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ABSTRACT
Planktonic metabolism in a Mediterranean reservoir during a near-surface cyanobacterial bloom

Summer blooms of large, filamentous, nitrogen-fixing and potentially toxic cyanobacteria are characteristic of many produc-
tive, warm monomictic reservoirs in the Mediterranean region, where they constitute stable assemblages. The accumulation
of positively buoyant cyanobacteria at the surface layers of the water column favours —among others — the interception of
light, inorganic carbon and nitrogen fluxes from the atmosphere, giving these prokaryotes a competitive advantage over other
phytoplankton groups. Cyanobacterial blooms can cause deleterious effects to water quality and reservoir ecosystem services.
Although the structure of the plankton community in reservoirs during cyanobacterial blooms is a well-known limnological
issue, few studies have been undertaken on its functional characteristics. In this study, we used a high-resolution autonomous
monitoring system to investigate the short-term changes in gross primary production (GPP), net ecosystem production (NEP)
and community respiration (R) in the near-surface waters of a Mediterranean reservoir during a dense summer cyanobacterial
bloom. Our results demonstrate that during the bloom, the surface waters of the reservoir showed a well-balanced planktonic
metabolism, with a mean GPP:R ratio not significantly different than 1 and therefore close positive correlations between GPP
and R. Additionally, we found a positive correlation between the daily integrated incident light and the NEP:GPP ratio, while
the mixed-layer depth and NEP:GPP ratio were negatively correlated, suggesting a central role for physical processes in the
control of community metabolism and the persistence of the cyanobacterial bloom. The implications for the bloom stability
and relevance for reservoir water quality management are noted.

Key words: Planktonic metabolism, gross primary production, net ecosystem production, community respiration, cyanobac-
terial bloom, high frequency reservoir monitoring, El Gergal reservoir.

RESUMEN

Metabolismo planctonico en un embalse mediterrdneo durante el desarrollo de una proliferacion de cianobacterias en
superficie

Las proliferaciones masivas (blooms) estivales de cianobacterias filamentosas de gran tamario, fijadoras de nitrogeno y
potencialmente productoras de toxinas constituyen episodios frecuentes y estables en numerosos embalses productivos de
régimen monomictico cdlido en la region Mediterrdnea. La acumulacion de cianobacterias con flotabilidad positiva en las
capas superficiales de la columna de agua favorece —entre otros factores— la interceptacion de los flujos de luz, carbono
inorgdnico y nitrogeno molecular desde la atmdsfera, lo que proporciona a estos procariotas una ventaja competitiva frente a
otros grupos de organismos fitoplanctonicos. Los blooms de cianobacterias pueden inducir, ademds, efectos negativos sobre
la calidad del agua y los servicios ecosistémicos de los embalses. Aunque es bien conocida la estructura de la comunidad
planctonica en los embalses durante episodios de bloom de cianobacterias, hay pocos estudios sobre sus caracteristicas
funcionales. En este articulo usamos un sistema de monitoreo automdtico de alta resolucion para investigar los cambios de
pequeria escala temporal en la produccion primaria bruta (GPP), produccion ecosistémica neta (NEP) y respiracion de la
comunidad (R) en las aguas superficiales de un embalse mediterrdneo durante un intenso bloom estival de cianobacterias.
Nuestros resultados demuestran que durante la ocurrencia del bloom las capas superficiales del embalse presentaron un
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metabolismo planctonico bien equilibrado, con valores medios de la razon GPP:R no significativamente diferentes a 1 e
intensa correlacion positiva entre GPP y R. Ademds, encontramos relacion directa entre la radiacion incidente diaria y la
razon NEP:GPP, mientras que la profundidad de la capa de mezclay la razon NEP:GPP se correlacionaron negativamente, lo
que sugiere un papel clave de los procesos fisicos en el control de las caracteristicas metabdlicas de la comunidad planctonica
y en la persistencia del bloom. Se discuten implicaciones para la estabilidad del bloom y la relevancia de estos aspectos para

la gestion de la calidad del agua embalsada.

