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ABSTRACT

Deep chlorophyll maxima (DCM) are absolute maxima of Chlorophyll-a concentration among the vertical profile that can be
found in deep layers of stratified lakes. In this manuscript I review the principal mechanisms that have been argued to explain
the formation of DCM, which include, among others, in situ growth of metalimnetic phototrophs, differential impact of gra-
zing between the different lake strata, and passive sedimentation to the layers where water density and cell density are equali-
zed. The occurrence of DCM in Spanish lakes, as well as the main ecology characteristics of the oxygenic phototrophs that
form DCM in these lakes is also reported. Cyanobacteria, either filamentous or unicellular, and cryptophytes, are the main
components of most DCM found in the reported Spanish lakes, although diatoms, chrysophytes, dinoflagellates, and chlo-
rophytes also contribute to these chlorophyll maxima. These organisms cope with strong physical and chemical gradients,
among which those of water density, light and inorganic nutrient availability, and sulphide concentrations appear to be the most
determinant factors influencing planktonic community structure.
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RESUMEN

Los maximos profundos de clorofila (DCM) son maximos absolutos de concentracion de clorofila-a que pueden encontrarse
en capas profundas de los lagos estratificados. En este manuscrito se revisan los principales mecanismos que se han propues-
to para explicar la formacion de los DCM, entre los que se cuentan, al margen de otros secundarios, el crecimiento in situ de
los microorganismos fototrofos metalimnéticos, el impacto diferencial del herbivorismo en diferentes estratos del lago, y la
sedimentacion pasiva hasta las capas en las que se iguala la densidad del agua con la densidad celular. También se revisa la
existencia de DCM descritos en lagos esparioles, asi como las principales caracteristicas ecologicas de los microorganismos
Jfototrofos oxigénicos que los forman. Tanto las cianobacterias, sean filamentosas o unicelulares, como las criptdfitas, son los
principales componentes de los DCM encontrados en los lagos esparioles, aunque también contribuyen a ellos otras algas
como las diatomeas, crisofitas, dinoflagelados y clordfitas planctonicas. Estos microorganismos se enfrentan a acusados gra-
dientes fisico-quimicos, entre los cuales la densidad del agua, la disponibilidad de luz y de nutrientes inorgdnicos, y la con-
centracion de sulfhidrico, aparecen como los factores mdas determinantes para la estructuracion de la comunidad planctonica.

Palabras clave: Mdximos profundos de clorofila, lagos esparioles, estratificacion, criptofitas, cianobacterias, gradientes verticales.

WHAT IS A “DEEP CHLOROPHYLL
MAXIMUM” (DCM)?

During the lakes’ stratification period, plankto-
nic primary producers, such as some eukaryo-
tic algae and cyanobacteria, can achieve abun-
dance maxima at considerable depths,
especially in oligotrophic and mesotrophic
lakes (Fee, 1976; Moll and Stoermer, 1982;
Margalef, 1983). However, during the mixing

period these maxima would not occur because
turbulence mixes water preventing the accumu-
lation of phototrophs at certain depths
(Reynolds, 1994), as it happens when fall
mixing occurs promoting the disappearance of
these populations (Abbott er al., 1984).
Reynolds (1992) reviewed the key factors that
govern the onset, maintenance, and dissipation
of vertical structure of the water column and
the responses of phytoplankton to this structu-
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ral development, where some species forming
deep populations were identified from a func-
tional point of view as “stratifying algae” or
typical from the metalimnia (Reynolds, 1997;
Reynolds et al., 2002). Oligotrophic and meso-
trophic conditions associated to vertical strati-
fication and promoting epilimnetic nutrient
depletion allow enough light to penetrate to the
metalimnion and upper hypolimnion (Rey-
nolds, 1992), where nutrient availability is
often higher. There, this higher nutrient pool,
and a sufficient light availability (or the capa-
city for selective harvesting), would favour
growth of certain algae (St. Amand & Car-
penter, 1993). Moreover, long-lasting stratifi-
cation maintain relatively constant conditions
in the metalimnion and hypolimnion of lakes,
from which the organisms that are adapted to
cope with these conditions can take advantage,
being able to colonise an environment which is
quite hostile for possible competitors. As a
consequence, these microorganisms can accu-
mulate dense populations at depths where these
environmental conditions overlap with their
capacities, while the same conditions inhibit
growth of other microorganisms. In some
lakes, these phototrophs can account for an
important part of the net primary production
(Moll and Stoermer, 1982, Camacho et al.,
2001a) and/or planktonic algal biomass (Fee,
1976; Gasol et al., 1992) within the lake.
Maximal abundances of diatoms (e.g. Fah-
nenstiel & Glime, 1983; Jackson, et al., 1990;
Stoermer et al., 1996; Camacho et al., 2001a;
Barbiero & Tuchman, 2001, 2004; Wolin &
Stoermer, 2005), cryptophytes (Kettle et al.,
1987; Rott, 1988; Carrick & Fahnenstiel, 1989;
Arvola et al., 1991; Jones, 1991; Gervais,
1997a; Camacho et al., 2001a), cyanobacteria
(Craig, 1987; Konopka 1989; Lindholm, 1992;
Konopka et al., 1993; Callieri & Pinolini, 1995;
Padisak er al., 1998; Kasprzak et al., 2000;
Gervais et al., 2003), as well as other algae
(Vincent et al., 1980; Pick, 1984; Lindholm,
1992; Nygaard, 1996; Gerloff-Elias et al.,
2005; Zvikas, 2005), forming deep chlorophyll
layers have been reported mostly for temperate
lakes of North America, Central and Northern

Europe, and, as it will be reviewed later, for
Spain. Strictly, a “deep chlorophyll maximum”
(DCM) can be referred to as the maximal chlo-
rophyll-a concentration that is found at a cer-
tain depth, usually at the thermocline or close
to the upper part of the hypolimnion, far from
the surface. However, this chlorophyll peak
does not always represent the absolute maxi-
mum of Chl-a concentration within the vertical
profile, and sometimes it does not form a very
sharp peak within a narrow depth interval.
Then, the term “deep chlorophyll layer” (DCL)
seems more appropriate (Pilati & Wurstbaugh,
2003). In any case, the possible mechanisms for
the formation and/or maintenance of both DCM
and DCL seem to be the same, and some of
these mechanisms can be complementary in
explaining the formation of a particular DCM.
Typically, a DCM is formed by only one or a
few algal (or cyanobacterial) species, whose
population densities are extremely high compa-
red to epilimnetic algal abundance (Gasol et
al., 1992; Miracle et al., 1992). Concerning the
environmental features, the bottom part of the
metalimnion and the upper hypolimnion of stra-
tified lakes commonly present strong physical
and chemical gradients of light, oxygen, sulphi-
de, and inorganic nutrients (e.g. Fig. 1), among
others, which are mediated by biological pro-
cesses (Reynolds, 1992). Consequently the
capacity of planktonic primary producers to
establish DCM is often associated with their
ability to cope with these gradients at these
depths, and this results in a sharp stratification
of phototrophic microorganisms (Camacho &
Vicente, 1998; Gervais, 2001; Gervais et al.,
2003). Lake morphometry and wind exposure,
which can strongly influence the mixing pattern
(Margalef, 1983; Wetzel, 2001), would also be
important features for the formation of DCM.
Since these metalimnetic layers have been
often described as environments with low pre-
dation, which allows biomass accumulation
(Pedrés-Alid et al., 1987; Gasol et al., 1992;
Massana et al., 1996), long-lasting stratifica-
tion can additionally help the success of meta-
limnetic phototrophs when outcompeting other
species (Naselli-Flores et al., 2003).



The deep chlorophyll maxima in stratified lakes 455

Conductivity (ms em™) Eh (mV)

Ammonia (uM)

0 1 2 3 .200 100 0 100 200 300 400 0 200 400 600 800 1000 1200
i s s iy, i S NS P e R N g B g y
Temperature (°C) PAR (pmal photons m™” s™') Nitrate (uM) Cells mi” {Cryptomonas spp)

] 5 10
PP PP

15 20 a1 1 10 100 1000 10000 O 5 10 15 20 0 20000 40000 60000

B

Depth (m)

D

Cryptomonas spp

Oxygen (mg 1) pH

0 05 1 15 2 25
Sulphide (mM)

4 0 100 200 300 400 500 600

Filaments mI"(O. ornata)

Phosphorus (M)

Figure 1. Typical limnological features and vertical distribution of DCM-forming oxygenic phototrophs in Lake Arcas in
September, during the period of stronger stratification. Caracteristicas limnologicas tipicas y distribucion vertical de los microor-
ganismos fotétrofos oxigénicos que forman un DCM en la Laguna de Arcas, en septiembre, cuando se da la mdaxima estratificacion.

