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ABSTRACT
Spatio-temporal variability of carbon dioxide and methane emissions from a Mediterranean Reservoir

Freshwater reservoirs constitute a significant source of carbon dioxide (CO,) and methane (CHy) to the atmosphere, and a
precise quantification of the magnitude of these greenhouse gas emission on an annual scale is required. This quantification
must consider both temporal and spatial variability of reservoir carbon gas fluxes. In addition, it is relevant to reinforce re-
search focusing on the emission of CO, and CH4 in Mediterranean reservoirs. Here, we simultaneously measured CO, fluxes
and CHy ebullitive and diffusive emissions in the riverine and lacustrine zones of a Mediterranean reservoir (El Gergal, Spain)
throughout a complete year to quantify their magnitude, explore their spatial and temporal variability, and investigate the
potential limnological and hydrological factors influencing gases emissions. Our results show that during the study year El
Gergal riverine zone was a CO; sink, while the lacustrine zone was a CO, source. In addition, both areas were CHy sources to
the atmosphere. CO, and CHy fluxes in El Gergal showed a marked temporal variability, with significant differences between
mixing and thermally stratified periods. CO, emissions were significantly influenced by surface chlorophyll-a concentration
and pH, suggesting the prevalent role of primary production as CO, flux driver. CH4 emissions were influenced by hypolim-
netic methane concentration and hydrological factors potentially affected by climate change, such as water renewal rate and
water column depth.

Key words: emissions of greenhouse gases, carbon dioxide, methane, Mediterranean reservoirs

RESUMEN
Variabilidad espacio-temporal en las emisiones de dioxido de carbono y metano desde un embalse mediterraneo

Los embalses constituyen una fuente significativa de dioxido de carbono (CO,) y metano (CHy) a la atmosfera, y resulta nece-
sario alcanzar una cuantificacion precisa de la magnitud a escala anual de las emisiones de estos gases de efecto invernadero
desde este tipo de ecosistemas. Dicha cuantificacion deberia considerar la variabilidad espacial y temporal en los flujos de
gases de carbono desde los embalses. Ademas, es también necesario profundizar en la investigacion sobre emisiones de CO, y
CH  desde los embalses mediterraneos. En este trabajo se midieron simultaneamente el flujo de CO; y las emisiones difusivas
v ebullitivas de CHy en las zonas fluvial y limnética de un embalse mediterraneo (El Gergal, Espariia) a lo largo de un ciclo
anual completo, con el objetivo de cuantificar sus magnitudes, explorar su variabilidad espacial y temporal, e investigar los
principales factores limndlogicos e hidrologicos que regulan estos flujos gaseosos en el embalse. Nuestros resultados demues-
tran que durante el ario de estudio la zona fluvial de El Gergal constituyo un sumidero de CO,, mientras que la zona limnética
fue una fuente de este gas a la atmésfera. Ademds, ambas zonas constituyeron fuentes de CHy. Los flujos de CO,y CHy en el
embalse se caracterizaron por una notable variabilidad temporal, con diferencias significativas entre los periodos de mezcla
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y estratificacion térmica. Los flujos de CO; se relacionaron significativamente con la concentracion de clorofila a 'y el pH en
superficie, lo que sugiere que la produccion primaria juega un importante papel como proceso regulador de las emisiones de
este gas en el embalse. Las emisiones de CH  estuvieron reguladas por la concentracion de CHy en el hipolimnion, asi como
por factores de hidrologicos susceptibles de ser afectados por el cambio climatico, tales como la tasa de renovacion del agua

v la profundidad.

Palabras clave: emisiones de gases de efecto invernadero, dioxido de carbono, metano, embalses mediterraneos
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INTRODUCTION

Population growth and the consequent increase
in global demand for water, energy and food
has stimulated dam construction throughout the
world. As a consequence, the number of large
dams (those with a wall higher than 15 meters)
in the world has dramatically increased over the
last 60 years, and accordingly to current esti-
mates there are around 58 103 of these large dams
worldwide, with a storage capacity equivalent to
one-sixth of the total annual river flow into the
oceans (Mulligan et al., 2020). This number sig-
nificantly increases when taking into considera-
tion smaller dams, which constitutes around 16.7
million water bodies that increases the Earth’s
natural inland waters surface in more than 7 %
(Lehner et al., 2011). St. Louis et al. (2000) es-
timated that global surface area of reservoirs is
approximately 1.5 106 Km2, an area equivalent
to the estimated global area of natural lakes. In
addition, it is expected that reservoir surface area
will be significantly increased in coming decades
(Zarfl et al., 2015).