Palabras clave: Metabolismo planctonico, produccion primaria bruta, produccion neta ecosistémica, respiracion de la
comunidad, bloom de cianobacterias, monitoreo de alta frecuencia en embalses, embalse de El Gergal.

INTRODUCTION

The metabolic status of planktonic communities
in the surface waters of lakes and reservoirs is
mainly driven by photosynthetic primary pro-
duction and aerobic respiration. Gross primary
production (GPP) represents the gross fixation of
inorganic carbon by photosynthesis. Community
respiration (R) is the mineralization of organic
carbon to dissolved inorganic carbon and CO,,
and net ecosystem production (NEP) is the differ-
ence between GPP and R (Cole et al., 2000). The
balance between GPP and R, determined either
as the GPP:R ratio or the NEP value, is a measure
of the ecosystem’s metabolism (Odum, 1956;
Staechr & Sand-Jensen, 2007) and defines the
global role of aquatic ecosystems as sources or
sinks of atmospheric CO, (del Giorgio & Duarte,
2002). When NEP is positive (NEP > 0) and GPP
is larger than R (GPP:R > 1), ecosystems are ter-
med net autotrophic. These kinds of systems can
store and/or export organic carbon to adjacent
ecosystems (Schindler et al., 1997) and consti-
tute atmospheric carbon sinks. By contrast, net
heterotrophic ecosystems are characterised by
GPP:R < 1 and NEP < 0, which suggests that the
system consumes more organic carbon than was
produced by GPP within its boundaries. This im-
plies that respiration within the ecosystem should
be subsidised by allochthonous organic matter
from the watershed (Cole et al., 2000). Net hete-
rotrophic ecosystems behave as global CO,
sources for the atmosphere. Therefore, aquatic
ecosystems are critical components of the
metabolism of the biosphere and the associated
CO, exchange with the atmosphere (Duarte &
Prairie, 2005). Consequently, it is of paramount

importance for studies of biogeochemical and
global change to obtain an appropriate knowl-
edge about the metabolism of lake and reservoir
ecosystems. Such knowledge could also be very
useful for guiding ecological modelling, active
water quality policies and ecosystem manage-
ment strategies (Hanson ef al., 2006; Williamson
et al., 2008, Staehr et al., 2010a).

The selection of appropriate monitoring and
data analysis methodologies is critical to obtain
reliable ecosystem metabolism information at
the fundamental time scales operating in pelagic
communities. Metabolic rates are typically mea-
sured in water samples collected from the lake
and incubated in situ within bottles or cham-
bers. Unfortunately, it is well known that the
incubation of water samples in bottles has several
caveats that make accurate estimations of pelagic
metabolic rates difficult (Gerhart & Likens,
1975; Bender et al., 1987; Petersen et al., 1997,
1999; Chen et al., 2000; Staehr er al., 2010a).
Despite this, incubation techniques are still the
most commonly applied method for studying
aquatic ecosystem metabolism.

Interestingly, an alternative holistic whole-
lake methodology for estimating metabolic rates
was proposed many years ago by the eminent
ecologists H. T. and E. P. Odum (Odum &
Odum, 1955; Odum 1956, 1957; Odum & Hos-
kins, 1958). This method requires tracking over
a few days the relatively short-term (typically
1-3-hour intervals) changes in dissolved oxygen
concentration measured directly within the
aquatic ecosystem, and calculating an oxygen
mass balance, taking into account that dissolved
oxygen changes result from the budget between
the phytoplankton GPP, community R and the
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physical exchange of oxygen with the atmo-
sphere (Odum, 1956). Although this free-water
method is based on an interesting ecosystem ap-
proach and provides whole-lake metabolic rates,
traditionally it has been less popular than the var-
ious bottle incubation methods. One reason for
this clearly resides in the huge time and effort re-
quired to obtain short-term dissolved oxygen data
using the manual Winkler titration technique.
However, the recent development of relatively
low-cost, automatic and reliable oxygen probes
has again strongly promoted the consideration
and use of free-water methods as a powerful
alternative for exploring lake metabolism at
various time and spatial scales (Staehr et al.,
2010a; Laas et al., 2012). Nevertheless, as with
all ecological methodologies, some assumptions
and uncertainties are embedded in the diel free-
water oxygen technique. Some of these are re-
lated to the difficulty of quantifying the air-water
flux, the missing anaerobic respiration processes,
the spatial and temporal heterogeneity due to
variable zones of influence on the oxygen probe,

