. 20,000 m2), and
shallow (maximum depths ranging from less than 1 m up to
12 m). They remain frozen from October or November until
May or June, and their small size brings about rapid gains and
loss in heat. The average annua heat budget never exceeds
5,000 cal cm2 year! (CRUZ-PIZARRO & CARRILLO,
1990) and appear to be very sensitive to changes in air tempe-
rature. In fact the mean of the maximum temperaturesin lake
La Caldera over a decade (seventies-eighties), rose in about
4°C (CRUZ-PIZARRO, 1981; CARRILLO, 1989), coinciding
with periods of cold and warm average overall temperatures
in the northern hemisphere respectively (JONES et al ., 1986).

Because of their geographical position they are exposed
to winds blowing from the South or Southwest, that is, from
zones of low industrialization (North Africa), and therefore
the atmospheric pollution is of little importance. Neverthe-
less, these winds rather often carry dust from the Sahara,
which sporadic rains bring down. The lakes respond rapidly
in the form of swift increases in the plankton chlorophyli
levels (and declinesin the visibility of the Secchi disk) after
each occasion (CARRILLO et al., 1990) (fig. 1). These
allochtonous inputs are an important source of akalinity in
high mountain lakes (PSENNER & NICKUS, 1986), which
all the Sierra Nevada lakes undergo homogeneously, given
their small geographical area.

The similarity of these conditions leads to limited varia-
tion among chemical characteristics. As such, the average
conductivity values in a survey of 31 lakes (carried out in
the Summer of 1991) are between 8 and 77.1 uS cm-l,
values quite similar to those for conductivity of Alpine lakes
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Figure 1. Time course of chlorophyll-a and transparency in lake La
Caldera after adusty rain episody.

with less mineralization, which are the majority in that
mountain system, where also the conductivity exceeds 1,200
uS cm-! (MOSELLO, 1984). Similarly, in the lakes of the
Sierra Nevada, the total alkalinity was consistently greater
than 0.05 meq I-! and rarely surpassed 0.4 meq I-! (fig. 2).
This range is considerably smaller than that found in the
Alps, where the alkalinity can reach more than 3.5 meq 1-!
(MOSELLO, 1984). However, it implies a considerable
bicarbonate buffer capacity, bearing in mind the nature of
the bedrock, compared with lakes in the Alps and Norwe-
gian mountains where 55% and 95%, respectively, have a
total alkalinity of less than 0.2 meg I-1 (WATHNE er al.,
1990) with an important number of lakes showing negative
alkalinity. The Sierra Nevada, therefore, differs from those
areas subjected to acidification processes, and consequently,
the pH of the Sierra Nevada lakes, although lightly acidic in
the majority of the lakes (69% of the waters studied have a
pH of between 6 and 7), never falls below 5.5 (fig. 2).

On the other hand the homogeneity among chemical
characteristics allows other physically mediate relationship
(to some extent related to lake size) to become apparent.
This is the case with the oxygen content, for which the
inverse dependence upon temperature can be seen in the
average values of both variables for all the lakes (fig. 3).

A REDUCED BIOLOGICAL DIVERSITY.

Like other mountain systems in Europe (TONOLLI &
TONOLLI, 1951; PEJLER, 1965; PECHLANER, 1967;
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Figure 2. Frequency distributions o1 Sierra Nevada lakes according
to their alkalinity and pH levels (vauesare midpointsdf intervals).

CAPBLANCQ, 1972; MIRACLE, 1978), the plankton of the
Sierra Nevada is composed by species having a wide
geographical distribution. Except for the Chrysnphyceae
Chromulina nevadensis (SANCHEZ-CASTILLO, 1987a)
and the Rotifer Lepadella quinguecnstata nevadensis
(MORALES-BAQUERO, 1987a), which has been described
in the Sierra Nevada, or Hexarthra bulgarica, considered to
be atypical high mountain rotifer (DUMONT, 1980; CRUZ-
PIZARRO & MORALES-BAQUERO, 1987), no other is a
rare or endemic species. Thus the high mountain plankton
of the Sierra Nevada is not essentially distinguishable from
that found in other regions a lower altitudes. Nevertheless
more species of rotifers can be found in common between
the Sierra Nevada and Swedish Lapland than between the
Sierra Nevada and the Alps or the Pyrenees (MORALES-
BAQUERO, 1985).

