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ABSTRACT

Surveys have been carried out in over 40 lakes in the Pre-Pyrenees, Cuenca mountains and Banyoles karstic areas in Spain.
About 18 of these lakes are deep enough to become stratified and have been studied in more detail. Here we discuss the verti-
cal distribution and species composition of their planktonic communities, and their relationship to physico-chemical parameters.
Meromictic and stratified karstic lakes are characterized by the large accumulations of organisms at the redoxcline. Sharp
gradients of oxygen and reduced compounds are found in this region as a consequence of the activities of the organisms. Diffe-
rent organisms form abundance maxima at their preferred depths further contributing to the stratification. Special attention is
given to these communities at the oxic-anoxic interface. Usually, rotifers accumulate in the microaerophilic zone. Algae may
be found at the zero oxygen depth. Phototrophic anaerobic bacteria are found underneath when enough light reaches the inter-
face. Different communities of ciliates appear in the aerobic waters, in the oxycline and in the anaerobic waters respectively.

INTRODUCTION

Karstic lakes originate by limestone and/or gypsum disso-
lution. They have a peculiar morphometry, characterized by
circular sinks with steep walls and a high relative depth (the
ratio of maximum depth to mean diameter, see table 1).
These features, together with a high mineralization of the
bottom waters due to their dissolution origins, favor the stra-
tification of the water layers. Permanent meromixis, howe-
ver, isa peculiar condition found only in afew lakes. Many
karstic lakes with similar morphometry and substratum are
not meromictic, such as those next to the locality of Cafada
del Hoyo (Cuenca), where only Lagunadela Cruz is perma-
nently meromictic, out of atotal of seven dissolution lakes.
Considering the whole karstic area in the mountains of
Cuenca, where we have studied more than 35 dissolution
lakes and small water bodies, only two (Lagunade la Cruz
and Lake El Tobar) were found to be meromictic. Several
of these lakes can be seen in Plate 1. Laguna de la Cruz
presents a biogenic meromixis, due to enrichment of the
monimolimnetic water in calcium, magnesium and iron
bicarbonates. Lake El Tobar shows a crenogenic meromixis
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where the monimolimnion is constituted mostly by asodium
chloride brine (table 1). Another karstic area exists around
Lake Banyoles (Girona). The main lake itself is a polje
constituted by six main basins, but only one of them is
permanently meromictic. There are about 15 small lakes
surrounding the main lake and only one of them is mero-
mictic (Lake Vilar). Thus, we find a continuos spectrum of
lakes with different degrees and schedules of stratification.
the most extreme and rare case being permanent meromixis.

One of the most striking features of all these lakes is the
sharp stratification of organisms, which is determined by
their own activity. Thisis common to both meromictic lakes
and to those stratified during an important part of the year.
Actually, these stratified lakes were first studied for their
accumulation of sulfur photosynthetic bacteria at the oxic-
anoxic boundary (ABELLA ¢ al., 1980, 1981, 1985:
GASOL et al.. 1990; GUERRERO & ABELLA, 1978:
GUERRERO et al., 1978, 1980, 1985, 1987; MAS er al.,
1990; PEDROS-ALIO et al., 1986; VICENTE & MIRA-
CLE, 1984, 1988, 1991). Additional information can be
found in GUERRERO & PEDROS-ALIO (1992). More
general limnological studies were only carried out later on.
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Plate 1. Aenal photograph of Takes La Cruz, Lagunillo del Tejo and
El Tejo.

This paper will summarize biological studies of the massive
accumulations of organisms at such boundary. We hope to
demonstrate that such organisms form a rather distinct but
widespread community. The paper will focus on the mero-
mictic and stratified karstic lakes in the Cuenca mountains,
the Banyoles region, and the Pre-Pyrenean mountains in
Huesca and Lleida. Similar accumulations of organisms at
interfaces can be found in coastal stratified lagoons such as
La Massona , Girona (RIERA & ABELLA, 1986, 1991:
GUERRERO et al., 1987; DOMINGUEZ-PLANELLA et
al., 1987), Cullera, Valencia (MIRACLE & VICENTE,
1983, 1985; ROJO & MIRACLE, 1989) or El Cibollar,
Mallorca (MOYA et al., 1987). Some information about
these coastal lagoons can be found in table 1, but their detai-
led discussion is beyond the scope of the present review.