POSSIBLE MECHANISMS OF DCM
FORMATION

Whatever the mechanism responsible for the
formation of the DCM, the stability of the water
column appears as the main factor related to the
formation of DCM, since this stability allows
for the development of strong gradients in che-
mical conditions and water density, which,
regardless the mechanism, strongly determine
phytoplankton distribution through the vertical
profile. It seems clear that a DCM is not found
in lakes where a pycnocline is too deep or
absent (Abbott, 1984). For example, physical
parameters of stability (S) were calculated for
several lakes (Camacho et al, 2003a, 2003b;
Chicote, 2004) and were strongly correlated to
the metalimnetic concentration of chlorophyll
associated with the formation of DCM by typi-
cally metalimnetic phototrophs such as certain
species of cryptophytes and cyanobacteria.

One of the mechanisms proposed to explain
the formation of DCM is in situ growth of photo-
trophs (Fahnenstiel & Glime, 1983; Gasol ef al.,
1992; Miracle et al., 1992), favoured by the high-

er nutrient availability at the bottom part of the
metalimnion and upper hypolimnion. /n situ
growth of phototrophs in deep layers is theoreti-
cally possible when the euphotic depth is higher
than the mixing depth (Thornton et al., 1990).
During stratification, nutrient depletion occurs in
the epilimnion of oligotrophic and mesotrophic
lakes (Margalef, 1983; Christensen et al., 1995).
Contrastingly, deep layers at the bottom part of
the thermocline are much richer in inorganic
nutrients (Margalef, 1983) due to the settling and
recycling of particulate material from upper
layers, as well as by resolubilization of inorganic
nutrients from the sediments, since some subs-
tances, such as some phosphorus compounds,
have higher solubility in the slightly acidic and
reduced waters of the anoxic hypolimnia than do
at the oxygen-rich layers of the epilimnia. In fact,
it has been reported that metalimnetic seston
showed lower C: P ratios than that of the epilim-
nion (Barbiero & Tuchman, 2001), which can be
interpreted as an evidence of improved nutritio-
nal conditions in deep layers. Epilimnetic
nutrient depletion, when prolonged, prevents
massive algal growth in shallower waters, thus
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increasing light availability in deeper waters,
which is dominated by certain wavelengths that
are not selectively absorbed in upper waters any-
way. Primary producers, if they are phototrophs,
need not only inorganic nutrients for growth, but
also light. Consequently, a compromise between
being so deep to be able to get higher nutrient
availability, but shallow enough to be able to har-
vest enough light for photosynthesis, seems
necessary for algal growth in deep layers. The
latter, the question of getting enough light, would
be partly solved if phototrophs had accessory

Lake Arcas 20 September 1996
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Figure 2. Light availability at different depths of Lake Arcas in
September measured with a spectroradiometer, during the
period of stronger stratification. Figure design and measures
performed by X. Vila (UdG). Disponibilidad de luz en diferen-
tes profundidades de la Laguna de Arcas medida con un espec-
troradiometro durante el periodo de madxima estratificacion.
Medidas y diserio de la figura realizados por X. Vila (UdG).

pigments allowing them to capture the wave-
lengths available at these depths. Because of the
selective extinction in upper layers, either by
water, by the photosynthetic pigments of over-
lying algae, or by other dissolved and particulate
materials, light arriving to deep layers of lakes
mainly corresponds to the central part of the PAR
spectrum (Fig. 2), this is, from 550 to 630 nm
(Gervais, 1991; Callieri ef al., 1996; Vila et al.,
1996; Camacho, 1997), those wavelengths that
may selectively be harvested by phycobilipro-
teins such as phycoerythrin or phycoerythrocya-
nin (Rowan, 1989, Gervais, 1997a; Wetzel,
2001). Consequently, algae and cyanobacteria
presenting these phycobilins have a selective
advantage to cope with the low light availability
at the metalimnion, where nutrient limitation can
be less severe, then being able of in situ growth
forming DCM. The capacity for vertical move-
ment, either active by flagella, or by buoyancy
mechanisms, is also a feature of most planktonic
primary producers that are able to grow in deep
lake layers, since the capacity of movement
allows them to move across the strong physical
and chemical gradients found at the bottom part
of the metalimnion to get their optimal position
for balanced growth. /n situ growth seems to well
explain the formation of DCM by cryptophytes
or cyanobacteria, which are rich in phycoerythrin
when forming DCL (Stockner et al., 2000;
Camacho et al., 2001b; Camacho et al., 2003a),
and this usually results in increased photosynthe-
tic efficiencies (Callieri & Piscia, 2002).
Differential predation pressure between top
and deep lake layers has been also argued as a
possible mechanism favouring the formation and
maintenance of DCM (e.g. Pedros-Alid et al.,
1987; Pilati & Wurtsbaugh, 2003). According to
this mechanism, regardless of the growth rates
shown by algae at shallow or deep layers, if gra-
zing pressure is much lower in the metalimnion
(Gasol et al., 1992, 1993; Jones, 1993; Massana
et al., 1996) than in the epilimnion, population
increase of epilimnetic algae can be restricted by
grazing, whereas a lower grazing pressure at the
metalimnion would allow algal accumulation at
these depths, which will then form the DCM in a
process favoured by increased light availability
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because of stronger phytoplankton removal in the
upper layers (Christensen et al., 1995). Pilati &
Waurtsbaugh (2003) found that this mechanism
could be partly responsible for the formation of
the DCM in an ultraoligotrophic lake in the
mountains of Idaho (USA), but in this case algal
abundances were very low even at the metalim-
nion (Chl-a usually lower than 1.5 mg m).
Certainly, this mechanism can partly promote the
formation of DCM by differentially removing
more algal biomass from the epilimnion.
However, it does not seem sufficient by itself to
explain its formation in lakes where the DCM is
composed by much more dense populations of
phototrophs, at least in mesotrophic deep lakes
where epilimnetic nutrient exhaustion would
occur during the stratification period. In fact,
zooplankton (crustaceans, rotifers and/or proto-
zoa) can be very abundant at depths where the
DCM develops (e. g. Adrian & Schipolowski,
2001). Moreover it is well known that zooplank-
ton can perform diel vertical migrations (e.g. for
Spanish lakes in Gasol et al., 1995; King &
Miracle, 1995; Boronat & Miracle, 1997;
Armengol & Miracle, 2000), and might play a
crucial role in the vertical nutrient transport
within the lake (Vanni, 2002). Some crustacean
species that are common in stratified lakes can
spend part of the day at the metalimnion
(Lampert & Grey, 2003). There, they are able to
efficiently graze on the metalimnetic populations
of planktonic primary producers (Christensen et
al., 1995; Williamson et al., 1996; Adrian ef al.,
2001; Camacho et al., 2001a), although they must
face a trade-off related to the higher temperatures
in the epilimnion opposed to the higher food avai-
lability in the meta- and hypolimnion (Lampert &
Grey, 2003, Kessler & Lampert, 2004). There is
clear evidence that food resources for zooplank-
ton in deep-water layers can be as profitable as
those from upper layers (Winder et al., 2003),
while these resources are much more abundant at
the DCM. Although it has been reported that the
quality of these food resources could be lower at
the DCM (Cole et al., 2002), most studies did not
find this lower quality (Winder et al., 2003). In
fact, algae such as Cryptomonas, which are com-
mon in DCM, are generally considered as a high
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quality food (Barone & Naselli-Flores, 2003). In
Spanish lakes, the best documented case of crus-
tacean predation on metalimnetic algae is that of
Daphnia pulex grazing on Cryptomonas in Lake
Ciso, which caused a strong impact on these pho-
toautotrophs in microaerobic layers of the lake
where the DCM was located (Massana et al.,
1994, 1996). Additionally to crustaceans, ciliated
protozoa are also abundant in the microaerobic
and anoxic waters of some of the Spanish lakes
later referred to in this manuscript (Fenchel and
Finlay, 1991; Finlay et al., 1991; Esteban et al.,
1993; Massana & Pedros-Alid, 1994; Massana et
al., 1994). Among these, in Lakes Arcas and
Ciso, it has been demonstrated that ciliates can
consume Cryptomonas from the DCM although
its consumption on their populations seems much
lower than the standing crop of these algae
(Finlay et al., 1991; Guerrero & Pedrés-Alio,
1992; Pedrés-Alid et al., 1995; Massana et al.,
1996). Direct feeding on phototrophs is not the
only trophic benefit that protozoans can obtain by
living in these layers. Maximal bacterial activities
and growth have often been recorded associated
to the DCM fuelled by phytoplankton excretion
(Auer & Powell, 2004), and bacteria are in turn a
suitable food source for protozoans. On the other
hand, rotifers have also been described to peak at
the chemocline of some Spanish karstic lakes
mentioned in this revision, such as those from
Cuenca (Miracle & Vicente, 1983; Esparcia et al.,
1991; Armengol-Diaz et al., 1993; Miracle &
Armengol-Diaz 1995; Armengol et al., 1998),
with species such as Filinia hofmanii (Miracle et
al., 1992) or Anuraeopsis miraclei (Koste, 1991)
almost been restricted to the oxycline. However,
its possible grazing impact on metalimnetic pho-
totrophs in these lakes is not yet well known.
Massana & Pedros-Alio (1994), on the other
hand, demonstrated that rotifers from the genus
Polyarthra, which together with other rotifers
were found in the microaerobic layers of
Lake Ciso (Alfonso & Miracle, 1987), efficiently
feed on the metalimnetic Cryptomonas popula-
tions of this lake. Nevertheless, despite these
algae serve as food for several phagotrophic spe-
cies, overall grazing impact on Cryptomonas was
relatively low. In addition to the lower grazing
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losses, low respiration (maintenance) rates would
also allow for the appearance of a DCM if the
growth of phototrophs overcompensates these
losses. Consequently, the lower population losses
at the metalimnion should be considered in
fact as an additional mechanism improving the
already described formation of the DCM by in
situ growth of phototrophs. This is especially true
when anoxic waters contain sulphide, thus diffi-
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culting predation by metazoan zooplankton,
which does not commonly penetrate sulphide-
rich layers (Miracle & Alfonso, 1993; Massana et
al., 1996; Lass et al., 2000). Actually, the highest
Chl-a concentrations recorded at the DCM in
Spanish lakes that we report correspond to lakes
exhibiting relatively high sulphide concentrations
in the vicinity of the DCM, such as lakes Arcas
and Cis6 (Table 1).