Ibarian Peninsula

the assumption of the same respiration rates dur-
ing the day and night, and the oxygen-to-carbon
conversion problems (Staehr ef al. 2010a).
Summer blooms of large, filamentous, nitro-
gen-fixing and potentially toxic cyanobacteria are
characteristic of many productive, warm mono-
mictic reservoirs in the Mediterranean region,
where they constitute stable assemblages. Harm-
ful cyanobacterial blooms can induce deleterious
effects on stored water quality and many reser-
voir ecosystem services (Backer, 2002; Paerl
& Otten, 2013), resulting in serious environ-
mental, health and economic damage. This is an
especially relevant feature of the Mediterranean
semiarid region, where water is a scarce and en-
dangered resource, and both water quantity and
quality require wise and limnologically based
management (Moreno-Ostos et al., 2008a). It
is therefore important to acquire a profound
knowledge about the structure and function of
cyanobacterial blooms in reservoirs, both from
a scientific and a water resource management
perspective. Although the structure of the plank-

i

Figure 1. Location of the El Gergal reservoir on the Iberian Peninsula. Contour lines in the bathymetric map represent 5 m isobaths.
The solid dot inside the reservoir shows the position of the AWQMS. Redrawn from Moreno-Ostos et al. (2009b). Localizacion del
embalse de El Gergal en la Peninsula Ibérica. Las lineas de contorno en el mapa batimétrico representan isébatas cada 5 m. El
punto en el embalse muestra la posicion de la AWQMS. Redibujado de Moreno-Ostos et al. (2009b).
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ton community in Mediterranean reservoirs
during cyanobacterial blooms is well-known,
studies focusing on its metabolic and functional
characteristics, essential for understanding en-
ergy and nutrient flows, are still lacking. The
high phytoplankton biomass achieved during
cyanobacterial blooms in lakes and reservoirs
could significantly enhance primary production
and could also promote intense microbial het-
erotrophic processes. In this paper, we explore
plankton metabolism in the surface layers of a
Mediterranean reservoir to ascertain if the devel-
opment of large cyanobacterial summer blooms
would promote net autotrophy, net heterotrophy,
or an equilibrated and rather constant ecosystem
metabolism. In addition, we hypothesize that
physical factors (such as the mixed-layer depth,
largely manageable in multiple-withdrawal
reservoirs) could affect the cyanobacterial bloom
metabolic rates. To achieve these objectives,
we combined the diel oxygen free-water tech-
nique for aquatic ecosystem metabolism with
an automatic high-frequency monitoring system
to estimate the reservoir’s physico-chemical
features, primary production, community respi-
ration and metabolic ratios at a fine scale during
a dense summer cyanobacterial bloom.

MATERIAL AND METHODS

Study site

El Gergal is a medium size reservoir (surface
area: 250 ha; volume: 35 hm?; maximum depth:
37 m; mean depth: 15.7 m) located in the catch-
ment of the Rivera de Huelva River, a tributary
of the Guadalquivir River on the Atlantic coast of
Andalucia (Southern Spain) (Fig. 1). Itis part of a
four-reservoir system, which supplies water to
the city of Sevilla and its metropolitan area (ca.
1.3 million inhabitants). The thermal regime of
the reservoir is warm monomictic (Moreno-Ostos
et al., 2009a; 2009b) and the functional compo-
sition and seasonal succession of phytoplankton
are strongly associated with the water-column
thermal structure, turbulent mixing and hydraulic
management strategies (Hoyer et al., 2009). Fur-

ther information on the physical, chemical and
biological features of the El Gergal reservoir can
be found elsewhere (Cruz-Pizarro et al., 2005;
Moreno-Ostos et al., 2007a; Moreno-Ostos et
al., 2008a; Hoyer et al., 2009, Moreno-Ostos
et al., 2009a; Moreno-Ostos et al., 2009b; Mo-
reno Ostos et al., 2012).