Although until recently inland waters were
neglected as significant sources of greenhouse
gas to the atmosphere, this picture has rapidly
changed. Today it is well-known that continental
waters contribute to the global carbon cycle in a
disproportionate scale in relation with their small
global surface, actively regulating continental
carbon fluxes to the ocean and the atmosphere
(Tranvik et al., 2009). Lakes and reservoirs emit
carbon dioxide (CO;) and methane (CHy4) to the
atmosphere (Raymond et al., 2013; Bastviken
et al., 2011) and accumulate large quantities of
carbon in their sediments (Einsele et al., 2001;
Heathcote et al., 2015; Mendonga et al., 2017),
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where it can be preserved for millennia (Catalan
etal., 2016).

Focusing on reservoir ecosystems, a prelimi-
nary estimation by St. Louis et al. (2000) depicted
that CO, and CHy4 emissions from reservoir sur-
faces could be around 4-7 % of all anthropogenic
emission of these gases to the atmosphere. These
authors also quantified the combined fluxes of
CO; and CHy of global reservoirs as 0.3 Gt yr-1
of carbon. More recently, a review by Deem-
er et al. (2016) stressed that reservoir emissions
contribute significantly to global budgets of an-
thropogenic CO, equivalent emissions, with a re-
markable contribution of reservoir per unit area
CHy fluxes, showing higher values than any other
aquatic ecosystem.

The surface waters of many reservoirs are of-
ten supersaturated in CO;, which results in net
CO; emissions to the atmosphere and represents a
significant contribution to global carbon budgets
(Raymond et al., 2013). In this context, Deem-
er et al. (2016) estimated that globally reservoirs
emit around 36.8 Tg CO, yr-1. The CO; super-
saturation in the surface waters of reservoirs can
be the result of net heterotrophic ecosystem me-
tabolism in those water masses where community
respiration exceeds primary production (Cole et
al., 2000; Duarte & Prairie, 2005). In addition,
in reservoirs located within calcareous water-
sheds CO; supersaturation can also be attributed
to catchment carbonate weathering (Marcé et al.,
2015; Leon-Palmero et al., 2020a).

Reservoirs are also important CHy sources to
the atmosphere, a relevant greenhouse gas with
about 28 times more warming potential than CO,
over a 100-year period (Myhre et al., 2013). It
has been recently estimated that global reservoirs
emit 13.4 Tg CHy yr-1 (Deemer et al., 2016). An
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important part of the CH4 production in reser-
voirs occurs within the anoxic sediments, and the
gas can be exported to the water column and the
atmosphere by ebullition and diffusion processes
(Beaulieu et al., 2014). In the ebullition process
gas bubbles directly fluxes from the sediment to
the atmosphere, with low oxidation in the wa-
ter column, while in the diffusive export a large
amount of CHy (50-95 %) is oxidized in the wa-
ter column by methanotrophic microorganisms
and just a small fraction reaches the atmosphere
(Bastviken et al., 2004; Gruca-Roskosz, 2020).
As a consequence, bubbling is the dominant CHy
flux in lakes and reservoirs (Deemer et al., 2016).
Shallow areas of warm lakes and reservoirs con-
stitute hot spots for CHy ebullition, and it has
been shown that water level fluctuations can sub-
stantially enhance bubbling CHy4 emissions due
to changes in hydrostatic pressure at low water
levels (Harrison et al., 2017).

Recent studies have demonstrated that CO,
and CHy fluxes in lakes and reservoirs depicts a
marked spatial variability (Beaulieu et al., 2014;
Natchimuthu et al., 2016, Paranaiba et al., 2018;
Yang, 2019, McClure et al., 2020), and that
greenhouse gas emissions assessments which do
not account for this spatial heterogeneity could
substantially (and systematically) bias annual es-
timations of carbon fluxes to the atmosphere. In
spite of this, there are still few studies on inland
waters greenhouse gas emissions taking into ac-
count spatial and temporal variability simultane-
ously, and including both diffusive and ebullitive
fluxes (i.e. Beaulieu et al., 2014; Natchimuthu et
al., 2016), while most studies focus mainly in the
deep areas of lakes and reservoirs.

Finally, although CO; and CHy fluxes have
been extensively studied in tropical and temper-
ate regions, there is still a lack of research on
Mediterranean reservoirs (Morales-Pineda et al.,
2015; Samiotis et al., 2018; Ledén-Palmero et al.,
2020a). Mediterranean reservoirs constitute a fre-
quent aquatic ecosystem providing relevant eco-
system services in semi-arid zones, and are also
especially sensitive and reactive to environmen-
tal changes. A recent paper (Leon-Palmero et al.,
2020a) pointed out the necessity of more simul-
taneous measurements of greenhouse gas emis-
sions from Mediterranean reservoirs to get more

accurate estimates of their global relevance.