Table 1. Deep chlorophyll maxima (DCM) reported from Spanish lakes. PE-APP = Phycoerythrin-containing unicellular picocyanobacteria,
n.a. = data not available. Mdaximos profundos de clorofila (DCM) que se han publicado en lagos esparioles. PE-APP=picocianobacterias uni-

celulares con ficoeritrina, n.a.= datos no disponibles.

Lake Location Type Phytoplankton forming DCM  Depth Maximum Reference
(Province)  of lake (m) [Chl-a]pcum
(mg m)
Arcas Cuenca Karstic  Oscillatoria (Planktothrix) 8-9 298 Camacho, 1997
Cryptomonas spp. Camacho et al., 2000a
Camacho et al., 2001b
Arreo Alava Karstic ~ Cryptomonas spp. 6-7 n.a. Chicote, 2004
Cyclotella, Monoraphidium 3-5 Chicote et al., in prep.
Pseudokephyrion
Atazar Madrid Reservoir  Planktothrix 0-10 22 Almodovar et al., 2004
rubescens
Banyoles Girona Karstic ~ Cyclotella spp. 5 3.6 Planas, 1973, 1990
Cryptomonas spp. 13-14 20 Garcia-Gil et al., 1993
Ciso Girona Karstic ~ Cryptomonas 1-1.5 850 Pedros-Alio et al., 1987
phaseolus Gasol et al. 1992
Endosymbiotic Chlorella Massana & Pedros-Alio, 1994
Pedros- Alid et al., 1995
Gorg Blau Mallorca  Reservoir  Oscillatoria 16-18 n.a. Ramon & Moya, 1984
rubescens Moya et al., 1993
La Concepcion ~ Malaga Reservoir  Ceratium hirundinella 8-10 58 Galvez et al., 1988
El Tobar Cuenca Karstic ~ PE-APP Chlamydomonas 11-12 90 Miracle et al., 1993
Gloeocapsa Vicente et al., 1993
Garcia-Gil et al. 1999
Camacho et al., 2002
Estanya Huesca Karstic  Oscillatoria 15-20 >10 Avila et al., 1984
C. phaseolus
Euglena acus
Forata Valencia ~ Reservoir Planktothrix 8 15 Dasi et al., 1998
Laguna del Tejo  Cuenca Karstic ~ PE-APP, Cryptomonas spp. 19 12 Camacho et al., 2003¢
Chlorophytes Morata et al., 2003
La Cruz Cuenca Karstic ~ PE-APP, Cryptomonas spp. 10-12 25 Rojo & Miracle, 1987
Dasi & Miracle, 1991
Camacho et al., 2003b
Lagunillo del Tejo Cuenca Karstic Oscillatoria, 4-11 15 Vicente & Miracle, 1984
Cryptomonas spp. Camacho et al., 2003a
Endosymbiotic Chlorella
La Parra Cuenca Karstic PE-APP 9 15 Camacho et al., 2003a
Cryptomonas spp.
Montcortes LLeida Karstic  Oscillatoria n.a n.a. Camps et al., 1976
Redo LLeida Alpine Chrysophytes 28-45 2.3 Felip et al., 1999
Cryptophyes Felip & Catalan, 2000

Ventura et al., 2001
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Passive (or active e.g. Pick et al., 1984; Galvez
et al., 1988) depth-differential sinking of epi-
limnetic algae is the third main mechanism
proposed to explain the formation of DCM
(Cullen, 1982; Jackson et al., 1990). According
to this mechanism, algae that would form a
DCL grow at the epilimnion where light availa-
bility is high. Due to sedimentation, algae tend
to progressively accumulate at a depth where
cell density equals water density (neutral buoy-
ancy), or, at least, where water density increa-
ses. This, accompanied by the decrease in sin-
king rates associated to higher nutrient
availability (Davey & Heaney, 1989; Jackson et
al., 1990; Wetzel, 2001), promotes slower sin-
king. In a stratified lake, water density increa-
ses with depth at the thermocline. If cell den-
sity is close to that of water, cell settling will
stop when cell and water densities balance, and
algae will remain at these layers until changes
in water density, usually associated to vertical
mixing, occur. Consequently, with this mecha-
nism algae can accumulate at the thermocline,
which creates the density gradient, along sum-
mer. If stratification remains, nutrient deple-
tion can occur in the epilimnion, growth of epi-
limnetic algae is then restricted as stratification
advances, and consequently the DCM formed
by settling algae becomes more evident until
mixing occurs. This has been the main mecha-
nism mostly argued to explain the formation of
DCM by non-motile phytoplankters, such as
diatoms. Since these algae lack active buoy-
ancy regulation and other mechanisms for acti-
ve movement, they cannot actively regulate
their position in the water column. As a conse-
quence, they tend to accumulate at a depth in
which their cell density equals water density.
Wetzel (2001) reviewed sinking rates of dia-
toms from data of different authors. He showed
that cell settling was certainly dependent on
several factors, such as the growth phase of the
population or nutrient availability. He found
sinking rates ranging from 0.1 to 2 m day! for
most diatoms, although this of course, would
also depend on the turbulence in the lake and
the nutritional status of the cells. However, this
kind of diatom-dominated DCM are poorly
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know since neither cell density, the capacity for
remaining active at these depths, or losses by
other several factors, have been extensively
studied so far. It is assumed that these DCM are
fed only by algae settling from the epilimnion,
where growth mostly occurs, and losses can be
explained both by predation and by decomposi-
tion, although these concerns have not yet been
conclusively demonstrated. For instance,
Fahnenstiel & Glime, (1983) reported that the
DCM found at the metalimnion of Lake
Superior, which was dominated in their upper
layer by Cyclotella spp. and in the lower por-
tions by flagellated algae, was nevertheless
generated by in situ production. Similarly, in a
much smaller waterbody such as Lake
Cadagno, Camacho et al. (2001a) found that
the upper part of the DCM, mostly formed by
diatoms, was also photosynthetically active.
Nevertheless, in this lake, the specific carbon
fixation per Chl-a unit per available photon at
the depth occupied by diatoms was lower than
those of the cryptophyte-dominated lower part
of the DCM, whose maximum abundance coin-
cided with maximal rates of oxygenic photo-
synthesis. These two examples show how it is
not always clear that diatom-formed DCM are
only explained by sedimentation, and further
work is necessary to clarify it. In addition to
the already described mechanism of progressi-
ve accumulation of algae settling at the meta-
limnion, quick blooming and sinking, followed
by progressive degradation of settled algae has
also been described as a slightly different
mechanism by which algal (chrysophytes in
this case) sedimentation could originate a
DCM (Pick et al., 1984).