MATERIAL AND METHODS

Since the studies summarized here have been carried out
by many researchers in different years and ecosystems, the
methods given are those we consider optimal after several
years of experience in stratified lakes.

Sampling

Two characteristics of the stratified lakes studied require
a very careful sampling. First, the systems are sharply stra-
tified and, second, the lower layers are always anaerobic and
rich in reduced compounds such a sulfide. Thus, considera-
ble care has to be given both to exact positioning of the
sampling devices and to protect anoxic water samples from
oxidation. The position of the boat can be fixed by exten-

ding two siretched steel wires perpendicular to each other
and tightly fastened at their crossing point and fixed at the
lake shores. The boat is then firmly tied to the wires. Seve-
ral probes are lowered to determine vertical profiles of
oxygen, temperature, conductivity, and light penetration.
Since sulfide interferes with some oxygen electrodes, we
recommend the use of membrane-covered amperometric
silver-gold electrodes. The probes are lowered at a distance
from each other to avoid interference among them and
disturbance of the fine layering at the oxic-anoxic interface.
The depths to be explored in more detail are determined on
the basis of the profiles found.

Two different systems can be used for close-interval
sampling (e.g. 5 cm). The first is an improved version of the
fine-layer sampler described by JORGENSEN et al., (1979)
and is shown in fig. 1A. This system consists of a conical
inlet device, connected to a surface pump, which smoothly
sucks the organisms towards the tubing, minimizing turbu-
lence and escape responses of the larger organisms such as
rotifers and crustacean nauplii and juveniles. Larger
members of the zooplankton, such as cladocerans and adult
copepods, are not properly sampled by this system. The
double cone allows pumping large volumes of water from a
given depth, with minimal disturbance of the stratification.
The sampler is made of three Plexiglas cones: two hollow
and one solid (fig. 1A). The lower cone is loaded with lead
pellets as ballast. The solid cone fits on a specially carved
rim of the lower cone and is glued to it. The upper hollow
cone is attached to the lower one through three screws (only
two appear in the figure) leaving a | ¢cm circumferential
aperture between them. The transition from the outer inlet
to the small diameter hose is, thus, smoother than in the
original design of JORGENSEN er al., (1979). A screwable
connector allows attachment between the cone (by the
screw) and the hose (through clamping of the hose to the
upper portion of the screw). The hose and screw can be
easily removed by unscrewing the cone. This is very conve-
nient for transport or for changing hoses of different lengths
for sampling lakes of different depths. Ideally, a peristaltic
pump should be used on the boat. Submerged pumps next to
the inlet should be avoided because vibrations of the pump
may disrupt the fine layering. The device is sustained by a
measuring tape. These tapes are non stretchable and, thus,
provide the most precise and convenient way to determine
the exact depth at which each sample is taken.

The second sampling system is a modification of the
syringe systems devised by BAKER et al., (1985) and
MITCHELL & FUHRMAN (1989) and is shown in fig. 1B.



Table 1. Representative values of several physico-chemical parameters in the different layers of Spanish Karstic lakes during
stratification. Lakes are arranged according to their mixing regime and to their sulfate content. Next to each lake, relative depth
(zr), maximal depth (zmax), and geographical coordinates are provided. Abbreviations for geographical areas are: B, Barce-
lona; CU, Cuenca; Gl, Girona; HU, Huesca; L, Lleida; M, Mallorca; V, Valencia Credit is given to appropriate references in
the text and to C. Abella and G. Moya personal communications.

Lake Z(Z,.) Conductivity Eh Alkalinity Sulfate Sulfide Phosphate Nitrate Ammonia
mS cm-! mV meq 1-! mM mM UM pM uM

1. Meromictic lakes
1.1. Crenogenic

ElTobar (CU) 13(19.5) 40°33’N/2°3"W
Mixolimnion 0.6 +300 3.0 0.3 0 <0.1 14 8
Oxic-anoxic interface 20 +270 5.0 0.5 0 04 1 70
Monimolimnion 2004 +25 30.0 11.7 0.3 20 0 1200
1.2. Biogenic