Automatic Water Quality Monitoring Station

Hourly variations in the near-surface oxygen con-
centration, water temperature, and water salinity
were recorded by an YSI 6920 multiparameter
probe fitted to an Automatic Water Quality Moni-
toring Station (AWQMS, see Fig. 1), and the data
were recorded at 2 metres depth. The AWQMS
was also equipped with a self-contained ther-
mistor chain (HOBO), which provided hourly
data about the water-column thermal structure.
The aerial part of the AWQMS was fitted with
an array of meteorological instruments, includ-
ing —among many others— a pyranometer, an
anemometer and a barometer. Meteorological
data were recorded every hour. The AWQMS
was mounted on a platform buoy and moored
near the deepest point in the reservoir’s lacus-
trine zone (Fig. 1). All acquired data were stored
in an industrial computer located within the
AWQMS and remotely downloaded via Wi-Fi to
the Seville Water Supply Company (EMASESA)
databases and reservoir-monitoring interface sys-
tems. For this study, physico-chemical data were
recorded during a 21-day period in August 2008
(August 9th and 12th-31st; during August 10th
and 11th the multiparameter probe failed), which
coincided with the occurrence of the highest
cyanobacterial bloom recorded in the El Gergal
reservoir that year.

More detailed descriptions of the El Gergal
AWQMS and associated sensors are given in
Rouen et al. (2005) and Escot et al. (2009).

Chlorophyll a concentration, phytoplankton
composition and biovolume

Throughout the study period, hourly chloro-
phyll a concentrations (Chl a) were measured by
an autonomous in vivo fluorometer (Minitracka
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MKII) fitted to the AWQMS at a 2 metre depth
because bloom-forming cyanobacteria in El Ger-
gal are all positively buoyant organisms.

In addition, three surveys were made at the
beginning (August 10th), middle (August 20th)
and end (August 31st) of the study period to
obtain water samples for phytoplankton compo-
sition and biovolume. Samples were collected
at three discrete depths within the epilimnion
(at the surface, 2 metre and 5 metre depths)
using a 5 L Van Dorn sampler and were fixed in
situ using Lugol’s solution. Once in the labora-
tory, phytoplankton species were identified and
counted using an inverted microscope following
the Utermdhl method (1958). Morphological
measurements were carried out with an inverted
Leica DMIL microscope. Photomicrographs
were taken with an Allied Pike F145C-IRF16
digital camera, and images were processed using
free software developed at the University of Ma-
laga by one of the authors (Fot-O-matén, J. M.
Blanco). For every sample, several morphome-
tric parameters were measured for at least 100
cells/colonies of each phytoplankton species.
Cell volumes were calculated following Hille-
brant et al. (1999).

Epilimnetic mean biovolume was obtained by
adding up the weighted-average value between
consecutive sampling depths, as

BV = (BVy +2.5x BV, + 1.5 X BVs)/5

where BV, is the weighted-average biovolume
in the epilimnion, and BV, BV, and BV5 are the
measured biovolumes at 0, 2 and 5 metre depths,
respectively.

The diel free-water oxygen technique for
plankton metabolism

Planktonic metabolic rates were estimated from
hourly oxygen concentration data recorded by the
AWQMS. NEP for hourly intervals was calcu-
lated according to the expression of Cole et al.
(2000):

NEPhQur = AOZ - D/Zmix

where AQO; is the change in oxygen concentration
over one hour, D is the diffusive exchange with
the atmosphere during this period, and Z; is
the thermocline depth, which was inferred from
the hourly temperature profiles (Stachr & Sand-
Jensen, 2007). Atmospheric exchange was calcu-
lated as

D = k(OZ = Og5a)

where O, is the measured oxygen concentration,
Oy 1S the oxygen concentration in equilibrium
with the atmosphere at the ambient temperature
and measured salinity and corrected for baromet-
ric pressure, and k is the piston velocity, a coeffi-
cient of oxygen exchange at a given temperature
(Staehr et al., 2012). Piston velocity was com-
puted for each temperature according to Jidhne et
al. (1987) as

k = kﬁ()()(SC/600)_0'5

where kg is k for a Schmidt number (Sc) of 600
and can be calculated as function of the wind
speed following Cole & Caraco (1998).