Qualitative studies of phytoplankton (SANCHEZ-
CASTILLO, 1988) reveal species belonging to the most
important algal groups: Cyanophyceae, Dinophyceae,
Euglenophyceae, Chrysophyceae, Diatomophyceae, Chlo-
rophyceae and Zygophyceae (fig. 4), the last three, together

with the blue-green algae, being the most representatives.
Only three species are common to most of the lakes: Nostoc
kihlmanii, Meridion circulare and Cymbella minuta.

Diatoms and desmids, the taxonomic groups best repre-
sented, are most abundant in lakes where important epipe-
lon communities develop. This benthic community consists
fundamentally of groups clearly capable of motility, such as
the diatoms, chiefly represented by Frustulia rhomboides,
Navicula radiosa and Nitzschia hantzchiana. Another
important group is that of the desmids, where Euastrum
oblongum, E. verrucosum, Staurastrum punctulatum and S.
spongiosum, among others, are the most common taxa.
These species, although accidentally found in plankton,
develop optimally in benthic communities (epipelon), and
become very important in these oligotrophic lakes with
transparent waters. The shallowness of most of these lakesis
one of the principal factors that allow the continous resus-
pension of these organisms.

These tycoplanktonic species never develop important
planktonic populations (MARTINEZ, 1975, 1977,
SANCHEZ-CASTILLO ez al., 1989). Most of the phyto-
plankton biomass is devoted by nanoplanktonic organisms,
motile or not, which reflectsthe strong oligotrophic charac-
ter of these waters (REYNOLDS, 1984; ROTT, 1988;
TRIFONOVA, 1989). The most important species are inclu-
ded in three fundamental biological types: non motile cells;
flagelate cells and cells of epizoic origin.

Non-motile cells. These are spherical or ellipsoidal orga-
nisms in which the high surface/ volume ratio enables them
to make effective use of the scarce resources of the environ-
ment. Among those with a sphericall morphology, there is
only one important small chloreloid taxon. Species with an
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Figure 3. Oxygen-temperature relationships of Sierra Nevada lakes
(values are averages for the icefree period in each lake). From
MORALES-BAQUERO er al. (1986).
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Table 1. Morphometric characteristics (lenght, width and depth, in m), basin rock mineral components, nutrients and chio-

rophyll-a concentrations of the investigated |akes.

L w D Main FO! NO, Si0, Chl.-a
Minerals (ng/h) (ng/l) (mg/1) (ug/D
Dilar 1 4 1.0 G, F.C,B 0.6
Dilar 2 17 1.0 GF.C.B 0.3
Virgen 1 50 12 13 G,F,C,B 3.117.6 27.5k24.5 0.93+0.1 04
Virgen 2 20 10 0.8 G.F,C,B 2.115.1 12.6113.3 0.6610.1 22
Y eguas 90 40 8.0 GF,C.B 3.1k7.6 16.51r15.6 1.3410.4 22
Lanjaron 3 65 25 1.5 19
Lanjarén 2 15 5 1.0 1.1
Lanjarén 1 40 25 4.0 11
Cuadrada 30 18 4.8 0.5
Caballo 70 40 40 0.3
Mosca 75 35 238 FACM 2.2
Aguas Verdes 50 30 28 GF.C.B 3.5k6.1 12.0125.8 0.59k0.1 0.6
Caldera 190 140 12.0 F.A.CM 2.744.9 50.8k38.2 0.3110.1 0.2
Majano 80 60 0.8 FACM 1091163  24.6k46.6 1.2910.3 2.0
Gemela 25 20 0.3 F,A,CM 133184 37.8k36.1 0.8510.2 14
Larga 210 80 7.0 0.3
Rio Seco Superior 20 15 2.0 G,F.C,B 5.21r8.2 31.0+47.4 0.5410.4 0.9
Rio Seco 80 30 25 G,F,C.B 13.714.4 37.4.130.2 0.6610.1 0.5
Rio Seco Inferior 20 15 10 G,F.CB 35.1k14.9  36.1k34.1 0.77£0.4 28
Mirador 20 10 05 G,F.C,B 18
Siete Lagunas 1 70 50 25 D.E 0.9
Siete Lagunas 2 65 60 35 D.E 0.5
Siete Lagunas 4 40 20 0.5 D.E 0.7
Siete Lagunas 5 30 20 2.0 D.E 17
Siete Lagunas 7 150 40 10 D.E 0.8
Pefién Negro 100 80 2.0 D.E 4.1
Caldereta 1 40 40 3 0.2
Caldereta 2 35 30 3.0 0.3
Caldereta 3 50 40 25 0.8
Vacares 80 60 8.0 0.5
Juntillas 70 30 1.5 0.5

