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We describe here the limnological characteristics of the Santillana Reservoir (Spain) and study the phytoplankton distribution
during a typical growing season (July to November). The reservoir is a eutrophic stratified waterbody in central part of Spain,
in which the average phytoplankton biomass in summer is higher than 20 pg chlorophyll a 1-1. Maximum phytoplankton bio-
mass in 1999 occurred between the end of summer and the beginning of autumn (September-October). Cyanobacteria, that were
generally prevalent in phytoplankton community, clearly dominated during the peak of phytoplankton biomass. Microcystis
wesenbergii was dominant amongst the cyanobacteria and represented almost 100 % of the biomass at the time of maximum
phytoplankton value. The importance of environmental variables triggering cyanobacterial bloom events is discussed. Our
results indicate that neither temperature nor N/P ratio are related to the bloom development. However, high nutrient concentra-
tion (ammonium in particular) and stability of the watercolumn seems to coincide with the maximum abundance of Microcystis
wesenbergii.

Hétérogénéité spatiale et temporelle de la succession des blooms de cyanobactéries dans un réservoir espagnol
Mots-clés : Cyanobactéries, Microcystis, efflorescences, lac-réservoir, phytoplankton, succession écologique.

La succession du phytoplancton, axée sur les cyanobactéries, a été étudiée sur un réservoir proche de Madrid (Espagne). Un
ensemble de variables décrivent les principales caractéristiques physico-chimiques et environnementales du réservoir. Le but
principal de ce travail est d’analyser I’hétérogénéité spatiale et temporelle des facteurs environnementaux qui peuvent induire
les efflorescences de cyanobactéries dans ce lac méso-eutrophe. Le réservoir peut étre décrit comme un réservoir typique du
centre de I’Espagne, stratifié avec un niveau trophique élevé, dans lequel la biomasse phytoplanctonique moyenne est supérieu-
re a 20 pug.1-1 de chlorophylle a. Le pic de biomasse se produit entre la fin de 1’été et le début de 1’automne. Ce pic est essen-
tiellement di aux cyanobactéries; presque 100 % de la biomasse sont constitués par Microcystis weisenbergii, qui globalement
domine la communauté phytoplanctonique. L’importance des variables environnementales est discutée en tant que facteur
déclenchant des blooms de cyanobactéries.
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1. Introduction

The presence of cyanobacterial blooms in waterbo-
dies may produce an important detrimental economi-
cal effect, because of the consequent problems with
water treatment technologies and degradation of re-
creational values in certain waterbodies. The potentia-
lity of toxins production by the bloom-forming cyano-
bacteria (Chorus & Bartram 1999), together with the
mentioned negative economical effects has made ne-
cessary understanding the dynamics of the cyanobac-
terial blooms, as well as the causes and consequences
of these blooms.

Cyanobacterial blooms from different waterbodies
at different latitudes have been described in detail (Oli-
ver & Ganf 2000 and references therein). From those
works several hypotheses have been generated to ex-
plain the causes and the consequences of cyanobacte-
rial blooms. These hypotheses can be sorted out de-
pending if bottom-up (environmental variables control
the bloom occurrence) or top-down (biological-ecolo-
gical variables control the bloom occurrence) pro-
cesses are considered. In bottom-up explanations it is
considered that cyanobacteria take advantage of the
stability of the watercolumn, because of their buoyant
capabilities some planktonic cyanobacteria can adjust
their position in the watercolumn depending upon their
necessities of nutrients or light (Walsby et al. 1997).
This fact may be considered of adaptative value, since
it would allow cyanobacteria to out-compete other
planktonic organisms.

- The low values of the N/P ratio are also considered
important to explain the dominance of cyanobacteria
(Smith 1983). Thus, when N concentration is consis-
tently low, and P is moderately high, cyanobacteria do-
minance seems to be promoted.

Top-down explanations consider that the main fac-
tors responsible for bloom presence are related with
predating organisms, and indirect effects derived from
them (Elser 1999). However, top-down hypotheses are
not explored in this paper.