Biologically, NEP is a balance between the
oxygen gains from photosynthesis and the oxy-
gen depletion during respiration (Staehr et al.,
2010a); consequently, it can acquire positive or
negative values.

We calculated the daytime NEP (NEPy,y(ime)
from the NEP,, values following Staehr er al.
(2010a) as

NEPg,yime = mean NEPy, during daylight x
X daylight hours.

Because no photosynthesis occurs at night,
calculations of NEPy,, during the night divided by
the night length (h) provided the hourly rate of
ecosystem respiration (Ry,). Assuming the same
respiration rate during night and day (Hanson
et al., 2006; Lauster et al., 2006; Staehr et al.,
2010a), we obtained the daily respiration rate
(Raay) by multiplying the Ry, by 24 h. Respiration
between sunrise and sunset (Ryayime) 18 calculated
from Ry, extrapolated over the day length (Staehr
etal.,2010a).
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Figure 2. Hourly variations of A) surface PAR (umol m= s™'), B) water temperature (°C), C) mixed-layer depth (Zy;,, m), D)
Chlorophyll a concentration (ug/L) and E) dissolved oxygen concentration (umol/L) in the near-surface waters of El Gergal reservoir
during the study period. Variaciones horarias de A) PAR en superficie (wmol m= s7'), B) temperatura del agua (°C), C) profundidad
de la capa de mezcla (Z,,,, m), D) concentracion de Clorofila a (ug/L) y D) concentracion de oxigeno disuelto (wmol/L) en las aguas
superficiales de El Gergal durante el periodo de estudio.
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Gross primary production (GPP) was deter-
mined as

GPP = NEPdaytime + Rdaytime»

and finally, daily NEP (NEPy,;,) was calculated
as

NEPdaily = GPP - Rday

where respiration is expressed in positive num-
bers (Staehr et al., 2010a, 2012).

Chlorophyll-specific production rates were
obtained by dividing the GPP between the
corresponding mean daily Chl a.

Statistical analyses

For analytical and comparison purposes, means
+ standard deviations were computed for the
main limnological variables and the estimated
metabolic rates and ratios.

Pearson linear correlation analysis was used
to test the relationships between the variables.
To determine if the correlation slopes were
significantly different from 1, Student’s t-test
(a =0.05) was applied to the differences be-
tween the slopes divided by the difference of the
standard errors of the slopes (see Zar, 1999).

RESULTS

Physico-chemical variables

Figure 2 shows the hourly variations in the physi-
co-chemical variables considered for planktonic
metabolism calculations. During the study pe-
riod, the incident PAR flux depicted a marked
and consistent diel pattern, with sunrise around
8:30 am, sunset around 9:30 pm and a photope-
riod characterised by a 14:10-hour light-to-dark
ratio. Maximum mean PAR values of 2076 +
63 umol photons m~2 s~! were always recorded
at 3:00 pm (Fig. 2A).

Near-surface water temperatures (Fig. 2B) re-
mained high despite a clear decreasing trend with
time. The mean surface water temperature was

26.5+0.7°C, with a minimum mean value of
26 £ 0.5 °C during the late night and a maximum
mean value of 26.8 £ 0.7 °C in the afternoon.

The reservoir was thermally stratified
throughout the study period, with a stable ther-
mocline located at a 7.3 0.8 m depth. The mi-
xed-layer depth moved progressively into deeper
waters as a result of the thermocline erosion
process, with a deepening rate of approximately
0.1 m/d (Fig. 20).

Dissolved oxygen concentration in the surface
waters of El Gergal also showed a clear daily
pattern (Fig. 2E). Daily mean minimum values of
237 + 2 umol/L were measured at 10:00 am, with
daily mean maximum values of 241 +2 umol/L
typically recorded during the late evening around
9:00 pm.