In the present study we simultaneously ana-
lyze the CO, and CHy4 (ebullitive and diffusive)
fluxes in the riverine and lacustrine zones of a
Mediterranean reservoir throughout a complete
year to evaluate their magnitude and investigate
potential limnological and hydrological drivers.
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Figure 1. El Gergal reservoir bathymetric map, showing the
riverine and lacustrine study sites location. Mapa batimétrico
del embalse El Gergal. Se detalla la localizacion de las zonas
de estudio fluvial y limnética.
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MATERIALS AND METHODS
Study site

El Gergal (37°34° 137 N, 6° 02’ 57 W) is medi-
um-size (maximum surface area: 250 ha; maxi-
mum depth: 37 m; mean depth: 15.7 m; maximum
water storage capacity: 35 hm3), canyon-type
reservoir located in the Rivera de Huelva River
(a tributary of Guadalquivir River) within a sili-
ceous watershed (Fig. 1).

It was commissioned in 1979 as part of a net-
work of four reservoirs which supplies water to
the city of Seville and its metropolitan area (ca.
1.3 million inhabitants).

The thermal regime of El Gergal is warm
monomictic (Cruz-Pizarro et al., 2005), and its
trophic status is meso-eutrophic (Cruz-Pizarro et
al., 2005; Gilling et al., 2017).

As a typical Mediterranean reservoir, both
area and the water volume can vary severely as
a result of hydrological changes (Cruz-Pizarro
et al., 2005). Water renewal rate in the reser-
voir is consequently very variable and ranges
from a maximum of 2 month-1 to a minimum of
0.4 month-1 during severe droughts (Toja et al.,
1992; Moreno-Ostos et al., 2007).

Further information on the physical, biogeo-
chemical and biological features of El Gergal
reservoir can be found elsewhere (Cruz-Pizarro
et al., 2005; Moreno-Ostos et al., 2007; More-
no-Ostos et al., 2008; Hoyer et al., 2009; More-
no-Ostos et al., 2009a; Moreno-Ostos et al.,
2009b; Moreno-Ostos et al., 2012; Moreno-
Ostos et al., 2016).

Survey

Surveys of the temporal and spatial distribution
of CO, and CH4 emissions in the reservoir were
conducted at approximately monthly intervals be-
tween January 2019 and November 2019.

Every month CO, and CH4 emissions and
associated physico-chemical and biological vari-
ables were measured at two contrasting bathy-
metric sites within the reservoir: the shallow
and narrow riverine zone (mean depth 4.5 + 2.5
meters) and the deep and wide lacustrine zone
(mean depth 30.7 + 3.7 meters) (Fig. 1).
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Carbon dioxide emissions

Direct measures of CO, surface fluxes (mg CO»
m-2 d-1) were performed in situ using the float-
ing chamber method (Frankignoulle, 1988). At
each sampling station (both riverine and lacus-
trine sites) we performed three randomly distrib-
uted replicate CO; flux measurements using an
opaque enclosed floating chamber connected to
an infrared gas analyser (IRGA EGM-5, PP-Sys-
tems, Amesbury, USA). The CO; concentration
inside the chamber was monitored every 5s, with
an accuracy of 1 %. The floating chamber for
air-water flux measurements had a surface area of
0.2m2 and a volume of 29.5 dm3, and was cov-
ered with insulating and sun-reflective material
to counter the effects of temperature raise in the
chamber. The flux measurements lasted until at
least 10 patm of change in CO, were reached,
with a maximum duration of 300s. Fluxes were
determined by linear regression between the CO;
concentration in the chamber and time (R2 > 0.9),
correcting for temperature and atmospheric pres-
sure (Lambert & Fréchette, 2005). Positive fluxes
indicated CO, emissions from the reservoir to the
atmosphere, while negative fluxes indicate reser-
voir CO; uptake.

Methane emissions

Ebullitive CH4 emissions (mg CH4 m-2 d-1) were
collected at the riverine and lacustrine sites using
bubble traps. Following DelSontro et al. (2016)
the bubble traps consisted in inverted plastic
funnels (90 cm diameter, 0.64 m2 surface area),
with a 0.5 L graduate plastic bottle attached to the
apex as gas collector. The collector was equipped
with a rubber stopper at its base to extract gas
with a syringe in the case the emission exceeded
the volume of the collector bottle. The collectors
were screwed into the funnel once submerged
to fill them completely with water avoiding the
presence of air. The funnels were weighted to en-
sure that they remain in a vertical position, and
deployed from previously installed fixed buoys
to avoid disturbances in the sediment. Once in-
stalled, the funnel gas collector was 0.5 m deep.
At each sampling site we deployed three equal-
ly-distanced bubble traps. Once installed, riverine
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and lacustrine bubble traps remained around 24
hours collecting gas. After this time, gas collec-
tors were detached and closed underwater with a
cap fitted with a rubber stopper to extract the gas
sample. After measurement of total collected gas
volume, gas was sampled from the collector using
a syringe and injected into 10 mL pre-evacuated
glass vials (Agilent). In the laboratory gas sam-
ples were analyzed using an Agilent 7820A gas
chromatograph to determine the concentration of
CHy in the captured bubbles. Finally, CHy ebulli-
tive flux was computed from CHy4 concentration
in the gas collector, volume of total gas collected,
deployment time, and funnel surface.