A fourth mechanism, not often cited, for the
formation of DCM can be the symbiotic asso-
ciation of algae with protozoa, followed by blo-
oming at the metalimnion. For instance,
Queimalifios ef al. (1999) and Modenutti et al.
(2004, 2005) described the formation of a
DCM by symbiotic green algae from the genus
Chlorella in association with ciliated protozoa
in Andean lakes. Usually, in symbiotic interac-
tions between heterotrophic protists and algae,
the latter provides products for the photo-
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synthesis, whereas the heterotrophic protist can
provide inorganic nutrients and movement.
Ciliated protozoa are often very abundant at the
oxic-anoxic interface of stratified lakes (Finlay
et al., 1991; Esteban et al., 1993; Massana &
Pedros-Alio, 1994), and it is relatively common
for these ciliates to present endosymbiotic
algae (Esteve et al., 1988; Finlay et al., 1991).
Consequently, the high abundance of ciliates at
these depths, with many of them presenting
several algal symbionts per cell, could also
contribute to the formation of a DCM close to
the oxic-anoxic boundary.

Cullen (1982) and other authors also hypo-
thesised about a fifth mechanism of DCM for-
mation consisting in the photo-acclimation of
the phytoplankton living in deep layers by
which these phototrophs would increase the
chlorophyll content per cell (Berner et al.,
1989; Falkowski & Raven, 1997), resulting in
elevated Chl-a concentrations in deep waters
without significant increase in biomass. Fennel
& Boss (2003) have modelled this effect and
predicted that biomass and chlorophyll maxima
would be vertically separated because the for-
mer would be generated by balanced growth
and losses, and the latter by photoacclimation.
This vertical segregation of phytoplankton bio-
mass and chlorophyll maxima has also been
reported for other lakes (e.g. Felip & Catalan,
2000), which were quite transparent as well.
This question though, is still more complicated,
since it has been reported that an increase in
phytoplankton biomass can also be due to an
increase in the average dimensions of orga-
nisms instead of an increased cell number
(Rojo & Alvarez-Cobelas, 2003). Although
photo-acclimation could be relevant to explain
DCM formation in some lakes with very high
water transparency, it should be taken into
account that the wavelengths reaching deep
layers in non-ultraoligotrophic lakes are
usually biased to a part of the spectrum that is
not easily harvested by chlorophyll. In such
lakes, blue and red bands have been selectively
extinguished in overlying waters either by the
absorption of epilimnetic phytoplankton, water,
or dissolved substances. Instead, metalimnetic
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phototrophs from mesotrophic lakes might
increase the specific content of phycoerythrin
per cell as the depth increases (Gervais et al.,
1997a; Camacho et al., 2003a, 2003b). This
would allow them to more efficiently capture
light at deep layers, so that the strategy of
increasing chlorophyll content would not be
significant in these cases.

Although it has been cited elsewhere (e.g.
Karentz et al., 1994; Neale et al., 2001; Mode-
nutti ef al., 2005) it is not likely that photo-inhibi-
tion in the upper layers would generally be a
determining factor for the formation of DCM. A
possible exception are, perhaps, extremely clear
lakes, in which a great portion of the epilimnion
could be under the influence of high irradiation
including high UV exposure, such as many alpi-
ne lakes (Sommaruga, 2001; Modenutti et al.,
2004). However, photo-inhibition of phytoplank-
ton growth is thought to occur for most lakes
only in the upper layers during just a few hours a
day. Consequently, this would not explain by
itself the substantially lower algal growth through
the whole epilimnion in all kind of lakes.

As a conclusion for this part, it can be consi-
dered that all the above reported mechanisms
are likely to contribute, with higher or lower
importance, to the formation of DCM in diffe-
rent types of lakes. The special features of each
lake (nutrient status, morphometry and mixing
patterns, etc) would determine to what extent
one of these mechanisms is mainly responsible
for the appearance and further maintenance of a
DCM in a particular lake. A good example is
found in Sawatzsky et al., (2006), who perfor-
med an experimental study in which they consi-
dered the influence of both nutrient avalability
and grazing impacts on DCL formation in ultra-
oligotrophic mountain lakes. They demonstrated
the interplayed relevance of nutrient limitation
(and inhibition) and the effects of grazing mor-
tality and nutrient recycling on phytoplankton
communities forming DCM. Their results indi-
cate that, although severe epilimnetic nutrient
limitation was at the basis of the DCM forma-
tion, spatial and temporal differences in grazing
by zooplankton played an important role in the
appearance and maintenance of the DCM. These
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Figure 3. (A) Aerial view of Lake
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Arcas and other dolines in its vicinity (photograph by E. Vicente); (B) Lake Arreo (photograph by

A. Chicote); (C) Lake La Cruz (photograph by L. Romero); and (D) Double cone sampler used for careful vertical sampling. (4)Vista
aérea de la Laguna de Arcas y otras dolinas proximas (fotografia de E. Vicente); (B) Lago de Arreo (fotografia de A. Chicote); (C)
Laguna de la Cruz (fotografia de L. Romero), y (D) muestrador de doble cono para realizar muestreos verticales finos.

authors hypothesized that the formation of the
DCM in the studied lakes could be attributed
initially to higher zooplankton grazing. This
would exhaust epilimnetic phytoplankton popu-
lations, which then were not capable of further
growth because of summer nutrient depletion
(and cannot provide enough food for maintain-
ing zooplankton). This would in turn increase
transparency that would benefit metalimnetic
plankton. In fact, similar combined mechanisms
for DCM formation and maintenance can
explain DCM in many of the reported Spanish
lakes as explained below. Indeed, in situ grow-
ing of metalimnetic algae experiencing lower
grazing pressure than epilimnetic algae enhan-
ces in turn the sharpness of the metalimnetic
Chl-a maxima, thus forming the DCM.

HOW TO SAMPLE DCM

Common sampling techniques are usually not
valid for sampling DCM. Firstly, the abundan-
ce of the phototrophic microorganisms for-
ming DCM can change by several orders of
magnitude in just a few centimetres within the
vertical profile. Secondly environmental
variables can also vary within the same depth
range due to the strong physical and chemical
gradients established at these depths when
stratification occurs. In vertically heterogene-
ous deep lakes extreme care should be taken
with sampling methodology to readily get the
real structure of phytoplankton populations
(Naselli-Flores et al., 2003). Garcia-Gil &
Camacho (2001) gave specific recommenda-
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tions for correct sampling in these strongly
stratified systems. For instance, classical
hydrographic bottles, which extend for many
centimetres, are unsuitable for determining
these spatial changes. Consequently, fine and
detailed vertical sampling must be resolved
using samplers allowing enough vertical reso-
lution to describe the vertical structure of the
photosynthetic populations.

Jorgensen et al., (1979) described a double
cone mechanism, in which plastic cones are
joined at their bases with a space of 1 cm betwe-
en them (Fig. 3D). These cones are ballasted
and connected with a waterspout to a pump
which sucks water from the desired depth with a
vertical resolution of about 2.5-5 cm (Bersheim
et al., 1985). Barsheim et al., (1985) also desig-
ned a multi-syringe pneumatic mechanism,
which is suitable for obtaining samples every 3
cm, but compared to the double cone it has the
disadvantage of getting much less water volume
per depth, although a much higher number of
samples (up to 33 per meter in the Bersheim
model) can be obtained simultaneously. Miracle
et al., (1992) presented a detailed description,
including figures, of these two sampling
systems suitable for detailed vertical studies.

