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Abstract
Global change is modifying meteorological and hydrological factors that influence the thermal regime of water bodies. 
These modifications can lead to longer stratification periods with enlarged hypolimnetic anoxic periods, which can promote 
heterotrophic anaerobic processes and alter reservoir carbon cycling. Here, we quantified aerobic and anaerobic heterotrophic 
processes (aerobic respiration, denitrification, iron and manganese reduction, sulfate reduction, and methanogenesis) on 
dissolved inorganic carbon (DIC) production in the hypolimnion of a Mediterranean reservoir (El Gergal, Spain) under two 
contrasting hydrological conditions: a wet year with heavy direct rainfall and frequent water inputs from upstream reser‑
voirs, and a dry year with scarce rainfall and negligible water inputs. During the wet year, water inputs and rainfall induced 
low water column thermal stability and earlier turnover. By contrast, thermal stratification was longer and more stable dur‑
ing the dry year. During wet conditions, we observed lower DIC accumulation in the hypolimnion, mainly due to weaker 
sulfate reduction and methanogenesis. By contrast, longer stratification during the dry year promoted higher hypolimnetic 
DIC accumulation, resulting from enhanced methanogenesis and sulfate reduction, thus increasing methane emissions and 
impairing reservoir water quality. Aerobic respiration, denitrification and metal reduction produced a similar amount of 
DIC in the hypolimnion during the two studied years. All in all, biological and geochemical (calcite dissolution) processes 
explained most of hypolimnetic DIC accumulation during stratification regardless of the hydrological conditions, but there 
is still ~ 30% of hypolimnetic DIC production that cannot be explained by the processes contemplated in this study and the 
assumptions made.

Keywords Thermal stratification length · Hypolimnion · Dissolved inorganic carbon · Metabolic rate · Sulfate reduction · 
Methanogenesis · Anoxia

Introduction

The role of inland waters in the global carbon cycle is dis‑
proportionately large in relation to the surface they occupy 
on Earth (Cole et al. 2007; Tranvik et al. 2009; Borges et al. 
2015). Lakes and reservoirs represent an important long 
term carbon sink both at local and global scale (Kastowski 
et  al. 2011; Dean and Gorham 1998; Kortelainen et  al. 
2004; Chmiel et al. 2016). These aquatic ecosystems bury 
carbon more efficiently than oceans due to higher sedimen‑
tation rates, lower oxygen exposition and larger and more 
frequent allochthonous (terrestrial) organic matter inputs 
(Sobek et al. 2009). In the case of reservoirs, carbon buried 
in their sediments constitutes around 40% of the total car‑
bon sink in inland waters (Mendonça et al. 2017), a relevant 
value resulting from typically large catchments (Doubek and 
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Carey, 2017) depicting high erosion rates (Anderson et al. 
2020).

In the Mediterranean region, lakes and reservoirs usually 
show a warm monomictic thermal regime, characterized by a 
unique thermal stratification period that extends from spring 
to late fall (George 2010). During this thermally stratified 
period, the thermocline effectively isolates the hypolimnion, 
a net heterotrophic subsystem where both autochthonous and 
allochthonous organic matter is oxidized through diverse 
metabolic pathways. Once the thermocline is established, 
organic matter mineralization in the hypolimnion proceeds 
through aerobic respiration, using the limited hypolimnetic 
oxygen reserve as electron acceptor. The resulting oxygen 
depletion implies that organic matter oxidation must be 
carried out through anaerobic metabolic pathways, which 
depend on electron acceptors different from oxygen (e.g., 
nitrate, sulfate, manganic and ferric ions).

Anaerobic heterotrophic pathways are characterized by 
lower thermodynamic efficiency and rates of organic matter 
mineralization than aerobic respiration (Fenchel et al. 2012; 
LaRowe and Van Cappellen 2011). This has implications for 
the efficiency of organic carbon burial (Sobek et al. 2009). 
Therefore, anaerobic pathways play a crucial role in the car‑
bon cycle in lake and reservoir ecosystems.