Many Spanish reservoirs are in elevated trophic le-
vel (CEDEX 1995). For example in the Tajo river Ba-
sin 40 reservoirs out of 59 were eutrophic in 1995. Un-
der these circumstances the phytoplanktonic commu-
nities are expected to be dominated by cyanobacteria,
and eventually dense cyanobacterial blooms may be
formed (Oliver & Ganf 2000). In fact, the published
information regarding Spanish reservoirs shows an im-
portant presence of cyanobacteria (e.g. Armengol et al.
1990; Sabater & Nolla 1991).

In this work we investigated the temporal variation
of the major limnological characteristics of a Spanish
reservoir, that supplies water to the city of Madrid. The
main objective was to describe the waterbody, paying
special attention to cyanobacterial dominance. We dis-
cuss the relationship between the environmental va-
riables considered responsible for triggering bloom
episodes and the occurrence of a cyanobacterial
bloom, dominated almost exclusively by Microcystis
wesenbergii.

2. Material and methods

- Study area

The studied waterbody is Santillana Reservoir loca-
ted at 40° 43’ N and 3° 51’ W (Fig. 1), used for human
activities, mainly as drinking water supply. The reser-
voir is located at 900 meters above sea level on a gra-
nitic basin. As principal hydrographic features, it
covers an area of 1052 ha, a maximum volume of
9.1 106 m3 and a maximum depth of 40 m. It remains
stratified throughout summertime. Regarding the tro-
phic level, the reservoir has been considered as eutro-
phic (Avilés & Gonzilez 1975).

- Sampling design

The reservoir was sampled during a typical bloo-
ming season, between late-spring and mid-autumn
(from 20t May 1999 until 11" November 1999) at two
time and space scales. In this way, the littoral zone of
the reservoir was weekly sampled in three sites (S1, S2
and S3), and the pelagic zone was monthly monitored
at three sampling stations, corresponding to the shal-
low basin (SC3), the deepest point (SC1) and the tran-
sition site between the former ones (SC2). The data
presented in this paper correspond only to the pelagic
zone and in particular to site SCI.

- Limnological characteristics

The following chemical and physical variables were
determined: temperature (°C); DO (oxygen concentra-
tion and % saturation); conductivity (uS cm-!) and pH.
Measurements were performed using a YSI 6920 Mul-
tiparametric Probe, connected to a laptop computer for
communication setting up, data acquisition and cali-
bration, which was performed just before the sam-
pling. High resolution watercolumn profiles of the said
variables were carried out, data were collected every
20 cm. Light (PAR) extinction profiles were recorded
using a 21 LI-192SA Underwater Quantum Sensor
connected to a LI-COR LI-1000 data logger to establi-
sh the depth at which the irradiance was 1 % and 0.1 %
of the surface irradiance (Z; ¢, and Z ; ¢, respective-
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Fig. 1. Location map of the investigated reservoir. with the sampling sites. Maximum length of the reservoir is 7 Km.
Fig. 1. Localisation du réservoir étudié (Espagnc). stations de prélévement.La longueur maximale du réservoir est de 7 Km.

ly). Both light extinction profile and thermal structure
of each watercolumn sampling sites were considered
for water sample collection (5 different depths). Water-
column samples were collected using a Watson-Mar-
low 313D/A peristaltic pump, providing flow rates up
to 1100 ml min-! for continuous use with an 8 mm in-
ternal diameter Tygon tubing collector attached to a 20
cm diameter stainless-steal ballasted inverted funnel.
Water samples were immediately kept in darkness at
4°C until chemical and biological analyses were un-
dertaken. Water samples were analysed in situ for am-
monium-nitrogen (NH4*N), nitrate-nitrogen (NO5;™N)
and soluble reactive phosphorous (SRP=PO,3-P). Co-
lorimetric methods, adapted from Standard Methods
for the Examination of Water and Wastewater (APHA
1980), were applied to samples passed through What-
man GF/F glass microfiber filters. The equipment used
was a DREL-2010 Portable Laboratory, Hach Compa-
ny, USA.