A, anphybolite; B, biotite; C, quartz; F, feldespar; D, distene; E, estaurolite; M, marbel; G, graphyte
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Figure J. Main algae groups (qualitatinne samples) 1ot the whole
Sierra Nevada lakes, during the ice-free period.

ellipsoidal morphology, straight or curved. such as Oocystis
lacustris and Cyanarcus sp. are common in various lakes. If
indeed the morphology of this last species diverges markedly
from the characteristics already mentioned, the curved form
of the cell seems to be an excellent adaptation to the plank-
tonic environment. In fact, this biotype is found in other
planktonic algae, most of them coming from strongly eutrop-
hic environments, such as many species of Mororaphidium.

Flagellate cells. Also small in size, are widely represen-
ted in high mountain lakes (PECHLANER, 1967,
CAPBLANCQ, 1972; ROTT, 1988). By flagellar movement
these are able to break up gradients of microdistribution of
nutrients. Such movements and the diferential day-night
predation by zooplankton are responsible of daily migrations
hardly understood so far (CARRILLO et al., 1991a). Chro-
mulina nevadensis, Ochromonas sp., Rhodomonas minuta
and various species of Chlamydomonas and Chlorogonium
belong to this group of taxa. The mixotrophic character
shown by many of these flagellate algae is specially obvious
in C. nevadensis, which show an enormous morphological
variability among lakes, well related with the trophic level
of the environment (CARRILLO et al., 1991b). fig. 5, shows
the three most common morphotypes observed for this
species, beginning with the largest in size, which have a
well developed chromatophora, next the intermediate size
and finally coming to a form with dendricules, which are
specially visible at the basal zone of the cell. Various
authors have observed this last situation in different species
of the genus (C. delacarlica, C. flavicans, C. frigidofila and
C. skujae).

Cells of epizoic origin. These are organisms of greater
size which, taking advantage of their epizoic development,

colonize the planktonic environment up to an important
degree. In these lakes at least two epizoic organisms have
been detected whose different cellular stages produce impor-
tant planktonic populations (SANCHEZ-CASTILLO, 1986).
This includes Korshikoviella gracilipes and Chlorangiella
pygmaea, two green algae which develop on cladocerans
(Daphnia pulex and Alona rectangula respectively) in at
least five of these lakes. Both algae, once the colonization
is under way, begin to produce a great quantity of zoospores
which become an important part of the phytoplankton. This
epizoitism, which can be considered to be symbiotic, gives
the alga mobility without expending energy. making possi-
ble the exploitation of different lacustrine environments. D.
pulex and A. rectangula have the advantage of an important
food source, since from the beginning of their development
both produce a large amounts of zoospores.

The tendency in colonizing the planktonic environment
by the different cellular stages is exemplified in fig. 6,
where chlorangioid cells and zoospores comprise more than
60% of the community during the month of September.
Other juvenile phases which do not reach a consistent clado-
ceran fixation also became part of the plankton, although in
a much lower proportion. Some of these phases, especially
the ankiroid in K. gracilipes (SANCHEZ-CASTILLO,
1987b) are almost identical to certain planktonic taxa, and
therefore can develop, without problems of sinking, suspen-
ded in the water. It would be reasonable, in fact, to expect
the existence of some neotenic process which might link
different generic taxa, planktonic and epizoic, in this group
of green algae (SANCHEZ-CASTILLO, 1991).

Concerning to the zooplankton, the severity of the physical
environment in the Sierra Nevada manifests itself in alow
number of species: 20 rotifers; 8 cladocerans and 5 copepods
(disregarding sporadic ones) and, also, in the simplicity of the
plankton trophic webs, as shown by the scarcity of predators,

Figure 5. C /v omuling inevadensis morphoty pes i lake La Caldera.
A) Greatest sized cells showing a well differentiated plastids; B)
intermediate size: C) smaller sized cells with dendricules on basal
zone.
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Figure 6. Presence ot difterent planktonic stages ot Korshikoviella
gracilipes in the plankton community from lake Rio Seco.

restricted to few numerically unimportant cyclopoid species.
This simplicity is typical of other mountain lakes and also of
northern systems (PEJLER, 1983).