Diffusive CHy4 emissions (mg CHy m-2 d-1)
from water to air was calculated as the product
of gas exchange coefficient for CHy and the dif-
ference between CH4 concentrations in surface
water and air equilibrated water:

CH, dif fusive = k % [CH4water - CH4air]

Where CHy giffusive 1S methane diffusive flux,
CHy yater 18 the concentration of methane in sur-
face water, CHy 4 1s the theoretical methane con-
centration in equilibrium with the atmosphere at
the ambient temperature and measured salinity
(Wiesenburg & Guinasso, 1979), and £ is the gas
exchange coefficient for CHy. This gas exchange
was calculated as a function of wind speed and wa-
ter temperature following Cole & Caraco (1998):

-n

SCcn
— 7 1.7 4

Where Uy is the wind speed at 10 m height
above the reservoir level, SC is the Schmidt num-
ber for CH4 at the measured water temperature
(Wannikhof, 1992), and the exponent n is 15
when wind speed is higher than 3.7 m/s and 2/3
when wind speed is lower than 3.7 m/s.

Total CH4 emissions were calculated by sum-
ming CHy4 diffusive and ebullitive fluxes.

Surface CH4 concentration was estimated by
the headspace equilibration technique and gas
chromatography according to Goémez-Gener et
al. (2015). Briefly, at each measurement site we

sampled surface water filling three 60 mL air-
tight syringes with 30 mL of surface water and
30 mL of atmospheric air, thus creating a head-
space with atmospheric air of 1:1 ratio. The sy-
ringes were submerged in water of known tem-
perature and vigorously shaken for 30 minutes to
allow the gas and water phases to equilibrate, and
equilibrium temperature was recorded. 20 mL
of the headspace gas was injected into 10 mL
pre-evacuated glass-tight vials (Agilent). In the
laboratory gas vials were analyzed using gas
chromatography as previously exposed for ebul-
litive fluxes.

Hydrological, physico-chemical and biological
variables

Water renewal rate (month-1) was calculated for
each month according to Toja et al. (1992) as:

Vinflow + Vstored

Vreservo ir

Where Viyfioy is water inflow into the reser-
voir (hm3/month); V;req is volumen stored in the
reservoir (hm3), and V}gev0ir IS maximum reser-
voir water storage (hm3).

At each sampling station we used a YSI-EXO2
multiparameter probe to measure water tempera-
ture, dissolved oxygen concentration, salinity, pH
and Chlorophyll-a (Chl-a) concentration at fixed
depth intervals (0.5 m in the riverine, 1 m in the
lacustrine) from surface to the bottom.

A vertical temperature gradient of at least
1 degree Celsius per meter depth was used as a
threshold value to evaluate if the water column
was thermally stratified (gradient > 1 C m-1) or
mixed (gradient <1 C m-1).

In addition, at the lacustrine sampling station
a Van Dorn horizontal bottle was used to collect
three water samples at regular depth intervals
from the thermocline (when thermally strati-
fied) or light compensation depth (when mixed)
to the sediment. These water samples were used
to determine in the laboratory dissolved CO; and
CHy concentration in the hypolimnion (when
stratified) or aphotic zone (when mixed) at the la-
custrine zone. CHy concentration in deep waters
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was determined following the headspace method
previously exposed. For deep CO» concentration,
water samples collected with the Van Dorn bot-
tle were directly circulated through a gas transfer
membrane contactor (MiniModule, Liqui-Cel,
USA) coupled, by a closed system, to a portable
CO, gas analyzer (EGM-5 PP Systems). The wa-
ter was circulated via gravity through the contac-
tor at 300 mL/min, and the equilibrated gas was
continuously recirculated into the infrared gas
analyzer for instantaneous pCO; measurements
(Gomez-Gener et al., 2015).

RESULTS
General limnological features

Reservoir water level was high during the
whole study period. In winter and spring mean
water level was 48.9 + 0.4 meters above sea
level (being 50 m a.s.l. the highest water level
in El Gergal), whereas water level slightly de-
creased during summer and autumn, depicting
mean values of 44.5 + 1.3 m a.s.l. Water renew-
al rate was low (average 0.74 + 0.18 month-1,
ranging between 0.98 month-1 in February and

Lacustrine

Depth (m)

Depth (m)

Feb Apr Jun Aug Oct Dec

Month

0.5 month-1 in November). As a consequence,
in the riverine site water column depth was 6.8
+ 0.2 m from January to May, and it decreased
to only 2.6 = 1.5 m from June to December. In
the lacustrine site water column depth was very
constant from January to May (33.4 £ 2.5 m),
and it slightly decreased from June to December
(27.4£1.6 m).