1.2.1. Low sulfate
Laguna dela Cruz (CU) 18 (24) 39°59°'N/1°52°W .
Mixolimnion 0.5 +375 5.1 0.1 0 <0.1 0.5-1 30

Monimolimnion 15 +20 20.0 0.03 0.015 80 0 3750
Montcortés (L)? 2.8 (30) 42°20°N/I°0’E
Mixolimnion 0.3 +200 2.7 1.0 0 <0.1 0-3 3
Monimolimnion 0.3 ND 3.8 2.0 0-0.2 <0.1 0 30
1.2.2. High sulfate
Banyoles I1I (GI) 3(30) 42°8’N/2°45’E
Mixolimnion 1.2 +275 4.0 5.2 0.0 0-2 5-10 10
Monimolimnion 2.2 -110 5.0 9.5 1.5 0-7 0 100
Vilar (Banyoles, GI) 2.3(9) 42°8’N/2°45’E
Mixolimnion 1.1 +130 3.5 5.3 0 0.2 350 15
Monimolimnion 1.5 -175 8.8 11.6 5.9 7.0 0 700

2. Holomictic lakes
2.1. Low sulfate

Coromines (Gl) 2.6(5) 42°8’N/2°41’E

Epilimnion 0.6 -80 5.0 0.7 0 6.0 500 7.5

Hypolimnion 0.8 -380 6.0 0.3 1.5 55.0 0 40-1800
Negre 1 (GI) 6.5(5.2) 42°8’N/2°41'E

Epilimnion 0.6 -100 5.7 0.4 0 35 20 4

Hypolimnion 0.8 -275 ND 04 0.2 15.3 0 15-100
Lagunadel Tejo (CU) 16 (32) 39°59°N/1°52°W

Epilimnion 0.47 +150 53 0.05 0 0.01 0.5-1 20

Hypolimnion 0.51 -25 6.5 0.04 0.002 0.2 0 48
Lagunillo del Tejo (CU) 11 (11) 39°59’N/1°52°W

Epilimnion 0.52 +300 55 0.04 0 0.1 0.1 5

Hypolimnion 0.64 +60 6.0 0.02 0.004 0.2 0 100
La Parra (CU) 11 (16) 39°59’N/1°52°W

Epilimnion 0.41 +300 4.3 0.08 0 0 0.5-1 0.6

Hypolimnion 0.32 +178 4.8 0.05 0 0.01 0 150




Table 1 (continuation)

Lake Z(Z.,.,) Conductivity Eh Alkalinity Sulfate Sulfide Phosphate Nitrate Ammonia
mS cm! mV meq 1! mM mM UM UM uM
Las Cardenillas (CU) 9(12) 39°59°N/1°52'W
Epilimnion 0.4 +320 43 0.10 0 0 0.5-1 0.4
Hypolimnion 0.3 +90 4.5 0.05 0 0.1 0 63
Lagunillo de las CardenillasiO (6) 39°59°N/1°52°W
Epilimnion 1.28 +350 15.0 0.10 0 0.5-1 0.5-1 3
Hypolimnion 1.31 +350 15.0 0.10 0 0 0
2.2. High sulfate
Cis6 (Banyoles, GI) 9.2(8) 42°8'N/2°45'E
Epilimnion 2.0 +130 4.0 10 0 0-3.0 0-1.3 170
Hypolimnion 16 -310 7.6 7 2.0-75 0-3.0 0 800
Nou (Banyoles, Gl) 6.8 (7) 42°8’N/2°45'E
Epilimnion 18 +10 7.0 11.8 0 0-0.5 0.5 0.8
Hypolimnion 21 -225 1.5 12.5 1.2 1.0 <0.05 ND
Arcas-2 (CU) 28 (14.5) 39°59°N/2°8’W
Epilimnion 2.4 +400 32 18 0 0.05 10-20 15
Hypolimnion 24 -100 4.5 17 0.5-2 .05-5 0 350
Estanya (HU) 12.3(20) 42°2°N/0°32’E
Epilimnion 19 +360 2.3 10 0 0-2.0 8.5 90
Hypolimnion 1.5 -35 3.0 8 0.5 0-0.4 2.0 ND
3. Coastal lagoons
Massona (Gl) 1 (10) 42°13°’N/3°8’E
Mixolimnion 52 +200 45 5.0 0 0-2 1-100  0.1-2
Monimolimnion 35 -400 5.5 40.8 0.6 10-100 0 ND
Remolar (B) 0.3(4) 41°17°'N/2°4’E
Mixolimnion 4-20 +40 ND 1-27 0 0.5 ND ND
Monimolimnion 35 -330 ND 7-42 3.1 10-40 ND ND
Cullera(V)e 0.5(7) 39°8’N/0°14'W
Mixolimnion 1.1 +300 3-5 4.4 0 0 20-200 25
Monimolimnion 40 -150 6-8 16.5 4.0 20.6 0 6000
Cibollar (M) 8.2(3.7) 39°48’N/3°6’E
Mixolimnion 10 ND 4.8 6 0 0.5 15 ND
Monimolimnion 41 ND 6.1 25 2.5 35 8 ND