Once collected, samples should be protected
from contact with the air, since these samples are
usually microaerobic or anoxic, and any exposure
to oxygen could promote strong chemical and
biological alterations in the sample. They should
also be protected from light, because these
microorganisms also experience a much darker
environment than those found at the lake surface.

DCM IN SPANISH LAKES

In Spain, thermal stratification occurs during
summer in lakes having an adequate morpho-
metry to allow the development of a temperatu-
re gradient through the vertical profile, and con-
sequently these lakes are monomictic.
Contrastingly, dimictic lakes in the Iberian
Peninsula are restricted to high mountains
where ice covers the lake during winter, thus
promoting winter stratification.
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Most studies describing the appearance of DCM
in Spanish lakes have been performed either in
karstic lakes or in artificial reservoirs, although
many extensive studies on phytoplankton in
Spanish deep freshwater systems have not been
centred in the vertical distribution of phytoplank-
ton (e.g. Dasi ef al., 1998; Negro & de Hoyos,
2005). Many Spanish lakes are shallow, as a
result of endorheic processes forming steppic
lakes (Alonso, 1998; Camacho et al., 2003a), as
well as coastal shallow lakes sometimes formed
on quaternary floodplains (Vicente & Miracle,
1992). Contrastingly, deep natural lakes in Spain
are often associated to karstic processes (Fig. 3),
promoting the formation of dolines that are filled
with water from the karstic aquifer (Miracle &
Gonzalvo, 1979; Miracle et al., 1992). The zones
of the Serrania de Cuenca (Castilla — La Mancha,
central-east Spain), Banyoles (Girona, Catalonia,
NE Spain), and the Pre-Pyrenean mountains of
Huesca and Lleida (NE Spain) are among the
richer areas in karstic lakes in the Iberian
Peninsula. A second type of deep lakes in Spain
is the Alpine type (Catalan et al., 1992; Morales-
Baquero et al., 1992; Camarero et al., 1999;
Ventura et al., 2001), whereas man-made lakes
(reservoirs) are the third main type of deep lakes
in the Iberian Peninsula (Margalef, 1976, Riera et
al., 1992). Among these three types, the thermal
stratification regime can differ extensively.
Karstic lakes usually have low (if any) surface
runoff, and consequently a strong thermal strati-
fication remains from late spring to early autumn
(Garcia-Gil et al., 1993; Rodrigo, 1997). Most of
them are small (< 2 Ha) and present a very high
relative depth, which favours the stability of the
water column during the stratification period
(Camacho et al., 2003a), although the bigger
Lake Banyoles also has a karstic origin and strati-
fies during summer (Planas, 1973), showing
some meromictic basins as well (Planas, 1990).
The alpine lakes, however, usually develop an ice
cover during winter, thus showing winter stratifi-
cation and sometimes also weak summer stratifi-
cation. Reservoirs can also be stratified during
summer, at least in the zones where flow is relati-
vely low. For instance, Margalef et al., (1976)
reported an extensive study on Spanish reservoirs
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in which interesting data on algae dominating in
deep layers are included. Among all these types
of Spanish deep lakes, both karstic lakes and arti-
ficial reservoirs, this is, those showing stronger
summer stratification, have been reported to pre-
sent DCM, whereas reports of DCM in Spanish
alpine lakes are much less common (Felip et al.,
1999; Felip & Catalan, 2000).

The main phototrophic microorganisms that
have been described forming DCM in Spanish
lakes are, like in similar lakes around the world
(Reynolds, 1992, Adler et al., 2000), cryptophy-
tes and cyanobacteria (Table 1, Fig. 4). These
phototrophs can accomplish the two main requi-

rements to be able of in situ growth in deep
layers, this is, the capacity of synthesise phyco-
erythrin for light harvesting (Gervais, 1997a;
Camacho et al., 2000a, 2001b), and the ability to
regulate their vertical position in the water
column, either by flagellar movement (cryp-
tophytes) or by buoyancy (filamentous cyanobac-
teria), which minimises sinking losses of these
populations. However, the capacity of buoyancy
regulation has not been described for unicellular
picocyanobacteria (Stockner et al., 2000),
although they are also able of producing phyco-
erythrin (Camacho et al., 2003a) and can also
form DCM in stratified lakes. It has been hypo-

Figure 4. Main oxygenic phototrophs from the DCM of Lake Arcas. (A) Oscillatoria (= Planktothrix) without gas vesicles from
the hypolimnion accompanied by purple sulphur bacteria Chromatium weisssei; (B) Oscillatoria (= Planktothrix) with gas vesicles
from the upper part of the DCM; (C) Transmission electron microscopy photograph showing gas vesicles from Oscillatoria
(= Planktothrix) (photograph by K. Clarke). (D) Cryptomonas erosa; and (E) Cryptomonas phaseolus. Principales microorganis-
mos fototrofos oxigénicos que forman el DCM en la Laguna de Arcas. (A) Oscillatoria (= Planktothrix) sin vesiculas gaseosas, en
una muestra del hipolimnion en la que también aparece la bacteria fotosintética del azufre Chromatium weisssei, (B) Oscillatoria
(= Planktothrix) con vesiculas de gas, procedente de la parte superior del DCM; (C) Microfotografia de microscopia electronica
de transmision que muestra las vesiculas gaseosas de Oscillatoria (= Planktothrix) de la Laguna de Arcas (fotografia de K. Clarke)

(D) Cryptomonas erosa, y (E) Cryptomonas phaseolus.
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thesized that these unicellular picocyanobacteria
can form dense populations because these micro-
organisms do not settle (Stockner et al., 2000),
although it has been demonstrated, however, that
strong population losses by sinking can occur
associated to massive calcium carbonate precipi-
tation occurring in summer (Miracle et al., 2000;
Camacho et al., 2003b). Otherwise, sinking los-
ses of picocyanobacteria are commonly very low.

Based on a cost-benefit analysis, Raven and
Richardson (1984) hypothesized that vertical
migration of some flagellated algae could increase
their growth rate. Vertical migration by cryptophy-
tes has been described as a mechanism enabling
these algae to harvest inorganic nutrients from
richer deep lake layers (Salonen et al., 1984,
Arvola et al., 1992), then migrating to upper
layers where light availability increases (Camacho
et al., 2001b). However, it has also been remarked
that increased nutrient availability was not always
achieved by moving downwards (Gervais et al.,
2003). The most commonly described pattern,
anyway, is that cryptophytes migrate downwards
in the afternoon or in the evening to spend most
night at their deepest, nutrient-richer, point, then
migrating upwards at dawn to situate at their sha-
llower depth during the morning, where they can
get higher light availability and escape from sul-
phide inhibition of photosynthesis (Arvola et al.,
1991; Gasol et al., 1993; Gervais, 1997b; Ca-
macho et al., 2001b). This is, for instance, the
common migration pattern found in lakes Arcas
(Rodrigo et al., 1999; Camacho et al., 2001b) and
Ciso (Gasol et al., 1991, 1992), both showing a
sulphide-rich anoxic hypolimnion (Gasol et al.,
1992; Rodrigo et al., 2000a) where Cryptomonas
spp. penetrate at night. The same pattern is also
found in Lake Arreo (Chicote, 2004), a karstic
lake lying on evaporites located in Alava (Rico et
al., 1995; Gonzalez-Mozo et al., 2000), where
hypolimnetic sulphide concentrations are lower
(Chicote, 2004). In these lakes the cryptophyte
species contributing to the DCM are Cryptomonas
erosa and C. phaseolus in Lake Arcas (Camacho
et al., 2001b), reaching maximum abundance of
3.8 x 104 cell ml'l; C. phaseolus in Lake Cis6
(maximum abundance of up to 103 cell ml-l;
Pedrds- Ali6 et al., 1987); and C. erosa, C. phase-
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olus and C. marsonii in Lake Arreo (Chicote,
2004), with maximal reported abundance of
Cryptomonas spp. of 5.62 x 10* cell mIl. Among
these species, C. phaseolus is usually found deep-
er (Gasol et al., 1993; Gervais, 1997b; Camacho
et al., 2001b; Chicote, 2004), whereas the other
species, although commonly showing high abun-
dance at the DCM in microaerobic or anoxic
waters, are usually present at slightly shallower
depths than C. phaseolus. At least in some of the
lakes mentioned above (Camacho et al., 2001b;
Chicote, 2004) these cryptophytes take advantage
of the higher phosphorus availabilities at the depth
where the DCM is located or below, reaching
these layers by vertical movements. Migration in
these lakes range from the 40 cm by Cryptomonas
phaseolus in Lake Ciso6 (Gasol et al., 1991) to 49
cm by Cryptomonas spp. in Lake Arcas (Rodrigo
et al., 1999; Camacho et al., 2001b). Regardless,
growth and/or photosynthesis by Cryptomonas
spp. would be inhibited by sulphide (Gasol et al.,
1993; Camacho et al., 2001b), as it is the case for
many photosynthetic organisms (Oren et al.,
1979; Stal, 1995). These algae can spend the night
in sulphide-rich anoxic waters, although in the
absence of light they can be maintained by consu-
ming previously accumulated carbohydrates
(Gasol et al., 1993; Gervais et al., 1997), a process
that does not seem to be inhibited even by relati-
vely high sulphide concentrations (Gasol et al.,
1991). These algae then migrate to oxic layers
during the day to avoid sulphide inhibition to pho-
tosynthesis, which is not irreversible.