Water column in the riverine site was gener-
ally isothermal, although some thermal vertical
temperature gradients > 1 C m-! were measured
during spring (March and May) and autumn (Sep-
tember, October and November). In the lacustrine
site water column was vertically mixed from Jan-
uary to April, when it became thermally stratified
until the end of the year. The thermocline was
located at ~9 depth at the beginning of the strat-
ification (April), and progressively sank during
the thermal stratification period, reaching ~19 m
depth in November, just before complete turnover
in December (Fig. 2)

In the riverine site water column was typical-
ly well-oxygenated, with some bottom anoxia in
spring and autumn. By contrast, in the lacustrine
zone water column was only vertically oxygenat-
ed during the turbulent mixing period, while the

Riverine

Feb Apr Jun Aug Oct Dec

Month

Figure 2. Spatio-temporal variability of water column thermal structure (top panel) and oxygen concentration (bottom panel) in the
riverine zone (right) and lacustrine zone (left). Variabilidad espacio-temporal de la estructura térmica de la columna de agua (parte su-
perior del panel) y de la concentracion de oxigeno disuelto (parte inferior del panel) en la zona fluvial (derecha) y limnética (izquierda).
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Figure 3. a) Temporal dynamics of Chl-a concentration (mean concentration in the first five meters of water column) in lacustrine
(white dots) and riverine (black dots) sites. b) Temporal dynamics of dissolved CO, (black squares) and dissolved CHy4 (white squares)
in the hypolimnion of the lacustrine zone. @) Dindmica temporal de la concentracion de Chl-a (valor medio de los primeros cinco me-
tros de columna de agua) en las zonas limnética (puntos blancos) y fluvial (puntos negros). b) Dinamica temporal de la concentracion
de CO, (cuadros negros) y CHy (cuadros blancos) en el hipolimnion de la zona limnética.
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Figure 4. CO, flux measured in the lacustrine (a) and riverine (b) zones. Box and whiskers plots depict mean CO, fluxes during mix-
ing (grey box) and stratification (white box) periods in the lacustrine (c) and riverine zones (d). Box represent first and third quartiles,
whiskers are maximum and minimum values, horizontal line is median, and x is mean. Flujo de CO; en las zonas limnética (a) y fluvial
(b). Los grdficos de cajas y bigotes muestran el flujo medio de CO; durante los periodos de mezcla (cajas grises) y estratificacion
térmica (cajas blancas) en la zona limnética (c) y fluvial (d) del embalse. Las cajas representan el primer y tercer cuartil, los bigotes
los valores maximos y minimos, la linea horizontal es la mediana, y x situa la media.
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thermally stratified period was characterized by
anoxic waters below the thermocline. Oxygen de-
pletion started at the onset of stratification, and
complete anoxia was reached around June and
lasted until overturn in December (Fig. 2).

Chlorophyll-a concentration in the lacustrine
and riverine zones showed a similar seasonal
trend (Fig. 3a). It was low during the mixed peri-
od and increased throughout the thermally strati-
fied period, reaching maximum values in August
(10.28 pg/L and 16.84 pg/L in lacustrine and riv-
erine zones, respectively). At late stratification
Chl-a depicted similar values than during mixing.

Carbon dioxide concentration in the deep wa-
ters of the lacustrine site progressively increased
from 68 pM in the winter mixing period to maxi-
mum values of 326 uM at the end of thermal strat-
ification. Methane in the lacustrine deep waters
was very low in the presence of oxygen (< 1 uM),
while it increased exponentially as hypolimnion
became anoxic, reaching ~28 puM in the late-strat-
ification (Fig. 3b).

Carbon dioxide fluxes

Carbon dioxide fluxes in the lacustrine zone
revealed a marked temporal pattern, with pos-
itive values (CO; emission) in winter and au-
tumn (four months), and negative values (CO,

uptake) recorded during seven months in spring
and summer (Fig. 4a). The highest CO, flux
(7103.7 £ 1015.6 mg CO» m-2 d-1) was recorded
in January, and the lowest (-2096.6 + 343.3 mg
CO, m-2 d-1) corresponded to August. Mean an-
nual CO; flux in the lacustrine zone was 128.7
+2666.1 mg COy m-2 d-1, which denoted that in
an annual scale this zone was a net CO, source
to the atmosphere.

CO; fluxes in the riverine zone depicted a
similar temporal pattern (Fig. 4b), although the
period with positive CO; flux was longer (six
months), and the time period with negative CO»
flux was shorter (four months). In spite of this,
mean annual CO; flux in the riverine zone was
-59.99 + 1629.5 mg CO; m-2 d-1, with values
ranging between a minimum flux of —-2756.07 +
1143 mg m-2 d-! in August and a maximum flux
of 2477.46 + 134.2 mg CO, m-2 d-! in March.
In an annual scale, the riverine zone constituted a
net CO; sink to the atmosphere.

During thermally stratified months both the la-
custrine and riverine zones were CO» sinks, while
when turbulent mixing conditions prevailed, both
zones were CO» sources (Fig. 4c and 4d).