A distinguisable feature for the zooplankton communities
of these lakesis the recurrence in the species composition. As
can be seen in fig. 7, there are few pairs of species which do
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Figure 7. Zooplankton species from 30 lakes of the Sierra Nevada,
with indication of the total number of lakes in which each species
was found (closer number to specie names), and number of lakes
where each pair of species occur (from MORALES-BAQUERO,
1985 and HERNANDEZ-MARQUEZ, 1986).

not coexist together in, at least, one lake. This is consistent
with the forementioned homogeneity among the physical
characteristics of the lakes and sharply contrasts with the much
lower levels of coincidence between the species which can be
found in other regions such as the Tyrol (SCHABER, 1988).

In each taxonomic group the majority of the species come
from benthic or littoral habitats, and indeed only the following
species can be considered to be actually planktonic ones:
Hexarthra bulgarica, Notholca squamula and Polyarthra doli-
choptera among the rotifers; Daphnia pulex and Bosmina
longirostris among the cladocerans; and Diaptomus cyaneus
and Mixodiaptomus laciniatus among the copepods.

The predominance of species from non-pelagic habitats
is of courserelated to the small size and shallowness of the
water bodies, as the importance of the strictly pelagic zones
is very small relative to the significance of the benthos
and/or the littoral one. Nevertheless, it is not only the size
of the lakes which determines the predominance of plankto-
nic species in the pelagic communities. An analysis of the
distribution species (MORALES-BAQUERO, 1987b) and
the composition patterns in the rotifer communities
(MORALES-BAQUERO et al., 1989) indicates arelations-
hip between the nature of these communities, the total
concentration of salts in the lakes (in spite of the general
small range of conductivity) and the development of littoral
vegetation. As can be seen in fig. 8, the lakes with less
conductivity have a lower number of species but a greater
abundance of organisms per cubic meter, mainly due to H.
hulgarica.

As expected, species such as Acanthocyclops vernalis,
Chydorus sphaericus or Euchlanis dilatata, all capable of
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Figure 8. Conductivity-oxygen relationship ot Sierra Nevada lakes
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exploiting both the pelagic and the littoral zones, are within
those with the greater distribution pattern among lakes (in
fact, occurring in more than 90 % of them), and offer an
unique oportunity to analyze populations on well isolated
and definite characteristics waters because of their compa-
rable development squemes (only one abundance peak). In
this way it has been possible to determine that the tempera-
ture account for only alow percentage of the variability in
the average size of the individuals from different E. dilatata
populations (about 30%, MORALES-BAQUERO, 1989)
and also that factors linked to the development of a popula-
tion in acertain lake (food conditions, genetic isolation, etc.)
play an important role in determining an individual's size.
Similarly the estimates of secundary production for this
species in different lakes was quite variable (MORALES-
BAQUERO et al., 1990); and, even more noticeable, the
production rates (P/B for the growth season) covered prac-
tically the entire range of values that have been described
for all the rotifer species (fig. 9).
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Figure 9. Individua meen weigth and growing season P/B retio o
Euchlanis dilatata in relation Wirh averaged ice-free period tempe-
ratures of esch lake.

Much less is known about the bacterial communities
(CANTERAS & PEREZ, 1987) and on the benthic fauna of
the lakes of the Sierra Nevada, for which data exist about
the distribution of Quironomides (LAVILLE & VILCHEZ-
QUERO, 1986), Coleoptera (SAINZ-CANTERO & ALBA-
TERCEDOR, 1991) and Nematodes (OCANA, in prep.)
The benthos is therefore an environment that demands furt-
her studies since itsrelative importance in the overall meta-
bolism of these lakes could be very high. In addition, from
a paleolimnological standpoint, the analysis of the sedi-
ments promises interesting results after registering modifi-
cations in the structure of communities associated with
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global climatic changes to which these waters seem to be
sensitive.

SUITABLE SITES.

In conclusion, from the point of view of the regional
limnology, the high mountain lakes of the Sierra Nevada
appear to be homogeneous waters easely characterizable and
whith low levels of pollution. Therefore these lakes are
useful both as areference sites in analyzing acidification in
Europe, and as sensors of global climatic changes. In anot-
her sense, because of the narrow ranges of overall variation
in lake characteristics are often covered by individual
values, these lakes are ideals for comparative studies of
processes determined by the specific parameters of each
lake. This allows, among the other approaches, the study of
not only factors which affect the distribution of species
occupying the lakes, but also of forces structuring their
communities. Thus these waters, as subjects of research, can
also generate interest on a purely theoretical aspect.
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