Thermal regime of lakes is influenced by hydrological 
and meteorological factors. Water inputs, withdrawals, pre‑
cipitation and wind stress, among other factors, modify the 
stratification length and mixing frequency (Soares et al. 
2019; Zhang et al. 2020; Liu et al. 2020). In addition, the 
onset of stratification is strongly related with hypolimnetic 
oxygen depletion, increasing the probability of anoxia with 
earlier thermocline development (Foley et al. 2012; Ladwig 
et al. 2021). In the present context of climate change, warm‑
ing is increasing lake surface water temperature (Dokulil 
et al. 2021), which results in longer and more stable ther‑
mally stratified periods (Woolway et al. 2021; Butcher et al. 
2015; Burns et al. 2005). Moreover, some ecosystems tradi‑
tionally classified as warm monomictic are becoming per‑
manently stratified (Woolway and Merchant 2019). Other 
global change pressures, such as catchment alterations, 
eutrophication, and decreasing fluvial inflows, also promote 
hypolimnetic anoxia (Marcé et al. 2010; Jenny et al. 2016).

In spite of the established fact that hydrological and mete‑
orological future changes will impact thermal regimes, there 
is little information on carbon cycling in the hypolimnion 
under contrasting hydrological and meteorological condi‑
tions. Furthermore, although some studies have estimated 
the contributions of the main metabolic pathways (aerobic 
respiration, denitrification, iron and manganese reduction, 
sulfate reduction and methanogenesis) to DIC production in 
the hypolimnion, most research has been conducted in tem‑
perate lakes (Jones and Simon 1980; Schafran and Driscoll 
1987; Kelly et al. 1988; Mattson and Likens 1993; Matthews 

et al. 2008; Fahrner et al. 2008), while studies in reservoirs 
are scarce (Wendt‑Potthoff et al. 2014; McClure et al. 2021). 
In addition, none of these studies have quantified the con‑
tribution of each metabolic pathway to total respiration in 
the hypolimnion under contrasting hydrological conditions.

Climate change is expected to induce temperature incre‑
ments and dryness in the Mediterranean region (IPCC 
2021). As a consequence, Mediterranean reservoirs will 
show hydrological changes that will affect the quantitative 
and relative importance of different metabolic processes 
involved in hypolimnetic mineralization of organic matter.

In this paper, we used a mass balance approach to analyse 
carbon fluxes through diverse heterotrophic metabolic path‑
ways (aerobic respiration, denitrification, sulfate reduction, 
Fe and Mn reduction and methanogenesis) and their con‑
tribution to DIC production in the hypolimnion of a Medi‑
terranean reservoir during two thermally stratified periods 
with contrasting hydrological features. We expected that a 
longer stratification period during a dry year would enhance 
the role of anaerobic processes in the hypolimnetic respira‑
tion of organic matter. Conversely, we anticipated that water 
column instability and mixing during a wet year would lead 
to a shorter stratification period and a greater role of aerobic 
respiration in the hypolimnetic respiration of organic mat‑
ter. We expect our results to be relevant for the adaptation 
of reservoir management practises to the already changing 
hydrological conditions as well as to anticipate potential 
alterations of carbon cycling in reservoirs.

Materials and methods

Study site

El Gergal (37º34′13''N; 6º02′57''E) is a Mediterranean res‑
ervoir located in South Iberian Peninsula (Seville, Spain). 
The reservoir has a surface of 250 ha, a capacity of 35  hm3 
and a maximum and mean depth of 37 m and 15.7 m, respec‑
tively. Water can be withdrawn from three different depths: 
via top (42.30 m.a.s.l), middle (26.35 m.a.s.l), and bottom 
outlets (18 m.a.s.l). This reservoir is the fifth in a cascade of 
five reservoirs in the Rivera de Huelva River. Water inputs 
come from the river, rainfall and runoff without any relevant 
groundwater input. All dams are used for water supply and 
the upstream dams, in addition, for downstream reservoir 
hydrological management, such as regulating input water, 
water residence time or water level. El Gergal is a meso‑
trophic reservoir with a warm monomictic thermal regime. 
The reservoir remains stratified a large part of the year, usu‑
ally from spring to late fall (Cruz‑Pizarro et al. 2005; Hoyer 
et al. 2009). Thermal stratification usually leads to oxygen 
depletion in the hypolimnion (Cruz‑Pizarro et al. 2005).
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Detailed information on hydrology (Moreno‑Ostos et al. 
2008; Moreno‑Ostos et al. 2012), phytoplankton dynamics 
(Hoyer et al. 2009; Moreno‑Ostos et al. 2009a, b; Rigosi and 
Rueda 2012), ecosystem metabolism (Moreno Ostos et al. 
2016; Giling et al. 2017), and sedimentation processes (De 
Vicente et al. 2005) in El Gergal can be found elsewhere.