Methane emissions

El Gergal reservoir was also a source of methane
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Figure 5. CH,4 emissions in the lacustrine (a) and riverine (b) zones. Grey portion of bars represents diffusive emission, black portion
represents ebullitive emission. Emisiones de CHy en las zonas limnética (a) y fluvial (b). La porcion gris de las barras representa la

emision difusiva, y la porcion negra la emision ebullitiva.
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to the atmosphere throughout the studied year.
Mean total methane emissions in the lacus-
trine zone was 1.5 = 0.8 mg CH4 m-2 d-1, with a
minimum value of 0.38 = 0.27 mg CHy m-2 d-! in
May and a maximum of 2.71 + 1.4 mg CH4 m-2
d-1 in October. Monthly CH4 emissions in this
deep zone depicted increasing values during the
thermal stratification period (Fig. 5a). Diffusive
emission was detected throughout the year, and
showed a 60 % mean contribution to annual total
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methane flux in the lacustrine zone.

By contrast, no clear temporal trend in methane
emissions was found in the shallow riverine zone
(Fig. 5b). Total methane emissions in this zone
showed an annual average total CH4 emission of
30.17 + 14.8 mg CHy m-2 d-1. Maximum values
were recorded in spring (46.56 = 40.50 mg CHy
m-2 d-1 in March) and autumn (58.43 + 67.40 mg
CH4 m-2 d-1), and minimum in winter (9.89 +
8.95 mg CH4 m-2 d-1 in February). Interesting-
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Figure 6. CH,4 emissions in the lacustrine and riverine zones during mixing (grey boxes) and stratification (white boxes) periods. a)
and b) depicts lacustrine and riverine diffusive emissions, ¢) and d) depicts lacustrine and riverine ebullitive emissions. Box represent
first and third quartiles, whiskers are maximum and minimum values, horizontal line is median, and x is mean. Emisiones de CHy en las
zonas limnética y fluvial durante los periodos de mezcla (cajas grises) y estratificacion térmica (cajas blancas). a) y b) muestran las emi-
siones difusivas en las zonas limnética y fluvial, ¢) y d) muestrean las emisiones ebullitivas en las mismas zonas. Las cajas representan
el primer y tercer cuartil, los bigotes los valores maximos y minimos, la linea horizontal es la mediana, y x situa la media.
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Figure 7. CHy diffusive (white boxes) and ebullitive (grey boxes) emissions measured in the lacustrine (a) and riverine (b) zones. Box
represent first and third quartiles, whiskers are maximum and minimum values, horizontal line is median, and x is mean. Flujo difusivo
(cajas blancas) y ebullitivo (cajas grises) en las zonas limnética (a) y fluvial (b) del embalse. Las cajas representan el primer y tercer
cuartil, los bigotes los valores maximos y minimos, la linea horizontal es la mediana, y x situa la media.

ly, in this shallow zone bubbling was the prevail-
ing CH4 emission pathway throughout the whole
year, with a mean contribution to total CH4 emis-
sion of 78.13 %.

Both in the lacustrine and riverine sites CHy
diffusive emissions were higher during mixing
than during thermally stratified months (Fig. 6a
and 6b). By contrast, CHy ebullitive emissions
depicted an opposite temporal pattern, with sig-
nificantly higher fluxes during the thermal strati-
fication period (Fig. 6¢ and 6d).

Marked differences were found between the
magnitude of CHy emissions in the riverine and
lacustrine zones. In the upstream riverine zone
ebullitive flux was significantly higher than dif-
fusive flux. Mean annual CHy ebullitive emission
was 24.85 £+ 17.53 mg CHy m-2 d-1, with values
ranging from 1.28 + 2.05 mg CH4 m-2 d-! and
58.13 + 87.40 mg CHy m-2 d-1. Mean annual
CHy diffusive emission was 5.30 = 7.16 mg CHy
m-2 d-1, with minimum values of 0.30 = 0.07 mg
CH4 m-2 d-1 and maximum of 20.11 = 1.71 mg
CH4 m-2 d-1. By contrast, in the lacustrine zone
the diffusive flux was undistinguishable from
the ebullitive flux. Mean annual CH4 ebullitive

Limnetica, 41(1): 43-60 (2022)

emission was 0.59 £+ 0.72 mg CHy m-2 d-1, with a
range from 0 mg CHy m-2 d-1 and 2.22 £2.17 mg
CH4 m-2 d-1. Mean annual CHy diffusive emis-
sion was 0.86 +0.67 mg CH4 m-2 d-1, values rang-
ing between 0.17 mg CH4 m-2 d-1 and 2.26 mg
CH4 m-2 d-1 (Fig. 7).