NO;°N was measured after a modification of the
cadmium reduction protocol, using gentisic acid ins-
tead of 1-naphthylamine (estimated detection limit
0.5 mg 1)), and reading absorbance at 500 nm.
Samples below that detection limit were measured by
a low range method, which is an expanded modifica-

tion of the former one, using a chromotropic acid indi- .

cator (estimated detection limit 0.01 mg 1! and preci-
sion +0.01 mg I'1). NH,*N was measured using Ness-
ler method (estimated detection limit 0.05 mg 1-! and
precision £0.015 mg 1-1), reading absorbance at
425 nm. PO43-P was estimated with a modification of
the molybdenum blue procedure (estimated detection
limit 0.01 mg I'! and precision +0.01 mg I-!), reading
absorbance at 890 nm. Every nutrient analysis was
performed three times to increase the reliability of the

measurement. The standard deviation of the pseudore-
plicates remained within the typical precision range of
each method.

Biological analyses in water samples included phy-
toplankton biomass (measured as chlorophyll a
content: Chl a) and algal groups distribution. Chloro- -
phyll a analysis was performed spectrophotometrical-
ly following the method described by Marker et al.
(1980), as well as using in situ fluorometric tech-
niques. Algal groups distribution analyses in littoral
zone and watercolumn sites were made in the field by
means of fluorometric methods using a portable Fluo-
rometer BBE-Moldaenke Algae Online Analyser, whi-
ch utilises 5 LEDs for fluorescence excitation. The
LEDs excitation wavelengths are 450, 525, 570, 590
and 610 nm, and fluorescence emission is measured at
680 nm. The relative fluorescence emitted upon exci-
tation with light of the said wavelengths along with
that fluorescence spectra allows to identify cyanobac-
teria, green algae, diatoms and cryptophytes as algal
groups present in the water sample from its own typi-
cal and unique fluorescence emission spectra. Al-
though the absolute value of chlorophyll a concentra-
tion from each group can be considered just an estima-
tion (as every fluorometric method), the relative pro-
portion of chlorophyll a contributed by each algal
group is quite precise, because it depends basically on
the unique pigment characteristics of each algal group.
Laboratory calibration with cyanobacterial and green
algae cultures demonstrated a high correlation bet-
ween the experimental mixtures and data given by the
instrument.

The identification of the dominant cyanobacterium

was made following Komarek & Anagnostidis (1999).
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3. Results
3.1. Physical characteristics of the reservoir

- Thermal structure

The measurements undertaken in the watercolumn
indicated that the thermocline was already formed at
the beginning of July (Fig. 2). Our data from previous
years indicate that in this waterbody the thermocline
typically forms in June (unpublished results). The dep-
th at which the maximum temperature gradient was
found, within the metalimnion, ranged between 6 and
7 meters. At mid September the water at the surface
started to cool down, a fact that together with the hy-
polimnetic water withdrawal, pushed down the ther-
mocline until October, when the stratification was bro-
ken and the water mass mixed, leading to a homoge-
neous watercolumn.

When the waterbody was stratified the hypolimnion
remained at about 13°C, while the epilimnion reached
24°C in mid summer.

- Optical features

The light penetration profiles recorded in the water
column indicated that until the end of September the
Z,q, ranged between 4 and 4.5 m (vertical bars in Fig.
2). However, at the end of September Z; 4, did not rea-
ch 2 m. This moment coincided with the most intense
cyanobacterial bloom recorded during the year (see be-
low). In November, after the mixing of the waterco-
lumn, Z,4, reached 3.5 m. Z; | ¢, reached in the two
first sampling events depths between 6 and 7 m, al-
though at the end of September was only 3 m.

Physical attributes of the reservoir corresponded to a
typically stratified waterbody, with a partially aphotic
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Fig. 2. Variation in temperature and light transmission characteristics in the watercolumn.
The vertical straight lines represent the depth at which 1 % of the surface irradiance is

reached (Z,4,).

Fig. 2 Distribution des températures dans la colonne d’eau. Les valeurs de transmission de
la lumiére sont aussi représentées : la barre verticale représente la profondeur a laquelle

il reste 1 % de I’intensité de surface (Z;4,).
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qpﬂMon (Zey<Zpix)> and a completely aphotic hipo-
limnion due to the light absorption by suspended par-
ticles, mainly the phytoplankton.

3.2. Chemical characteristics

The reservoir showed quite low concentration of dis-
solved salts, as evidenced by the conductivity values,
always below 200 puS cml. In the water column the
values were maximum at the bottom of the hipolim-
nion where 194 uS cm-! was reached in August. The
rest of the watercolumn did not show any clear pattern
of variation, and most of the year remained with simi-
lar low conductivity values (excluding the highest va-
lues; mean = 81.1 US cm-l, standard deviation = 7).