Chlorophyll a concentration, phytoplankton
biovolume and community composition

During the study period, near-surface Chl a
ranged between 14 pg/L and 49 ug/L, with an
overall mean of 24 + 5.4 ng/L (Fig. 2D).

Total phytoplankton biovolume in the epilim-
netic waters of the El Gergal reservoir was very
high (averaging 155 x 10° um*/mL; maximum
286 x 10° w m*/mL; see Fig. 3). The phytoplank-

350
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Day in August 2008

Biovolume (x 10° um’/mL)

Figure 3. Phytoplankton epilimnetic biovolume during the
study period and the contribution of cyanobacteria (black bar),
dinoflagellates (grey bar) and other phytoplankters (white bar).
Biovolumen fitoplanctonico en el epilimnion durante el periodo
de estudio, asi como la contribucion de cianobacterias (barra
negra), dinoflagelados (barra gris) y otros grupos fitoplanctoni-
cos (barra blanca).
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ton community was strongly dominated by het-
erocystous filamentous cyanobacteria (Aphani-
zomenon flos-aquae and Anabaena planctonica).
Cyanobacteria accounted for between 73% and
96% of the total phytoplankton biovolume, with
an increasing presence throughout the study
period. Dinoflagellates (Ceratium hirundinella)
were the second phytoplankton group in terms of
biovolume, representing between 4% and 20%
of total phytoplankton biovolume. All remaining
phytoplankton groups always represented less
than 5% of the total epilimnetic photoautotrophic
biovolume.

Surface planktonic metabolism

Figure 4A shows the diel changes in gross pri-
mary production (GPP), community respiration
(R) and net ecosystem production (NEP) calcu-
lated for the near-surface layer of El Gergal. Phy-
toplankton gross primary production ranged be-
tween 2.64 umol O, L™! d~! and 17.59 pumol O,
L' d~!, with an overall mean of 7.0 + 3.5 umol
0, L' d7!. Respiration rates (R) ranged between
0.56 wmol O, L' d7! and 11.43 pumol O, L™!
d™!, with an overall mean of 5.9 + 2.6 umol O,
L' d7'. NEP rates were positive during 85%
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Figure 4. A) Daily values of gross primary production (GPP, open circles), net ecosystem production (NEP, black circles) and
community respiration (R, open squares) in the near-surface waters of El Gergal reservoir. R is shown as negative numbers for
plotting purposes. B) GPP:R ratio values. C) NEP:GPP ratio values. A) Valores diarios de produccion primaria bruta (GPP, circulos
blancos), produccidn ecosistémica neta (NEP, circulos negros) y respiracion de la comunidad (R, cuadrados blancos) en las aguas
superficiales de El Gergal. R se presenta con valores negativos por motivos de representacion grdfica. B) Valores de la razon GPP:R.

C) Valores de la razon NEP:GPP.
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of the study period. The NEP overall mean was
1.1 + 2.1 umol O, L™ d°! and ranged between
—4.47 umol O, L' d! and 6.16 umol O,L~! d~!.

The overall mean GPP:R ratio was 1.2 + 0.3
(Fig. 4B). A positive and significant linear corre-
lation was found between R and GPP (r = 0.8;
p < 0.0001; n = 21), with a slope (1 + 0.2, slope
+ standard error) not significantly different from
1, corresponding to a well-balanced planktonic
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metabolism on the surface of the reservoir during
the bloom (Fig. 5A).

The efficiency of the conversion of GPP into
NEP is frequently estimated as the NEP:GPP
ratio expressed as percentages (see Odum, 1985).
We computed this efficiency for each day with
a positive NEP throughout the study period
(Fig. 4C), and obtained a mean of 25.6 + 19%
(minimum 2.5%, maximum 78.8%). Interest-
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Figure 5. The relationships between A) R and GPP, B) PAR and NEP:GPP, and C) mixed-layer depth and NEP:GPP, in the near-
surface waters of El Gergal reservoir. Correlation parameters are given in the text. Relacion entre A) R y GPP, B) PARy NEP:GPP, y
C) profundidad de la capa de mezclay NEP:GPP, en las aguas superficiales del embalse de El Gergal. Pardmetros de la correlaciones

en el texto.
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ingly, this efficiency showed a positive and sig-
nificant linear correlation (r = 0.51; p < 0.005;
n = 17) with the daily integral PAR field arriving
at the reservoir surface (Fig. 5B) and a negative
linear correlation (r = —0.57; p < 0.005; n = 17)
with the mixed-layer depth (Fig. 5C).