2 The high conductivity is due to a sodium chloride brine. Typical chloride concentrations are 0.1, 500 and 6800 mM at the

mixolimnion, interface and monimolimnion respectively.
b Meromictic in 1975-76, but mixed in 1979.
¢ Meromictic before a flood in 1982.

The syringes are filled simultaneously at the desired depth by
the action of a vacuum pump connected to the device. A detai-
led instantaneousimage of the vertical distribution of the orga-
nisms can be obtained quickly and avoiding problems created

by surface waves. The model shown infig. 1B has 33 syringes
in a one meter copper column, but other lengths and spacing
among syringes can be used as desired. This systems works
only down to approximately 2 m before hydrostatic pressure
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Figure 1. Devicesfor sampling sharply stratitied water columns. A) Modified double cone. B) Syringe sysem

fills the syringes spontaneously (at 3 to 4 m). For such depths,
air can be pumped into the system from the surface until it
reaches the desired depth. This may work, depending on the
syringes used, down to 10 or 15 m. For better performance at
depth, however, a messenger triggered system such as that of
BJORNSEN & NIELSEN (1991) is recommended.

The systems are lowered to the desired depth with outmost
care not to disturb the fine stratification of organisms. A
good procedure consists of slowly lowering the device to the
desired depth, then very slowly and smoothly moving it side-
ways (syringes-side first in the case of the syringe system)
to sample an undisturbed section of the water column.

In order to determine the exact depth of the peaks of
phototrophic organisms samples are taken at 5 cm intervals
and filtered immediately through Whatman GF/C glass fiber
filters. The color of the filters shows which is the dominant
organism at each depth, and where the layers of algae and
phototrophic bacteria start and end. Samples are then collec-

ted at the appropriate depths taking into account that accu-
mulations of zooplankton are usually found afew cm above
the layers of algae and bacteria.

Water from the pump can be diverted into a flow-through
chamber with electrodes for instantaneous determination of
oxygen, pH, and Eh (fig. 2). In all cases, samples have to be
protected from direct sunlight and warm surface temperatures.
Since the bottom waters are generally anaerobic, samples must
be distributed into appropriate bottles, tightly capped and
impermeable to oxygen, and fixed immediately upon reaching
the surface. When samples have to be fixed for counts of orga-
nisms, the fixative can be previously dispensed into appro-
priate bottles and these are carefully filled (to avoid turbu-
lence) directly from the pump outlet. Care has to be taken to
avoid spilling fixative. In the case of samples for reactive
compounds such as oxygen or sulfide, and those which have to
be incubated, the bottles are flushed with three times the bottle
volume of water from the corresponding depth before filling



them to the brim and tightly capping them. In many cases,
samples have to be observed immediately in vivo, to determine
motility and general appearance of the organisms.