In general terms the reservoir can be considered
slightly alkaline, with pH values typically between 7
and 9 (Fig. 3). The pH profile in the watercolumn, as
expected, followed the phytoplankton biomass distri-
bution, since in highly productive waters this variable
is a function of the photosynthetic activity. Primary
production consumes the CO2 available in the water

177

column, shifting the carbonic-carbonate equilibrium,
with the consequent increase of pH. The highest values
were recorded at the surface where the photosynthetic
activity is maximum, decreasing in parallel with the
light extinction profile. Once the watercolumn is
mixed, the pH is stable (7-7.3) through the column
profile. Curiously the highest pH was not recorded
when the maximum bloom development took place.

The hypolimnion was anoxic until the end of Sep-
tember (Fig. 4). As expected the oxycline followed the
thermocline. At the end of September the concentra-
tion started to increase at the hypolimnion because of
the disruption of the thermocline, reaching the water
column values close to the saturation concentration in
November.

Ammonium was the main source of nitrogen in the
waterbody. In fact, nitrate and nitrite were lower than
our detection limit (0.01 mg N-NO5"I-1) in many occa-
sions. However, ammonium was always well above
the detection limit at every occasion (Fig. 5).
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Fig. 3. pH distribution in the watercolumn.
Fig. 3. Distribution du pH dans la colonne d’eau.
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Both ammonium and phosphorus concentration in
the watercolumn showed a similar typical pattern, wi-
th maximum concentrations in the hypolimnion at the
end of summer, and minimum concentration at the epi-
limnion (Figs 5 & 6). When the thermocline was dis-
rupted, the hypolimnetic nutrient concentration de-
creased because of the dilution process with the poorer
epilimnetic water.

The ratio DIN/SRP has been considered as a good
estimate of the nutrient status of a water body, and may
explain the presence of cyanobacteria versus green al-
gae. Therefore, it is expected that values of DIN/SRP
below 7.2 (in mass units) will favour cyanobacteria
abundance, and higher values would favour the pre-
sence of green algae. DIN/SRP values obtained in San-
tillana Reservoir were low during the typical cyano-
bacterial bloom formation period (from July to Octo-
ber) (Table 1). The highest values were obtained at the
end of the season after the stratification was disrupted.
Thus, from the nutritional point of view we can consi-

Table 1. DIN/SRP ratios. The data represent the average for the epi-
limnetic and hypolimnetic results: Standard deviation is shown in
brackets. Results obtained on 3/11/99 have been calculated consi-
dering all the data in the water column, since there was no strati-
fication.

Tableau 1. Rapport DIN/SRP. Ces données représentent les valeurs
moyennes dans I’Epilimnion et I’Hypolimnion - entre paren-
théses : erreur standard. Les résultats obtenus le 3.11.99 ont été
calculés en prenant toutes les valeurs de la colonne d’eau, non
stratifiée a cette date.

Sampling period Epilimnion Hypolimniom
1/7/99 89(14) 55(.1)
28/7/99 7239 4.6 (0.0)
25/8/99 5.7 (0.6) 4.0 (0.7)
29/9/99 5.3(0.5) 4.0 (0.0
3/11/99 12.1 (1.3). 12.1 (1.3)

0 r
3 / o 90
110 100
90 O'_,,/8 0\
B o —
® ;/‘70:'//’—'835;;_—’——51__0—?—695\70 80
"0’ 30\ \ 60 \
10 1 / 50
= 10 40
E / 100 70 89
£ SN
Q. 050
2 151 40
Q 20 70
10 \
30 60
20 50
40
1099 \
k L! 3
25 !
01/07/99  28/07/99  25/08/99 29/09/99 03/11/99
Date

Fig. 4. Oxygen concentrations, expressed as % of saturation at the water temperature in the

watercolumn,

Fig. 4. Concentrations d’oxygene (pourcentage de saturation).
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der this waterbody as favourable for cyanobacterial
bloom development.