The chlorophyll a-specific production rate
(GPP:Chl a ratio) ranged between 0.09 umol O,
ug Chl a~' d=! and 0.62 umol O, ug Chla™! d!,
with an overall mean of 0.3 + 0.1 umol O, pg Chl
a”' d”!. In agreement with this, the chlorophyll
a-specific respiration rate (R:Chl a ratio) exhib-
ited an overall mean of 0.2 + 0.1 umol O, pg Chl
a™' d7!, with a minimum of 0.02 umol O, ug
Chl a™! d™! and a maximum of 0.49 umol O, ug
Chl a! d7'. A positive and highly significant
linear correlation was found between R:Chl a
and GPP:Chl a (r = 0.84; p <0.0001; n = 21),
with a slope (1.1 + 0.3, slope + standard error)
not significantly different from 1.

DISCUSSION

Summer blooms of large filamentous and di-
azotrophic cyanobacteria are characteristic of
many productive, warm monomictic lakes and
reservoirs in the Mediterranean region, where
they constitute stable episodes in phytoplankton
succession. In the El Gergal reservoir, these sum-
mer blooms consisted mainly of Aphanizomenon
flos-aquae and Anabaena planctonica. These po-
sitively buoyant phytoplankters accumulate in
the surface layer of the reservoir during calm
weather, low turbulent mixing periods, where
they form stable and dense scums and patches
(Moreno-Ostos et al., 2009a, 2009b, 2012).
Surface blooms can intercept a large amount of
the incident light and inorganic carbon fluxes
from the air, giving the buoyant cyanobacteria
competitive advantages over other phytoplankton
groups (Paerl & Ustach, 1982; Ibelings & Ma-
berly, 1998). In addition, their position in the
water column favours nitrogen fixation through
the photosynthetic process (Walsby et al., 1997),
which also promotes cyanobacterial dominance
in the typically nutrient-depleted, late-summer
epilimnion.

Previous studies have shown that photo-
synthesis is generally high during summer
surface blooms, with a large contribution from
filamentous cyanobacteria to the total primary
production (Ploug, 2008; Ploug et al., 2010),
and oxygen concentration in the surface layers is
frequently supersaturated during cyanobacterial
blooms (Ibelings & Mur, 1992; Ibelings & de
Winder, 1994). However, in the surface layers of
the El Gergal reservoir, the differences between
GPP and R were rather small. R and GPP were
closely correlated with a slope not significantly
different than 1, and the mean GPP:R ratio was
low (1.2 £ 0.3), revealing the predominance of
a well-balanced planktonic metabolism during
the bloom. In addition, the mean efficiency in
the conversion of GPP into NEP (the NEP:GPP
ratio) was generally low, with an overall mean
of 25%. Cremona et al. (2014) and Noges et
al. (2011) described similar GPP:R ratios and
chlorophyll-specific production rates under light
saturation in a large, eutrophic, cyanobacteria-
dominated lake. They concluded that both the
high turbidity of the lake and the dominance
of slow-growing cyanobacteria, which have a
low photosynthetic efficiency compared with
other phytoplankton groups, could explain these
metabolic features (Laas et al., 2012). Similarly,
Staehr et al. (2010b) found GPP:R ratios close
to 1.0 and positive correlations of GPP and R
in stratified lakes, which were explained by the
relatively rapid and efficient respiration by mi-
crobial loops and zooplankton in the newly
produced organic matter (Lass et al., 2012). In
this context, Hanson et al. (2003) noted that
a good proportionality of GPP and R suggests
that autochthonous carbon provides most of the
substrate for pelagic respiration.