Chemical measurements

a) Oxygen (Winkler method). To check for correct func-
tioning of the oxygen electrodes, Winkler titrations should
be done periodically. This should be done especialy at the
depths of coexistence of oxygen and sulfide. The modifica-
tion of INGVORSEN & JORGENSEN (1979) has to be used
in order to avoid interferencesfrom sulfide.

b) Sulfide. Sulfide can be measured in a number of ways.
A titration with acid iodine can be performed after precipi-
tating the sulfide with CdCl, or Zn acetate under alkaline
conditions (GOLTERMAN et al., 1978). This method is
extremely simple and has the advantage of using some of
the same solutions as the Winkler titration, but it can only
be used at relatively high sulfide concentrations. The methy-
lene blue colorimetric method provides a good alternative,
especially for low concentrations of sulfide. Samples can be
immediately precipitated as in the previous case and analy-
zed later in the laboratory (CLYNE, 1969; GOLTERMAN
et al., 1978) or the reaction can be performed directly in the
field and the color read later in the laboratory. Finally,
samples with sulfide can be mixed in situ with a highly alka-
line antioxidant buffer (to prevent both oxidation and escape
of the gas) and later determined with a silver-sulfide elec-
trode (BAUMANN, 1974).

c) Nutrients. Phosphate is measured by the molibdate blue
method (STRICKLAND & PARSONS, 1972; GOLTER-
MAN et al., 1978). Sulfide can interfere with this method
and give artificially high values. Samples can be bubbled
with N, to purge them of sulfide before the analysis. Care,
however, should be taken when interpreting results. For the
remaining nutrients conventional methods can be used (for
example those in STRICKLAND & PARSONS, 1972;
GOLTERMAN et al., 1978). Samplesfor phosphate, nitrate,
silicate, and DOC have to be filtered through Whatman
GF/F filters (or similar filters) ir situ, and biological acti-
vity stopped immediately by addition of appropriate fixati-
ves (chloroform, boric acid or mercuric chloride for phosp-
hate, nitrate and DOC respectively). Samples for nitrite
determinations must be fixed in sulfanilamide acid reagent
for posterior analysis in the laboratory by the Giiess method
(GOLTERMAN et al., 1978).

d) Iron compounds. Samples for iron determinations can
be taken in BOD bottles to guarantee protection from

oxygen, and fixed with sulfuric acid (1% final concentra-
tion). Ferrous iron is determined by the o-phenanthroline
method. Total iron is determined by the same method after
reduction of ferric to ferrous iron with ascorbic acid
(GOLTERMAN et al., 1978).

Enumeration of organismsand pigment quantification

The abundance of picoplankton organisms (bacteria and
cyanobacteria) and of small flagellates is determined by the
acridine orange (either ZIMMERMANN & MEYER-REIL.
1974; or HOBBIE et al., 1977) or the DAPI epifluorescence
methods (PORTER & FEIG, 1980), after fixation either with
formalin or glutaraldehyde (2% final concentration buffered
in Na-cacodylate, pH 6.8). The nanoplankton organisms
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(most phytoplankton and small ciliates) are usually fixed with
Lugol and counted by the Utermohl technique (UTERMOHL,
1958) in a sedimentation chamber with an inverted micros-
cope. Many of these organisms can be counted in chambers
such as the Sedgwick-Rafter cell if their abundance is high
enough or if a previous concentration step is performed. Roti-
fersand crustaceans usually have to be concentrated by filtra-
tion with nets of appropriate mesh size before counting them
with an inverted microscope. These organisms are usually
fixed with formalin to 4% final concentration.

Since many of the microorganisms at interfaces are
phototrophic, it is important to determine the abundance of
pigments. Chlorophylls, bacteriochlorophylls and carote-
noids have taxonomic value and many times provide an
easy-to-determine, synoptic view of the communities. Spec-
trophotometric determination of pigments is adequate for
routine purposes. The coincidence of several absorption
maxima at the same wavelengths, however, creates a
problem when Chl a and Bchl ¢ coexist. The chromatograp-
hic separation procedures are quite involved and time consu-
ming and, thus, HPL C becomes the method of choice when
characterizing a new system or performing detailed studies.
We will summarize one spectrophotometric method and one
HPLC procedure we have used successfully.

a) Spectrophotometric method. Known volumes from
each depth are filtered on small pore size glass fiber filters.
Pigments are extracted by placing the filtersin 5 ml of 90%
acetone supersaturated with MgCQOj5 in screw-capped tubes,
covered with aluminum foil to prevent degradation of
pigments through exposure to light. The extraction proceeds
at 4° C, in the dark, overnight, after which the tubes are
centrifuged, part of the supernatant is carefully pipetted out
with a micropipette and placed in quartz cuvettes. Absorp-
tion spectra are determined in a spectrophotometer between
350 and 850 nm. Chl a concentration is calculated with the
trichromatic formula of JEFFREY & HUMPHREY (1975)
with absorbance at 830 nm used to correct for background
absorption because of the presence of bacteriochlorophyll a,
which absorbs at 775 nm in acetone extracts. Bacteriochlo-
rophylls (BChl) are determined with the equations of
TAKAHASHI & ICHIMURA (1968), STANIER & SMITH
(1960), and GLOE et al., (1975).