Sampling frequency and data collection

El Gergal reservoir was sampled biweekly during two whole 
thermally stratified periods (2018 and 2019). The 2018 strat‑
ification period started in May and finished in October, while 
the 2019 stratification period lasted from April to December.

During each survey, we used a 5 L Van Dorn bottle to 
collect water samples from four depths at the deepest point 
of the reservoir. In order to estimate diffusive flux of sub‑
stances between the hypolimnion and the epilimnion, the 
first water sample was taken just above the thermocline. In 
the hypolimnion, three water samples were taken: below the 
oxycline, in the middle layer of the hypolimnion and 2–3 m 
above the sediment–water interface. Depths for sample col‑
lection were determined in situ after detailed analysis of a 
physico‑chemical vertical profile (water temperature, dis‑
solved oxygen concentration, pH, and water conductivity) 
collected from surface to bottom using YSI EXO2 mul‑
tiparameter probe. A laboratory located on the shore of the 
reservoir was used to pre‑process samples for subsequent 
analyses.

Chemical analyses

To determine  SO4
2−,  NO3

− and  NH4
+ concentrations, 50 mL 

water samples were in situ filtered through Whatman GF/C 
glass‑fibre filters and stored frozen until analysis. Samples 
were analysed using ion chromatography (Metrohm “MOD‑
ELO”) with a high‑performance separation column for the 
parallel determination of standard anions (Metrosep A Supp 
7–250/4.0) and a column for cations (Metrosep C3‑250/4.0).

For reduced metal ions  (Fe2+ and  Mn2+) concentrations, 
50 mL water samples were in situ filtered through What‑
man GF/C glass‑fibre filters and acidified with  HNO3 (1%). 
Filtered and acidified samples were analysed by ICP‑MS 
(NexION 300D).

Methane concentration in water was measured using 
the headspace equilibrium technique and gas chromatog‑
raphy (Striegl et al. 2012). In order to avoid gas exchange 
with the atmosphere, 30 mL of water was directly taken 
on board, from the Van Dorn sampler using a syringe with 
stopcock and filled until 60 mL with ambient air. Addition‑
ally, one syringe was fill just with ambient air to calculate 
background  CH4 concentration. Syringes with stopcock 
were frequently shaken and kept at constant temperature 
in a water container during 30–60 min. Temperature was 

checked until the end of equilibrium and used to calculate 
Henry’s coefficient between the liquid and the gas phase 
(Stumm and Morgan 1996). The equilibrated headspace 
was injected into 10 mL pre‑evacuated glass vials (Agi‑
lent) and analysed using an Agilent 7820A gas chromato‑
graph. Background  CH4 concentration was used to remove 
this effect from the equilibrium calculation.

CH4 ebullitive flux was measured monthly following 
(Montes‑Pérez et al. 2022). Gas bubbles were trapped 
using three inverted funnels equipped with a collector 
bottle. Bubble traps were deployed close to the dam in 
the lacustrine zone, and installed at 0.5 m depth. Once 
installed, bubble traps collected gas for 24 h. After this, 
collector bottles were gently screwed off and capped 
underwater. Then, collector bottles were weighted to cal‑
culate water volume displaced by gas bubbles. Gas was 
sampled from the collector through a rubber septum using 
a syringe and injected into 10 mL pre‑evacuated glass vials 
(Agilent). In the laboratory, gas samples were analysed for 
 CH4 using an Agilent 7820A gas chromatograph.