Some cyanobacteria are often associated with
low redox conditions in several environments
(Stal, 1995; Camacho et al., 2005). In lakes,
their metalimnetic populations usually experien-
ce these low redox conditions since they are
located at the oxycline, which usually coincides
with the redoxcline. Low redox in lakes is pro-
moted by the accumulation of reduced substan-
ces, and among these, sulphide could interfere
photosynthesis of metalimnetic phototrophs
(Stal, 1995; Camacho et al., 2000a, 2001Db).
Sulphide is especially abundant in the hypolim-
nion of those lakes presenting enough sulphate
concentrations in their waters, allowing sulphate
reduction to be the main anaerobic respiration
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pathway, with sulphate acting as electron accep-
tor of the respiration of organic matter in deep
layers, thus resulting in sulphide accumulation
at the hypolimnion. Karstic lakes lying totally or
partly on gypsum (CaSO,) substrate, like Lake
Arcas, show these features (Fig. 1, Fig. 3A), in
contrast with those lying on limestone (Fig. 3C),
which usually present very low sulphide concen-
trations at the top part of the hypolimnion
(Rodrigo, 1997). Cyanobacteria forming meta-
limnetic maxima in Spanish lakes (Table 1)
usually belong to the genus Planktothrix
(although some species were formerly described
as belonging to the genus Oscillatoria;
Anagnostidis & Komarek, 1988) as in Lake
Arcas (Fig. 1). This lake presents a sulphide-rich
anoxic hypolimnion, where this cyanobacterium
shows a relative resistance of their oxygenic
photosynthesis to sulphide although their capa-
city for anoxygenic photosynthesis using sulphi-
de as electron donor is almost negligible
(Camacho et al., 1996). In this lake, its capacity
for buoyancy regulation allow these cyanobacte-
ria to migrate during the day (Rodrigo et al.,
1999, Camacho et al., 2000a) to layers in which
sulphide concentrations are not inhibitory for its
oxygenic photosynthesis (Camacho et al.,
1996). Therefore these cyanobacteria can con-
siderably contribute to primary production
at these layers (Camacho & Vicente, 1998).
Similar Oscillatoria-dominated DCM have been
described in the metalimnion of other Spanish
lakes with moderate to high sulphate concentra-
tions, like in Lake Montcortes (Camps et al.,
1976) and Lake Estanya (Avila et al., 1984),
although in these cases their response to sulphi-
de is unknown. Filamentous cyanobacteria con-
tributing to the DCM have not only been repor-
ted, however, in systems that are relatively rich
in sulphide. For instance, the metalimnetic
Oscillatoria (Planktothrix) population from
Lagunillo del Tejo (Vicente & Miracle, 1984,
Camacho et al., 2003a), a small karstic lake
lying on limestone, experience very low sulphi-
de concentrations, although redox potential is
also very low because of the accumulation of
reduced substances resulting from the decompo-
sition of macrophytes surrounding the lake.
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Even though it has been reported that certain spe-
cies of both cryptophytes and cyanobacteria can
have limited heterotrophic capabilities, the former
by phagotrophy (Porter, 1988) and the latter by
osmotrophy (Vincent & Goldman, 1980), most
studies searching for the capacity of these orga-
nisms for sustained heterotrophic growth have fai-
led (e,g. Gervais, 1997a, 1998). Mixotrophy then
(either phagotrophy or osmotrophy), when occur-
ring, seems to represent a complementary mecha-
nism allowing harvesting of certain substances or
the maintenance during unfavourable periods
(Bird & Kalff, 1989; Tranvik ef al., 1989; Jones,
2000; Laybourn-Parry ef al., 2005).
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Figure 5. Vertical distribution of phycoerythrin-containing
unicellular picocyanobacteria (PE-APP) at the beginning
(spring) and end (fall) of the stratification period in (A) Lake
El Tejo and (B) Lake La Cruz. Distribucion vertical de las
picocianobacterias unicelulares con ficoeritrina (PE-APP) al
principio (primavera) y final (otorio) del periodo de estratifi-
cacion en (A) Laguna del Tejo, y (B) Laguna de la Cruz.
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Contrastingly to Cryptomonas and filamentous
cyanobacteria, which clearly develop DCM in
most of the above reported Spanish lakes by in
situ growth at the metalimnion, the mechanism
for DCM maximum formation by phycoery-
thrin-containing unicellular picocyanobacteria
(PE-APP) is not so clear, although the occurren-
ce of DCM formed by these microorganisms has
also been reported for several Spanish lakes
(Camacho et al., 2003a). As an example, a com-
parison can be made for lakes El Tejo and La
Cruz (Fig. 3C and Fig. 5), two deep karstic lakes
lying on limestone and located just a few hun-
dred meters from each other. Lake El Tejo is a
holomictic lake of 27 m of maximum depth,
where the oxic-anoxic interface usually establi-
shes at 20 m depth during the period of maximal
stability. In this lake, a DCM maximum formed
by PE-APP typically reaching abundances of 4 x
106 cell ml-! is found in the upper hypolimnion,
whereas the abundance of these microorga-
nisms, as well as Chl-a concentrations in the
epilimnion, are one order of magnitude lower
during the whole stratification period (Camacho
et al.,2003c; Morata et al., 2003). By contrast in
Lake La Cruz, a meromictic lake of 21 m depth
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(Rodrigo et al., 2000b), dense populations of
PE-APP of around 3-4 x 10 cell ml-! can deve-
lop both in the epilimnion and metalimnion in
spring, and a clear DCM is not commonly easily
recognizable at the beginning of the stratifica-
tion period. Later on, the epilimnetic population
of picocyanobacteria strongly decays as stratifi-
cation advances and nitrogen depletion occurs in
the epilimnion of this lake (Fig. 6), then a cons-
picuous DCM with dense PE-APP populations
of up to 7 x 10 cell ml-! becomes evident at the
bottom part of the thermocline (Camacho et al.,
2003b). Hence, in Lake La Cruz, the strong
decrease in the abundance of unicellular pico-
cyanobacteria in the epilimnion makes the DCM
visible. This decrease could be due either to gra-
zing, decomposition, or sedimentation, although
the latter is only considered as an important loss
factor for PE-APP when massive calcium preci-
pitation causing whiting occurs (Miracle et al.,
2000; Stockner et al., 2000; Camacho et al.,
2003b), usually associated to a peak of Chl-a
deposition (Romero et al., 2006). In the case of
Lake La Cruz, mechanisms other than in situ
growth could contribute to explain the appearan-
ce of the DCM. In any case, PE-APP from DCM
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Figure 6. Isopleths of (A) chlorophyll-a concentration and (B) dissolved inorganic nitrogen in Lake La Cruz during an annual cycle.
Isolineas de (A) concentracion de clorofila-a, y (B) nitrogeno inorganico disuelto, en la Laguna de la Cruz, durante un ciclo anual.
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are, as other phototrophs forming DCM, well
adapted to low light conditions (Callieri et al.,
1996; Stockner et al., 2000; Camacho et al..
2003c¢), thus performing well at the dim light
field of the metalimnion of these lakes.