b) HPLC method. Samples for HPLC analysis are
pumped directly on a filtering systerti with Whatman GF/F
filters. Thefilters are then immediately frozen in dry ice and
kept frozen until the analysisis carried out. The method of
MANTOURA & LLEWELLYN (1983) can be used with
minor modifications. HURLEY & WATRAS (1991) and

KOHRTALS & STEENBERGEN (1985) have recently
described HPLC protocols adequate for both algae and
phototrophic bacteria. The filters are ground with a teflon-
glass grinder in 90% acetone. Absorbance is measured at
440 nm , and fluorescence detection is used to aid in the
identification of pigments. Pesk arecas are measured on the
absorbance trace. If adiode array is available, each pesk can
be identified trough its absorption spectrum.

For analysis, a 100-150 I mixture of 4:1 pigment extract
in 90% acetone and an ion-pairing solution, is injected into
the chromatographic system. A gradient comprising some
steps is run: from 100% eluent A (ahighly polar solvent) to
100% eluent B (a highly non polar solvent). Organic solvents
must be HPLC grade, and has to be purified (for example
with a Milli-Q systern, Millipore Corp.). Pigments are iden-
tified by comparing their retention time against chromato-
graphic profiles of pure cultures of different microorganisms.

RESULTS AND DISCUSSION

The systems studied were the karstic lakes in Eastern
Spain (seefig. 1 in GUERRERO & PEDROS-ALIO, 1992).
The different water bodies have been classified according to
the mixing regime and the amount of dissolved sulfate in the
water (table 1). We will examine the physicochemical stra-
tification and the distribution of organisms in afew ecosys-
tems chosen as representative of the different lake types in
table 1.

Physico-chemical stratification

The most striking feature of these lakes is the existence
of a multilayered planktonic community with a high abun-
dance of organisms in a thin portion of the water column,
coincident with the zone of variation of the redox potential,
which may coiricide with a layer of oxygen and sulfide
coexistence (Lake Cis6 in fig. 3) or may span a zone without
either oxygen or sulfide (Lagunade la Cruz in fig. 3). The
depth at which the redoxcline and the associated layers of
organisms are found varies with the time ofthe year and the
vagaries of climate.

In meromictic lakes the redoxcline coincides with thc
depth of meromixis when the mixolimnion is not stratified.
The depth of meromixis is characterized by an increase in
temperature and conductivity, and only varies substantiaily
under exceptional conditions (fig. 4). During summer ther-
mal stratification, the redoxcline and thc associated micro-
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enough to color the water green, brown or purple.
GUERRERQO er al., (1987) summarized studies on the photo-
trophic sulfur bacteria of several Spanish lakes. ABELLA
(1980), ABELLA et al., (1980, 1981, 1985), GARCIA-GIL
eral., (1987, 1991) and MAS et al., (1990) present annual
cycles of these bacteria in lakes of the Banyoles karstic area,
and VICENTE eral., (1991) in Arcas-2. Asa general feature
Chlorobiaceae tend to be almost always present. During the
summer and early autumn stratification period an important
maximum of Chromatiaceae tends to develop above the
Chlorobiaceae. Sometimes Chromatiaceae are present for a
longer part of the year, but they do not develop dense peaks
until complete stagnation of the lake. In Lake Cis6 there is a
shift from brown Chlorobium phaeobacteroides to green
Chlorobium limicola when the maximum of Chromatiaceae
is present (MONTESINOS et al., 1983) because of the diffe-
rent absorption properties of the two organisms, one able to
withstand the shading by Chromatiaceae and the other unable
to use the remaining light wavelengths. The brown Chloro-
biaceae are better adapted to low light intensities than the
green Chlorobiaceae and, thus, predominate in lakes where
sulfide and light meet at depth, or when large abundances of
algae reduce light intensity.