Dissolved inorganic carbon

Dissolved inorganic carbon (DIC) concentration was 
determined from alkalinity and  CO2 concentration in 
water. Alkalinity was determined from 100  mL water 
samples acidified with HCl 0.01 N using automatic titra‑
tion (Metrohm 808). For  CO2 concentration, 5 L water 
samples taken with the Van Dorn bottle were directly cir‑
culated through a gas transfer membrane contactor (Liqui‑
Cel™ MM Series) coupled to a portable  CO2 gas ana‑
lyser (EGM‑5 PP Systems) following Gómez‑Gener et al. 
(2016). Readings of  CO2 in ppmv,  CO2 fugacity  (fCO2) 
were recorded every second until equilibrium was reached. 
Hyperbolic functions were fitted to the saturation curves 
to calculate  fCO2 in equilibrium. Partial pressure of  CO2 
(ρCO2) was calculated from  fCO2 and atmospheric pres‑
sure  (Patm):

Then,  CO2 concentration in the water was calculated 
using the Henry’s law:

where  kH is the Henry's constant (mol·L−1·atm−1) estimated 
for in situ temperature and salinity (Zeebe and Wolf‑Glad‑
row 2001; Weiss 1974; Millero 1995; Dickson and Goyet 
1994).

Finally, DIC was calculated from  [CO2]w, alkalinity, and 
water temperature and salinity using the R package AquaEnv 
(Hofmann et al. 2010).

�CO2 = fCO2 ∗ Patm

[

CO2

]

w
= �CO2 ⋅ kH
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Physical indices of the reservoir

We used rLakeAnalyzer R package (Winslow et al. 2019) 
to calculate physical indices of the reservoir. In order to 
introduce the effect of water level fluctuation on surface 
area and volume of column water layers, we modified 
`uStar()` and `schmidt.stability()` functions to calculated 
water friction velocity due to wind stress at the reservoir 
surface (m/s) and water column stability (Schmidt stabil‑
ity, J/m2), respectively.

Volumetric metabolic rates

Volumetric metabolic rates were calculated from changes 
in the concentration of hypolimnetic substances implied 
in metabolic processes (Table 1). For each substance and 
thermally stratified period, a linear regression between 
concentration and time was fitted using the period during 
which each metabolic pathway was active. Concentration 
was averaged for the whole hypolimnion and corrected to 
account for vertical diffusive flux through the thermocline. 
Diffusive fluxes, J (mmol·m−2·d−1), were calculated for 
each chemical species as:

where  Ch and  Ce are the mean concentrations in hypolimnion 
and epilimnion, respectively, for each sampling interval. In 
cases when samples taken above the thermocline were not 
clearly located within the epilimnion (because of a wider 
metalimnion), we used linear extrapolation to estimate 
concentration in the middle of epilimnion for DIC,  NO3

−, 
 SO4

2− and  NH4
+, while we assumed zero concentration for 

reduced manganese, iron, and methane in the epilimnion. 
To test that extrapolation was not introducing significant 
errors, we compared estimated concentration against actual 
concentrations obtaining p‑values inferior than 0.05 (n > 6) 
for all substances. Thermocline heat transfer coefficient, Vt, 
was estimated following Chapra (1997) for each sampling 
interval:

J = Vt ⋅

(

Ch − Ce

)

where Vh and Ah are volume of hypolimnnion and contact 
surface area of hypolimnnion with epilimnion, respectively. 
Vh and Ah were calculated from the reservoir hypsographic 
curve and water level.  Te is the epilimnion averaged tem‑
perature and Th,i and Th,s are hypolimnion temperatures at 
the beginning and at the end for each calculation period. ts 
is the interval time for which  Vt is calculated. Top limit of 
hypolimnion was set at the thermocline. The position of the 
thermocline was calculated from temperature profiles as the 
depth of the maximum density gradient using the R package 
LakeAnalyzer (Winslow et al. 2019).

Changes in concentrations due to vertical diffusion flux 
(mmol·m−2·d−1) between two sampling days were calculated 
multiplying J by Ah·ts, and dividing by Vh to obtain changes 
in mmol·m−3. Thus, corrected concentration in hypolimnion 
was calculated as:

Due to this correction, applied to include flux through 
thermocline, corrected concentration can show negative val‑
ues when concentration in the hypolimnion is 0 (or close to 
0) and a previous mass input through the thermocline has 
occurred.