3.3. Phytoplankton biomass

Regarding the phytoplankton biomass in the water-
column we observed that the higher biomass concen-
tration, estimated as chlorophyll a, was found in two
occasions along the year, one at the end of July, with
moderate values, (26.4 ug Chl a I-!), and the other at
the end of summer, in September-October, with much
higher biomass (up to 90.3 ug Chl a I'}). (Fig. 7). Most
of the Chl a appeared, as expected, at the epilimnion.
After the disruption of the thermocline the Chl a
concentration was homogeneously low (lower than 10
ng 1-1) in all the water sites.

3.4. Algal groups distribution

The algal groups distribution in the watercolumn in-
dicated that the dominant group, along the sampling
period as well as along the column profile, was cya-
nobacteria (Fig. 8). The ecological succession of the
algal groups showed a trend towards the dominance of

cyanobacteria, which was maximum in October. The
cyanobacterium present during the most conspicuous
bloom event, was identified as Microcystis wesenber-
gii. Green algae were quite abundant in the wholewa-
tercolumn, although usually the proportion was higher
in deeper layers. Diatoms were present in several oc-
casions, being important at the end of the sampling
period, in November, after the thermocline was disrup-
ted. It is also noticeable that when the cyanobacterial
bloom took place, the epilimnetic water mass was
completely dominated by cyanobacteria and not only
the surface. Thus, in this case we are not finding a dis-
crete cyanobacteria population that migrates up and
down within the watercolumn, but an epilimnetic ho-
mogeneously distributed cyanobacterial population.

4. Discussion

In this paper we report the blooming process of Mi-
crocystis wesenbergii in a Spanish reservoir. The envi-
ronmental characteristics during the typical blooming
season that may be related with the bloom develop-
ment are also documented.
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Fig. 5. Ammonium-N concentration in watercolumn. Data are expressed as mg N-NH,*1-1.
Fig. 5. Concentrations de N-NH,4* dans la colonne d’eau (mg 1-1).
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Microcystis wesenbergii is a well known cyanobac-
terium that has been described worldwide. In Europe it
has been found to be a bloom-forming species in all
climatic conditions, from Scandinavia (Cronberg et al.
1999) to the Mediterranean Region (Tryfon & Mousta-
ka-Gouni 1997). Nevertheless, its morphological taxo-
nomy 1s not very clear, and some authors suggested a
revision of its affiliation (Otsuka et al. 2000). In any
case, the ‘morphospecies’ found in Santillana Reser-
voir falls precisely in the description of this species,
being morphologically distinctive from other Micro-
cystis species.

What environmental factors are triggering this cya-
nobacterium blooming?. Several authors have sugges-
ted that high temperature could be one of the reasons
of cyanobacterial blooms (McQueen & Lean 1987).
This idea has been discussed by Oliver & Ganf (2000)
who cast doubts about this factor, as a general trigge-
ring variable, considering the data published by Ro-
barts & Zohary (1987). Our results confirm these
doubts since Microcystis wesenbergii bloomed in San-

tillana Reservoir when water temperature was 17-18°C
versus the maximum temperature of over 24°C. Oliver
& Ganf (2000) suggested that other variables typically
associated to high temperature would be more likely
related to bloom formation, since autoecological data
of cyanobacteria did not show specially high tempera-
ture optimum for growth. High nutrient concentration
has been considered as another triggering factor (Paerl
1988, Elser 1999). Again, no generalization can be
made, because autoecological data demonstrate that
cyanobacteria, as a group, are not essentially different
to other algal groups regarding nutrient uptake rates or
accumulation (Oliver & Ganf 2000, and references
therein). However, nitrate uptake rates seem to be lo-
wer in cyanobacteria than in other algal groups when
light is limiting (Garcia-Gonzilez et al. 1992). Blomg-
vist et al. (1994) suggested that non-nitrogen fixing
cyanobacteria are favoured by high ammonium
concentration while green algae are favoured by nitra-
te. The inorganic nitrogen, dominated by ammonium,
and phosphorus concentrations found in Santillana Re-
servoir are quite high along the year, although in the
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Fig. 6. P-PO,3 concentrations in the watercolumn . Data are expressed as mg P-PO3 I'L.
Fig. 6. Concentrations en P-PO,3” dans la colonne d’eau (mg I-1).
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epilimnion the concentrations are low, probably due to
the uptake by phytoplankton. In fact, Microcystis
bloom coincided with an increase in the epilimnetic
concentrations of ammonium and phosphorus, likely
of allocthonous origin. The hypolimnetic nutrient
concentration also increased notably, although it is not
possible to differentiate whether this is a cause or a
consequence of the bloom, because of the decaying
material. Rather than nutrients, the low N/P ratio has
been identified as a probable cause of cyanobacterial
bloom formation (Smith 1983). Our data indicate that
during the typical bloom formation period DIN/SRP
ratio was below the Redfield value of 7.2 (in mass
units) (Redfield 1958), indicating that this ecosystem
is prone to the episodes of cyanobacterial blooms. Ho-
wever, many authors claim that this ratio is only ade-
quate when the absolute concentrations of both nu-
trients are limiting (e.g. Reynolds 1992), which likely
is not the case in Santillana Reservoir. Besides, it has
been shown recently that high values of total N or total
P have a bigger effect on cyanobacterial-bloom risk
than total N/total P ratio (Downing et al. 2001).