In lakes where Chlorobiaceae are dominant gas-vacuo-
late species are often present, such as in Laguna de la Cruz,
were Pelodictyon clathratiforme is the predominant photo-
trophic bacterium, presenting bacteriochlorophyll d concen-
trations up to 300 - 400 pg I'!. In this lake the dominant
species of Chromatiaceae is Amoebobacter. Chromatiaceae,
however, do not form spectacular peaks, since the amount
of sulfide is low and the oxic-anoxic boundary is rather deep
and, thus, receives too low light intensities. Lake Arcas-2,
on the contrary, has enough H,S reaching the illuminated
interface to allow the development of a dense plate of Chro-
matium weissei, with Bacteriochlorophyll a concentrations
up to 800 pg I'! (VICENTE et al., 1991). Amoebobacter is
also present albeit in smaller amounts. In Lake Cisé, Amoe-
bobacter and Chromatium minus share dominance of the
phototrophic bacterial guild (PEDROS-ALIO et al., 1986;
PEDROS-ALIO, 1989). Interestingly, all these Chromatia-
ceae abundant in nature have the carotenoid okenone as an
accessory pigment (GUERRERO et al., 1987; VICENTE et
al., 1991). The dynamics and ecology of phototrophic bacte-
ria are more extensively treated in GUERRERO &
PEDROS-ALIO (1992).

Opposite gradients of oxygen and reduced compounds
intersect at the redoxcline (fig. 3). This provides a suitable
environment for the development of different groups of

chemolithoautotrophic  bacteria (SOROKIN, 1970;
GORLENKO et al., 1983). These bacteria fix CO; (in the
dark) as a source of carbon and use the oxidation of sulfide,
ammonia or reduced iron as a source of electrons and
energy. Bacteria able to oxidize thiosulfate have been found
at the redoxcline in Lakes Cisé, Vilar and Estanya in abun-
dances around 104 cells ml-! (unpublished data of E. Ortega
and J. Mas). Their activity has been determined by 14Co,
incorporation in the dark, and it has been found to be more
important than photosynthesis in Lake Cisé and substantial
in Lakes Vilar and Estanya (GARCIA-CANTIZANO et al.,
1987). The role of these bacteria seems, therefore, more
important that previously thought.

Zooplankton

The zooplankton in the mixolimnion of Spanish karstic
lakes corresponds to their characteristically highly minera-
lized and oligo-mesotrophic waters. In general, crustaceans
and rotifers are found in the same proportion with respect to
the number of individuals, but a clear dominance of crusta-
ceans (>75 %) is found when biomass is considered. On the
other hand, rotifers are generally dominant at the oxycline
of meromictic and stratified lakes, although many nauplii of
copepods are also present. The abundance of some rotifers
can reach up to 4 x 105 individuals I-! right at the oxycline,
while mean abundance in the mixolimnion can be two to
four orders of magnitude lower.

Studies of crustacean and rotifer zooplankton have been
carried out in Lake Banyoles (MIRACLE, 1974, 1975, 1976;
MIRACLE & ALFONSO, 1992), Lake Cis6 (ALFONSO &
MIRACLE, 1987; GASOL et al., 1991a, 1991b, 1992),
Lagunillo del Tejo, Laguna de la Cruz and Arcas-2 (MIRA-
CLE & VICENTE, 1983; ESPARCIA et al., 1991; FINLAY
et al., 1991; ARMENGOL-DIEZ et al., 1992), Lake Mont-
cortés (CAMPS et al., 1976; MODAMIO e al., 1988) and
Lake Estanya (AVILA et al., 1984). Ciliates have not recei-
ved as much attention. Recent studies, however, have reve-
aled the presence of very characteristic and abundant
communities at the oxycline and the presence of anaerobic
ciliates, able to tolerate sulfide, in the hypolimnia of Lake
Arcas-2 (FINLAY et al., 1991) and Lake Cisé (DYER et al.,
1986; GASOL eral., 1991a, 1991b, 1992).

Another important zooplankton component is the larva of
the dipteran Chaoborus (usually Chaoborus flavicans), a
predator of the other members of the zooplankton, specially
of copepods and some rotifers. Chaoborus performs impor-
tant vertical migrations, inhabiting the bottom during the
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