Aerobic respiration was estimated from depletion of dis‑
solved oxygen corrected concentration in the hypolimnion 
throughout the thermally stratified period. Anaerobic res‑
piration was estimated from accumulation or depletion of 
chemical species involved in redox reactions throughout 
the stratification period. Electron acceptor consumption, 
 SO4

2− and  NO3
−, were used to estimate the magnitude of sul‑

fate reduction and denitrification. Accumulation of reduced 
metal ions  (Fe2+ and  Mn2+) and  CH4 was used to estimate 
organic matter oxidation by dissimilatory metal reducing 
bacteria (DMRB) and methanogenesis, respectively.

The contribution of the different metabolic pathways to 
total inorganic carbon production was estimated as the DIC 

Vt =
Vh

Atts
ln
Te − Th,i

Te − Th,s

Cch = Ch +

(

J ⋅
Ah ⋅ ts

Vh

)

Table 1  Simplified redox 
reactions for each considered 
metabolic pathway in El Gergal 
reservoir hypolimnion

Monitored substances are highlighted in bold in the redox equations. DIC equivalents produced per mol of 
substance

Metabolic pathway Reaction DIC equiv

Aerobic respiration O2 +  4H+  +  4e−—>  2H2O 1
Denitrification NO3

− +  6H+  +  5e−—> 0.5N2 +  3H2O 1.25
Manganese reduction 2MnO2 +  4H+  + 4  e−—> 2Mn+2 +  3H2O 0.5
Iron reduction 4FeOOH +  8H+  + 4  e−—> 4Fe+2 +  7H2O 0.25
Sulfate reduction SO4

2− +  9H+  +  8e−—>  HS− +  4H2O 2
Methanogenesis CH2O +  4H+  +  4e−—> CH4 +  H2O 1
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equivalents produced by every metabolic pathway following 
the redox reactions in table (Table 1) extracted from (Stumm 
and Morgan 1996; del Giorgio and Williams 2005a, b). Rates 
were multiplied by the number of days during which each met‑
abolic process was active (activity period). For each studied 
metabolic pathway, the activity period was considered as the 
time period since a concentration change (accumulation or 
depletion) in the monitored redox substance was first noticed 
until the date when concentration change ends.

Estimated DIC

We calculated the DIC production in the hypolimnion consid‑
ering two main processes: biological processes and geochemi‑
cal processes (abiotic increase of alkalinity).

Biological DIC production was estimated as the sum of 
each volumetric metabolic rate multiplied by the number of 
active days. Geochemical processes, such as cation exchange 
and weathering, which affect alkalinity can also produce an 
increase of DIC. Alkalinity produced by abiotic processes dur‑
ing stratification was calculated by removing ions produced 
by metabolic pathways from the measured alkalinity increase:

where  Alkmeasured0 is alkalinity measured at the beginning of 
stratification period and ΔAlkbiotic was defined as follows:

Alkabiotic = Alkmeasured0 + ΔAlkmeasured − ΔAlkbiotic

The abiotic increase of alkalinity was used to estimate 
DIC production by geochemical processes by fitting a linear 
regression between abiotic alkalinity and time. The slope 
of the regression was multiplied by days of stratification 
to obtain a rate of alkalinity increase. From this, DIC pro‑
duction by geochemical processes in the hypolimnion was 
derived from the stoichiometry between carbonate disso‑
lution (i.e. alkalinity increase) and DIC production. We 
assumed that an increase of alkalinity of 2 mol would pro‑
duce 1 mol of DIC.

Results

Hydrology

The two studied years showed contrasting hydrological con‑
ditions. Stratification length was shorter during 2018 with 
a later onset of thermocline and an earlier fall turnover, two 
months earlier than in 2019 (Fig. 1).

Rainfall difference was remarkable, showing a clearly 
wet year with 730 mm rainfall in 2018, above the historical 
average of 500 mm for the area. By contrast, 2019 was a 
particularly dry year with rainfall below 300 mm. In addi‑
tion, rainfall after summer started earlier and with greater 

ΔAlkbiotic = ΔNH+

4
− ΔSO−2

4
− ΔNO−

3

Fig. 1  Vertical profiles of 
temperature (a) and dissolved 
oxygen concentration (b) during 
the two studied years. Palette 
colour chosen from ‘cmocean’ 
R package (Thyng 2016)
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intensity in 2018, whereas in 2019 fall precipitation was neg‑
ligible (Fig. 2a). Water friction velocity due to wind stress 
at the reservoir surface was similar during both years with 
highest peaks related to storm events when precipitations 
were intense (Fig. 2b).