In the stratification period, the watercolumn stabili-
ty, together with the buoyancy regulation capabilities
of cyanobacteria are considered as the most important
factors explaining the cyanobacterial dominance (Oli-
ver & Ganf 2000). As cyanobacteria can regulate their
buoyancy characteristics, they can adjust their position
following their nutritional/energetic requirements:
they sink down when they need higher nutrient
concentrations found in deeper layers, and float when
they need to obtain energy through photosynthesis. In
Santillana reservoir it looks like Microcystis wesen-
bergii takes advantage of this capability as evidenced
from the maximum biomass accumulation in the surfa-
ce. The optical characteristics of the studied reservoir
indicate that a considerable section of the epilimnion is
aphotic (Z.,<Z,;x)- This makes this habitat light-limi-
ted and, thus, low-light phytoplankters, might take be-
nefit outcompeting other algal groups. Cyanobacteria
are considered low light organisms, although this
might not be always the case (Oliver & Ganf 2000).

Recently, several authors (e.g. Elser 1999, Oliver &
Ganf 2000) have postulated that a mixture of variables

10

Depth (m)

12 -
14;
16
18

20 H

. \(>

(
30\ 60 3 10
10

10

\/’9

01/07/99

28/07/99

25/08/99  29/09/99  03/11/99

Date

Fig. 7. Chlorophyll a concentrations in the watercolumn. Data are expressed as pg Chl a I-1.
Fig. 7 Concentrations en chlorophylle a. (ug Chl a.I'1).
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Fig. 8. Contribution of the different algal groups to the total Chlorophyll a
concentration, determined by fluorometric methodology in the watercolumn.

Fig. 8. Contribution des différents groupes d’algues 2 la concentration totale en
chlorophylle mesurée par méthode fluorométrique dans la colonne d’eau.

likely configure bottom-up processes responsible for
- the initial growth of cyanobacterial biomass, but the
formation and the maintaining of the bloom may re-
spond to a still more complex scenario in which bot-
tom-up as well as top-down processes interact.

The main bottom-up variables that may interact in
the initial growth of Microcystis wesenbergii in San-
tillana Reservoir are high nutrient concentration, in
particular high ammonium concentration, and the
buoyancy regulation capability of the species in this

stable watercolumn. However, the top-down variables
(namely grazing pressure) have not been explored in -

this work and might also contribute to explain the high
dominance of cyanobacteria in this waterbody.

5. Conclusions

The main goal of this work was to analyse the rela-
tionships between cyanobacterial blooms and limnolo-
gical parameters in a typical waterbody of central
Spain. Our results show that the reservoir studied can
be considered as a monomictic waterbody with anoxic
hypolimnion since the formation of the thermocline. It
can be considered eutrophic with high nutrient concen-
trations (N and P) as well as high phytoplankton bio-
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mass (estimated as Chl a). Cyanobacteria dominated
the phytoplanktonic community during most of the
sampling period, and between September and October

" led to a massive growth of Microcystis wesenbergii,
which constituted more than 99 % of the phytoplank-
tonic organisms.

It was not possible to identify a simple variable res-
ponsible for the cyanobacterial dominance, although
high nutrient concentration and stability of the water-
column might be considered as variables related with
the blooming process.
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