Factors influencing CO, and CH4 emissions

We did not find any significant relation between
CO; fluxes and the considered hydrological vari-
ables (thermal stability, water renewal rate, and
water column depth) in El Gergal reservoir. How-
ever, we found a negative and significant corre-
lation between CO, flux and Chl-a (r = -0.55;
p <0.05), pH also being negatively correlated to
CO; fluxes (r = 0.57; p <0.01) (Fig. 8a and 8b).
On the other hand, CH4 emissions were influ-
enced both by hydrological and hypolimnetic bio-
geochemistry factors. No significant relation was
found between CH4 fluxes and Chl-a in El Gergal
reservoir. Regarding hydrological drivers, in the
lacustrine zone log CH4 emissions were negatively
correlated toreservoir waterrenewal rate (r=-0.86;
p < 0.005), while no significant correlation was
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found between CHy4 emissions and water renew-
al rate in the riverine zone. In addition, log CHy
ebullitive emissions were negatively related to
water column depth both in lacustrine and river-
ine zones (r = -0.80; p < 0.001) (Fig. 9a and 9b,
respectively).

In respect of hypolimnetic biogeochemical
drivers, ebullitive CH4 emissions in the lacus-
trine and riverine zones were positively correlat-
ed to hypolimnetic CH4 concentration (r = 0.74;
p<0.05andr=0.77; p <0.05, respectively) (Fig.
9c¢ and 9d).

DISCUSSION

The magnitude of CO, and CHy4 fluxes varied
substantially over space (riverine and lacustrine
zones) and time. Both CO, and CHy4 emissions
in the reservoir revealed a marked an opposite
seasonal pattern. The highest CO, and minimum
CH4 emissions were recorded during the winter
turbulent mixing conditions, while at the thermal-
ly stratified period CO; fluxes became negative
(CO, uptake) and CHy fluxes increased, especial-
ly at the late-stratification months preceding over-
turn. Similar seasonal patterns in reservoir CO»
and CHy emissions have been recently reported
(Beaulieu et al., 2014; Musenze et al., 2014; Sa-
miotis et al., 2018; Ledén-Palmero et al., 2020a).

In El Gergal both CO, and CH4 emissions
showed marked differences between riverine and
lacustrine zones, highlighting the importance of
including riverine areas to achieve accurate reser-
voir CO; and CHy4 emission assessments (Beau-
lieu et al., 2014; Yang, 2019), especially in hetero-
geneous ecosystems such as reservoirs.

Mean COj flux in the riverine zone was neg-
ative, and consequently this shallow area consti-
tuted a CO; sink at an annual scale. By contrast,
mean CO, flux in the lacustrine was positive,
water mass being a source of CO; to the atmos-
phere at an annual scale. Magnitude of lacustrine
CO, fluxes measured in El Gergal was very sim-
ilar to the CO; fluxes reported by Morales-Pine-
da et al. (2015) and Ledn-Palmero et al. (2020a)
for southern Spain Mediterranean reservoirs, and
also coherent with emission values provided by
Barros et al. (2011) for temperate reservoirs.

On the other hand, total CHy emission rates
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in El Gergal were also within the ranges provid-
ed by Leon-Palmero et al. (2020a) for Mediter-
ranean reservoirs, and by St. Louis et al. (2000)
and Barros et al. (2011) for temperate reservoirs.
Ebullitive and diffusive fluxes were respective-
ly 40 and 6 times greater in the riverine zone
than those measured in the lacustrine. Shallow
riverine areas have been previously identified as
CH4 emission hot spots in lakes and reservoirs
(Bastviken et al., 2002; Beaulieu et al., 2014;
Paraniba et al. 2018; Yang, 2019), where CHy
production is enhanced by deposition of fluvial
organic matter, and a large fraction of sedimen-
tary CHy is directly evading to the atmosphere
through bubbling. The ebullitive CH4 emissions
measured in the shallow riverine zone of El Ger-
gal were comparable to ebullitive fluxes found
in temperate shallow ponds (Dove et al., 1999;
DelSontro et al., 2016), a kind of ecosystem typ-
ically supporting higher CH4 emission rates than
temperate deep lakes and reservoirs. The contri-
bution of ebullition to total CH4 emissions was
~ 40 % in the lacustrine zone, and ~ 80 % in the
riverine, both values within the range of 38 %
- 96 % reported by Bastviken et al. (2011) and
higher than those reported in northern ponds and
shallow lakes (Dove et al., 1999; Weyhenmey-
er et al., 1999; DelSontro et al., 2016). Produc-
tive reservoirs as El Gergal tend to accumulate
organic carbon in sediments, and consequently
there is a great potential for CHy ebullition from
these ecosystems, leading to higher total CHy
emissions as bubbles directly to the atmosphere
with limited dissolution and oxidation losses
(McGinnis et al., 2006; DelSontro et al., 2010;
DelSontro et al., 2016).

In addition, measured CHy4 ebullitive fluxes
in El Gergal showed high standard deviation val-
ues, revealing the strong fine-scale spatio-tempo-
ral heterogeneity that characterizes benthic CHy
bubbling in inland waters, which makes it chal-
lenging to quantify ebullition emissions (DelSon-
tro et al., 2015; Scandella et al., 2016, Lindgren
etal., 2019).