In most of the above reported Spanish lakes,
phototrophic sulphur bacteria can also form
dense populations beneath the DCM (Avila et
al., 1984; Gasol et al., 1991; Guerrero & Pedros-
Alio, 1992; Garcia-Gil et al., 1993, 1999;
Camacho, 1997; Rodrigo, 1997; Rodrigo et al.,
2000a, 2000b; Camacho et al., 2000b). Many of
these bacteria have also the capacity for vertical
migration (Gasol et al., 1991, Rodrigo et al.,
1999), which means that they coexist, at least
during part of the day, with metalimnetic algae
and cyanobacteria. Consequently, competitive
interactions for nutrients or light, as well as posi-
tive detoxification effects of sulphide by sulphur
bacteria, can occur involving these microorga-
nisms at the chemocline of these lakes.

Additionally to cryptophytes and cyanobacte-
ria, other algae, such as dinoflagellates (e.g.
Peridinium, Ceratium; Galvez et al., 1988, 1993;
Miracle et al., 1992, Echevarria & Rodriguez,
1994) have also been described to form relative
abundance maxima at the metalimnion of
Spanish stratified lakes (Table 1). The dinofla-
gellate Ceratium hirundinella, a typical phyto-
plankter from highly mineralised reservoirs of
south and east Spain (Margalef et al., 1976;
Margalef et al., 1982; Armengol et al., 1991;
Sabater & Nolla, 1991), has also been described
to form deep populations in several Spanish
reservoirs. Galvez et al.,, (1988) described a
DCM in the eutrophic La Concepcidn reservoir
(south Spain) mostly (in terms of biomass) for-
med by this dinoflagellate. As previously refer-
red for cryptophytes, C. hirundinella also pre-
sent the capacity for vertical movement (e.g.
Taylor et al., 1988), allowing some control on its
vertical position within the water column, as
well as the capacity for behavioural aggregation,
which together with the stability of the water
column allowing nutrient regeneration at the
thermocline were the main reasons argued by
Galvez et al., (1988) to explain the formation
of this DCM in La Concepcion reservoir.
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Interestingly, Heaney et al., (1988) also descri-
bed the high stability of the water column during
stratification as a requisite for the development
of Ceratium populations, which could be inter-
preted as a need for high temperatures (as in
summer) and light availability in deep layers for
this phytoplankter, the latter resulting from
increased epilimnion transparency after nutrient
exhaustion. Pérez-Martinez & Sanchez-Castillo
(2001, 2002), however, reported the winter
dominance of C. hirundinella in reservoirs of
southern Spain, although in these reservoirs light
availability was also high during the mixing
period, which together with their special
hydrodynamic regimes could contribute to the
appearance of this dinoflagellate. Additionally,
and in contrast with cryptophytes, which are also
flagellated algae forming DCM, Ceratium is
known to avoid anoxic waters (Taylor et al.,
1988), and consequently does not form these
maxima in the vicinity of the oxycline.
Although diatoms have been described for-
ming “deep chlorophyll layers” (DCL) in
Spanish lakes (Miracle ef al., 1992), probably
resulting from settling, no absolute DCM for-
med by diatoms has been reported so far in
Iberic lakes. Probably the best documented
example of diatom-dominated DCL in Spain is
that of the upper part of the metalimnion of Lake
Arreo (Chicote, 2004). In this lake, Cyclotella
distinguenda and other diatoms accompanied by
the chlorophyte Monoraphidium minutum, the
chrysophytes Pseudokephyrion conicum, and
Dinobryon sertularia, and slightly shallower, by
dinoflagellates (Peridinium spp.), formed a DCL
overlying the metalimnetic maximum of
Cryptomonas spp. Cryptomonas spp dominates
at the DCM, whereas none of the mentioned spe-
cies forming the shallower DCL could be consi-
dered as a real metalimnetic species since they
commonly grew at the epilimnion and accumu-
lated at the top part of the metalimnion when the
density gradient reduces sinking velocities,
except the diatoms Fragillaria capucina and
Synedra ulna, which mainly appeared at the
top layers of the metalimnion and not in
upper layers. Nevertheless, the high relative
number of empty diatom frustules found in these
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DCL would probably support the assertion that
they were mainly resulting from settling.
Chicote (2004) however, claimed that they could
also respond to gradients in silica concentration.
In clear-water lakes, such as alpine lakes from
the Pyrenees, DCL, when occurring, are do-
minated by chrysophytes, like those from Lake
Redo, although the relative importance of
cryptophytes also increases with depth (Felip et
al., 1999; Felip & Catalan, 2000).

Flagellated unicellular chlorophytes (Chla-
mydomonas sp.) and chroococcal cyanobacteria
(Gloeocapsa sp.), together with unicellular
picocyanobacteria (PE-APP), have also been
described to contribute to the DCM in Lake El
Tobar (Miracle et al., 1993; Garcia-Gil et al.,
1999; Camacho et al., 2002), a crenogenic
meromictic karstic lake with highly saline
waters in deep layers (Vicente et al., 1993).
Whereas cyanobacteria can produce phycobilins
allowing light harvesting at deep layers,
Chlamydomonas is unable to. The mixohetero-
trophic capabilities of this alga (Laliberté¢ & de
la Noiie, 1993; Gerloff-Elias et al., 2005) could
perhaps contribute to its occurrence, since their
higher population densities were found at a
depth where a strong salinity (and density) gra-
dient occurred. This gradient acting as a trap for
particles settling from upper layers highly incre-
ases the availability of organic matter at these
depths that could be used by these algae for
heterotrophic growth. Other studies on DCM
formed by Chlamydomonas though, have shown
that its growth was mainly resulting from pho-
tosynthesis (Poerschmann et al., 2004).
Chlamydomonas sp. and other flagellated chlo-
rophytes, such as Pedinomonas sp., have been
also described as peaking immediately above
the DCM of other Spanish karstic lakes (Dasi
and Miracle, 1991; Miracle et al., 1992)

Chlorella endosymbionts of ciliated protozoa
have also been observed close to the oxic-ano-
xic interface of several Spanish lakes such as
Lagunillo del Tejo (Camacho, unpublished) and
Lake Ciso (Esteve et al., 1988; Guerrero &
Pedros-Alid, 1992; Miracle et al., 1992), but in
this lake its contribution to primary production
was very low (Massana ef al., 1996). Although

they can certainly contribute to the DCM, they
were accompanied by extremely dense popula-
tions of other phototrophic microorganisms,
such as Cryptomonas and/or Oscillatoria
(Planktothrix), which were very abundant at
these depths and are responsible for most of the
Chl-¢ maximum in the reported lakes.

LOW POPULATION LOSSES BY
SINKING AS A FEATURE FOR MOTILE
PHOTOTROPHS FORMING DCM

A common feature of metalimnetic algae and
cyanobacteria forming DCM by in situ growth
close to the oxic-anoxic interfaces is that they
usually have low population losses (Pedros-Alid
etal., 1987; Miracle et al., 1992; Massana et al.,
1996). Theoretically, losses of a planktonic
population could be mainly attributed to sin-
king, grazing, or decomposition. Even though
that they are forming DCM and may synthesise
phycoerythrin, in situ growth of metalimnetic
phototrophs can be light limited (Camacho &
Vicente, 1998). Consequently, if population los-
ses were high, growth rates could perhaps be too
low for balancing losses and then a DCM would
not be formed. Apparently, metalimnetic algae
would not suffer important losses by sedimenta-
tion. Firstly, they can be located in a density
gradient, which could help for the algal mainte-
nance at a certain depth avoiding further sin-
king. Furthermore, they can present active or
passive mechanisms to avoid settling, thus allo-
wing algal accumulation. Whereas cryptophytes
regulate the depth at which they are located by
active flagellar movement, unicellular picocya-
nobacteria have a very low Reynolds number
and are almost unaffected by sedimentation
under regular stratification conditions (Stockner
et al., 2000, Camacho et al., 2003b). Filamen-
tous cyanobacteria, however, control buoy-
ancy by means of gas vesicles and the accumu-
lation of organic and/or inorganic substances
acting as ballast (Konopka ef al., 1993; Walsby,
1994). Among the DCM maxima described for
Spanish lakes, the most detailed study with res-
pect to possible sinking losses is that of the
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Oscillatoria (Planktothrix) population of Lake
Arcas (Camacho et al., 1996, 2000a). As repor-
ted above, hypolimnetic waters of this lake are
rich in sulphide and almost aphotic (Fig. 1),
however this cyanobacterium can form dense
populations at the lower metalimnion and
through the hypolimnion. Camacho et al,
(2000a) described a possible mechanism in
which these cyanobacteria photosynthesise very
actively at the oxic-anoxic interface where light
availability is still sufficient (Camacho &
Vicente, 1998). At these depths sulphide con-
centrations are not yet inhibitory for their oxy-
genic photosynthesis (Camacho et al., 1996).
When photosynthetic rates are high (exceeding
growth) phototrophs can accumulate the excess
of photosynthate in organic molecules such as
glycogen (Konopka et al., 1993), which can act
as ballast, promoting settling of the filament,
which then enters the anoxic and aphotic hypo-
limnion. In the aphotic hypolimnion they cannot
photosynthetise, but instead they are capable of
accumulating nutrients in such a nutrient-richer
environment, where cyanophycin or even
phycobilins (as nitrogen reservoir) or volutine
(polyphosphate) granules could be accumulated.
Under anoxic conditions, many cyanobacteria
are capable of anaerobic fermentation of glyco-
gen (Stal & Moezelaar, 1997). Anaerobic glyco-
gen consumption would progressively reduce
glycogen ballast while the cyanobacterium is
also generating gas vesicles. Such gas vesicle
formation and ballast (glycogen) consuming
promotes an increase of the buoyancy of the
filament, which would then move upwards rea-
ching again the top of the population at the
DCM, where the cycle will start again. With this
mechanism, sinking losses in the cyanobacterial
population of Lake Arcas would be minimised,
and the dense cyanobacterial populations
accounting for most of the DCM would develop
and maintain through the stratification period.
Since these cyanobacteria are almost unedible
for the zooplankton dominating microaerobic
(Miracle & Armengol-Diaz, 1995; Esparcia et
al., 2001) and anoxic layers (Finlay et al., 1991)
of Lake Arcas, grazing losses are also negligi-
ble. Therefore, these cyanobacteria can form a