All the above explanatory factors fully ap-
plied to El Gergal during the summer blooms,
when the Secchi depth is generally less than 1 m,
large slow-growing cyanobacteria constitute the
main phytoplankton group, and allochthonous
carbon input is neglected as external tributaries
to the reservoir are typically eliminated by severe
droughts (Cruz-Pizarro et al., 2005).

It is well known that large nitrogen-fixing
cyanobacteria blooms enhance the microbial loop
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and prevent the development of large zooplank-
ton grazers (Gliwicz, 1990; Gliwicz & Lampert,
1990; Moreno-Ostos et al., 2007b) within the
planktonic community. In these cases, a close
autotrophic-microheterotrophic cooperative as-
sociation exists within the pelagic plankton,
which can lead to efficient organic matter recy-
cling and nutrient uptake in the surface layers.
Previous studies (Glibert & Bronk, 1994; Lars-
son et al., 2001; Mulholland & Capone, 2001;
Rolff et al., 2007; Ploug et al., 2010.) have shown
that filamentous diazotrophic cyanobacteria fre-
quently fix surplus dinitrogen, which is leaked
to the associated microheterotrophic community,
increasing microbial respiration and conse-
quently enhancing the dissolved inorganic car-
bon and nutrients available for photoautotrophs
(Forsskal et al., 1982; Sellner, 1997; Ploug,
2008). Similarly, the equilibrated planktonic
metabolism found in the surface waters of El
Gergal suggests the existence of tight mutual-
istic feed-back mechanisms between the large
nitrogen-fixing cyanobacteria and associated mi-
croheterotrophic organisms, which could favour
the stable persistence of the cyanobacterial
bloom at the surface of the reservoir. Our results
also suggest that this stable planktonic assem-
blage would be finally overcome by physical
factors, such as the progressive deepening of the
mixed layer and light limitation. Thus, we found
a direct relationship between the daily integrated
incident light and the NEP:GPP ratio, while the
NEP:GPP ratio was negatively correlated with
the mixed-layer depth.

In a previous paper on the same reser-
voir, Moreno-Ostos et al. (2009b) used high-
frequency data collected by the AWQMS to in-
vestigate the negative influence of wind-induced
turbulent mixing on the persistence of positively
buoyant cyanobacterial scums. They found that
frequent wind-mixing events in El Gergal could
overcome the flotation capacity of Aphanizo-
menon flos-aquae, thus homogenising their
vertical distribution throughout the increased
mixed layer and transporting the cyanobacteria
beyond the euphotic layer, where they became
light-limited. Following Huisman et¢ al. (2004),
these results may be useful applications in water

management for improving predictions of the
mixing intensity required to avoid or overcome
harmful cyanobacterial surface blooms. As the
mixed-layer depth in multilevel withdrawal
water supply reservoirs is strongly dependent
on the withdrawal depth (Moreno-Ostos et al.,
2008b), reservoir managers could prevent the
development of cyanobacterial blooms by simply
extracting water from the hypolimnion during
summer, a hydraulic management strategy that
would promote deepening of the mixed layer
towards light-limited depths and result in the
decay of cyanobacterial production efficiency.
Recent selective withdrawal experiments to con-
trol harmful cyanobacterial blooms (i.e., Lehman
et al., 2009; McDonald & Lehman, 2013) de-
monstrated that hypolimnetic withdrawal signifi-
cantly destabilized the water column, favouring
the near elimination of Aphanizomenon and its
replacement by diatoms. The same authors con-
cluded that this hydraulically induced phyto-
plankton community transformation constitutes
a successful and reproducible management stra-
tegy for addressing summer cyanobacterial
blooms in reservoirs.

For this study, we combined a moored auto-
matic high frequency monitoring system with
the diel free-water oxygen technique to inves-
tigate daily changes in near-surface reservoir
planktonic metabolism during a cyanobacterial
bloom. This ecosystem approach has provided
estimations on the magnitude and variability
of metabolic rates over realistic time scales,
significantly improving our understanding of
the functional characteristics of cyanobacterial
blooms in Mediterranean reservoirs.
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