Our results show that variability in CO; flux-
es in El Gergal reservoir can be explained by the
seasonal changes in CO; depletion in surface
waters as a consequence of primary productivity,
as previously reported by Saidi & Koschorreck



CO3 and CH4 emissions from a Mediterranean reservoir 55

(2017) for 39 German reservoirs. Indeed, Chl-a
concentration and pH were both negatively relat-
ed to CO; fluxes in El Gergal. During summer
and early autumn phytoplankton biomass in the
reservoir increases significantly, and primary pro-
duction promotes CO, uptake and reduces CO»
concentration in surface waters, enhancing the
absorption of this gas from the atmosphere. In
addition, primary production also increases pH,
which favors the formation of carbonates. This
reduces CO, concentration in surface waters,
which again would fuel CO; absorption (Soumis
et al., 2004; Xiao et al., 2013; Schrier-Uijil et
al., 2011; Paranaiba et al., 2018; Gruca-Rokosz,
2020). Similar correlations between pH and CO»
fluxes have been reported for reservoirs (Soumis
et al., 2004; Halbedel & Koschorreck, 2013;
Quinones-Rivera et al., 2015; Saidi & Koscho-
rreck, 2017) and lakes (Lazzarino et al., 2009;
Trolle et al., 2012). In this context, Saidi & Ko-
schorreck (2017) have suggested the use of pH as
a proxy of CO; fluxes in low alkalinity reservoirs.

In productive reservoirs such as El Gergal
most of the inorganic carbon fixed by primary
production is later decomposed in the anoxic hy-
polimnion and returned back to the atmosphere,
a relatively large fraction of it in the form of
CHy (St. Louis et al., 2000). In addition to sup-
ply organic carbon and contribute to decrease
hypolimnetic oxygen content, phytoplankton
biomass also affects the quality of the organic
matter reaching the anoxic hypolimnion, and
it has been demonstrated that phytoplankton-
derived labile organic matter fuel higher rates
of methane production than carbon of terrestrial
origin (West et al., 2012; Deemer et al., 2016;
Leon-Palmero et al., 2020b).

Regarding factors influencing methane emis-
sions in El Gergal, we found that there is a strong
dependency of CHy4 emissions on net CHy4 pro-
duction and its storage capacity in the water col-
umn, as Ledn-Palmero et al. (2020a) have recent-
ly demonstrated. We have also found a negative
relation between water column depth and CHy
ebullitive emissions, as previously reported by
Leon-Palmero et al. (2020a) for Mediterranean
reservoirs with similar hydrological characteris-
tics to El Gergal. Water column depth is known
as a relevant hydrological driver for CHy emis-

sions, with a positive relationship between hydro-
static pressure and the CHy storage capacity, and
negative relationship with CH4 emissions (Leon-
Palmero et al., 2020a). Depth also plays a rele-
vant role on the spatial variability of CHy4 fluxes
from lakes and reservoirs, especially in relation to
bubbling emissions (Casper et al., 2000; Bastvik-
en et al., 2004; Wik et al., 2013, West et al., 2015;
DelSontro et al., 2016; Natchimuthu et al., 2016;
Deemer et al., 2016). Shallow areas, such as the
riverine zone in El Gergal, depicts low CHy4 stor-
age capacity and high ebullition rates, while the
higher hydrostatic pressure and deeper water col-
umn in the lacustrine zone prevents CH4 bubbling
to the atmosphere. In agreement, fluctuating wa-
ter level has a relevant influence on CHy ebulli-
tive flux (Keller & Stallard, 1994; Harrison et al.,
2017). Finally, our results also suggest that vari-
ability in water renewal rate constitute a relevant
hydrological factor affecting CH4 emissions in El
Gergal. The higher the renewal rate, the lower the
proportion of deep anoxic zones in El Gergal reser-
voir (Toja et al., 1992), where methanogenesis
typically occurs.

Changes in hydrological patterns are one of
the major impacts of global change. Precipitation
and temperature trends are significantly changing
water availability in many regions (Fekete et al.,
2002). In the Mediterranean region this trend has
been projected to continue with potentially up to
50 % decreases in river discharge (Schewe et al.,
2014). These changes will impact hydrology in
the whole river network (Catalan et al., 2016), in-
cluding lakes and reservoirs, which will modify
the regime of incoming materials, flooded sur-
face, water renewal rate, and water column depth.
Draughts and reservoir withdrawn will increase
the proportion of shallow areas in Mediterranean
reservoirs and decrease water renewal rate, con-
sequently enhancing CH4 emissions (especial-
ly bubbling). In addition, projected increases in
phytoplankton biomass (Trolle et al., 2014) could
intensify CO, uptake during the thermally strati-
fied period, but simultaneously fuel hypolimnetic
respiration processes and the occurrence of rele-
vant CO, and CHy4 emissions at the overturn. As
a consequence, hydrological changes expected in
the Mediterranean region could intensify the role
of reservoirs as emitters of greenhouse gases.
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