dense population in spite of their relatively low
growth rates compared to other coexisting pho-
totrophic microorganisms (Camacho & Vicente,
1998; Camacho et al., 2000a), with low losses
being an essential factor. As for these cyanobac-
teria, Cryptomonas can also stay in the dark for
prolonged periods by consuming starch granu-
les (Morgan & Kalff, 1975; Gervais, 1997a;
Camacho et al., 2001b), which would allow
their maintenance in deep layers of the lake
during the time they spend in aphotic waters.

CONTRIBUTION OF DCM TO
PLANKTONIC CARBON FIXATION
WITHIN THE LAKE AND TO THE
ENERGY FLUX

Some of the first studies on planktonic primary
production in Spanish lakes already took into
consideration deep primary production, show-
ing that metalimnetic rates of carbon photo-assi-
milation can sometimes be even higher than
those of the epilimnion (Planas, 1973, 1990).

Lakes presenting a DCM formed by in situ
growth also present a vertical profile of photo-
synthetic activity sometimes coinciding with the
maximal abundance of phototrophs (Capblanc,
1982; Wetzel, 2001). Only a few studies have
been devoted to carefully study the relative con-
tribution of phototrophs forming DCM to overall
primary production of the lakes where they are
present (e.g. Konopka, 1983). As mentioned,
Planas (1973), in her Ph. D. Thesis advised by
Professor Margalef, was a pioneer in the study of
the vertical distribution of primary production in
Spanish lakes with her study performed in Lake
Banyoles. She found the highest rates of inorga-
nic carbon photoassimilation at the metalimnion
or upper hypolimnion during most of the stratifi-
cation period (Planas, 1990). Following, I illus-
trate with some of the reported studies perfor-
med so far in some European lakes.

Primary production through the vertical pro-
file was carefully determined several times in
Lake Arcas (Camacho & Vicente, 1998), where
carbon fixation by metalimnetic and hypolimne-
tic microorganisms (Planktothrix and Crypto-
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monas forming a DCM plus purple sulphur bac-
teria peaking at the top part of the hypolimnion)
was measured with detail, and extrapolations
were made by considering lake hypsography to
evaluate the relative contribution of the DCM to
overall planktonic primary production. These
calculations yielded that approximately 18 % of
the planktonic primary production during the
stratification period could be attributed to meta-
limnetic and hypolimnetic microorganisms con-
centrated in just 1.5 % of the lake water volume.
Sixty five percent of this carbon photoassimila-
tion at the metalimnion corresponded to purple
sulphur bacteria and 35 % to the oxygenic pho-
totrophs. Incubations of samples at depths
above or below that those where they were taken
revealed that, in spite of having phycoery-
thrin or other highly-efficient light-harvesting
systems, these populations were light limited.

In Lake Cadagno, a meromictic lake located in
the Alps of Switzerland, primary production was
studied with detail along a diel cycle in early
September, corresponding to the moment of
maximum stratification and lake stability
(Camacho et al., 2001a). In this case, metalimne-
tic and hypolimnetic primary production showed
a much higher relative contribution to planktonic
primary production of up to 70 % of the total
carbon fixation within the lake, although almost
half of the measured total inorganic carbon fixa-
tion in this lake was due to dark fixation. From
inorganic carbon fixed photosynthetically in
deep layers (41 % of overall lake’s planktonic
carbon photoassimilation), approximately 50 %
of the total was fixed anoxigenically by sulphur
bacteria, whereas the remaining 50 % was fixed
by oxygenic phototrophs. The latter could be
attributed mostly to Cryptomonas spp. forming
a DCM at about 11.5 m, whereas at the diatom-
dominated DCL located at 11 m carbon photo-
assimilation was much lower.

Other researchers also studied the relative
contribution of algae from several depths to
overall photosynthetic planktonic carbon assimi-
lation in Spanish lakes. This is the case of Lake
Arreo, where planktonic primary production was
carefully measured within the vertical profile
both during the annual cycle and through a diel

A. Camacho

cycle (Chicote, 2004). In this lake, it was estima-
ted that metalimnetic photosynthetic primary
production during the period of maximum stabi-
lity, mainly performed by Cryptomonas spp.,
could account for up to a half of planktonic pho-
tosynthesis, despite that the volume of metalim-
netic waters is approximately 1/, of that of the
epilimnion. In Lake Arreo apparently all the
algae forming DCL at different depths substan-
tially contributed to primary production, and
their relative contribution changed during the
period of stratification, with the relative impor-
tance of the DCM formed by Cryptomonas
increasing as stratification advanced. In this
lake, however, the top part of the metalimnion
was located at shallower depths (3 m) than, for
instance, in lakes Arcas or Cadagno. Conse-
quently, light availability was higher for algae
lacking phycobilins and forming DCL at the top
of the metalimnion, like diatoms, and especially
dinoflagellates, whose maximal population den-
sities at the top of the metalimnion coincided
with peaks of inorganic carbon photoassimila-
tion (Chicote, 2004). The higher light availabi-
lity in comparison with other lakes could explain
why their contribution to carbon fixation relative
to the DCM located at the bottom part of the
metalimnion or upper hypolimnion was higher.
Nevertheless, in Lake Arreo, during the period
of maximum productivity (early September) the
absolute maxima of primary production within
the vertical profile was associated to metalimne-
tic populations of Crypfomonas (Chicote, 2004),
although the shallower peak of C. erosa showed
higher photosynthetic rates (both in absolute
values and specific carbon fixation per pigment
unit) than the deepest formed by C. phaseolus,
regardless of the period of the day.

In spite of commonly showing the absolute
maxima of carbon photoassimilation, the popu-
lations of phototrophs forming DCM are
usually light limited. Experiments made in
Spanish lakes in which samples from the DCM
were incubated at other depths resulted in con-
siderable increases when these samples were
incubated in shallower waters without signi-
ficant variations in temperature but with subs-
tantial increases in light availability. Increases
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of carbon photoassimilation ranged from up
to 2.5 times in Lake Arcas (Camacho and
Vicente, 1998) to 26 times in Lake Arreo
(Chicote, 2004). However, a certain photoinhi-
bition was detected when these samples were
incubated quite close to lake surface. Photo-
synthesis vs irradiance (P/I) curves allowed to
estimated I for these populations, which were
40 uE m2 s for the DCM formed by Cryp-
tomonas of Lake Arreo, and as low as 12 uE m2
s'! for the metalimnetic maxima of phototrophs
of Lake Arcas formed by Planktothrix, Cryp-
tomonas and purple sulphur bacteria.
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