The hypolimnion remained thermally stable with a slight 
increase of temperature during stratification during both 
years. However, the epilimnion was thinner with a shallower 
thermocline in 2018 (6 m depth) than in 2019 (10 m depth). 
Thus, hypolimnetic volume was greater in 2018 than in 2019 
(Table 2).

Reservoir management during 2018 introduced water 
from upstream reservoirs (Cala and Minilla reservoirs), 
whereas during 2019, water inputs were rather scarce 
(Fig. 2b). Furthermore, water withdrawals were higher dur‑
ing 2018. Therefore, mean water residence time during ther‑
mal stratification was much longer in 2019 (475 days) than 
in 2018 (162 days) (Table 2).

Water column stability increased throughout the strati‑
fication period, reaching highest stability between late July 
and August (Fig. 2b). However, during 2018, a bigger drop 
of stability was observed, a pattern that was not recorded 
in 2019, with November mean Schmidt stability above 
100 J·m−2. In addition, reservoir water volume changes were 
apparent during 2018 (Fig. 2b), whereas in 2019, changes in 
reservoir water volume were minor.

Temporal dynamics of substances involved in redox 
reactions

Once thermal stratification was established, the hypolim‑
nion was still well oxygenated. Mean oxygen concentra‑
tion in the hypolimnion at the beginning of stratification 
was 103 ± 69 mmol·m−3 in 2018 and 133 ± 27 mmol·m−3 
in 2019. During both years, oxygen was consumed quickly, 
reaching anoxia in the whole hypolimnion during the first 
weeks of July. From this moment on, oxygen trend was 

Fig. 2  Meteorological and 
hydrological conditions during 
the two studied years. a Pre‑
cipitation is expressed in mm; 
Wtemp epilimnion/hypolimnion 
is the averaged water tem‑
perature for the whole layer in 
degrees Celsius; Water friction 
velocity due to wind stress in 
m·s−1. b Schmidt stability in 
(J·m−2); Dialy water balance in 
the reservoir (inlet water–outlet 
water). Meteorological data 
from Red de Información Agro-
climática de Andalucía, https:// 
www. junta deand alucia. es/ agric 
ultur aypes ca/ ifapa/ riaweb/ web/

https://www.juntadeandalucia.es/agriculturaypesca/ifapa/riaweb/web/
https://www.juntadeandalucia.es/agriculturaypesca/ifapa/riaweb/web/
https://www.juntadeandalucia.es/agriculturaypesca/ifapa/riaweb/web/
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roughly constant with a slight decrease because of vertical 
diffusion flux which introduced small amounts of oxygen 
in the hypolimnion during anoxia (Fig. 3a).

NO3
− concentration showed a decrease after the onset 

of thermocline, when oxygen was still not completely 
depleted in the hypolimnion (Fig. 3b).  NO3

− mean concen‑
tration increased slightly at the very beginning of strati‑
fication, reaching its maximum concentration few weeks 
later, 44.3 ± 5 mmol·m−3 in 2018 and 43.4 ± 7.6 mmol·m−3 
in 2019. After this maximum,  NO3

− mean concentration 
decreased at the end of June in 2018, whereas in 2019, 
denitrification began earlier, at the end of May. In 2018, 
 NO3

− reached minimum mean concentration in the 
hypolimnion in September (8 ± 3.1  mmol·m−3), while 
in 2019,  NO3

− was completely depleted at the middle of 
August (0.7 ± 0.1 mmol·m−3).

Reduced manganese accumulation began when oxygen 
was almost depleted, at the end of June during both years, 
and concentration increased until the end of the stratifi‑
cation, reaching maximum values of 9.2 ± 5.6 mmol·m−3 
(September 2018) and 11.9 ± 4.3  mmol·m−3 (Novem‑
ber 2019) (Fig. 3d). In its turn, reduced iron accumula‑
tion began well before reduced manganese accumula‑
tion in 2018, while reduced iron accumulation did not 
begin until the end of July in 2019 (Fig.  3c). Maxi‑
mum reduced iron mean concentration in the hypolim‑
nion was recorded at the end of stratification, in Sep‑
tember 2018 (6 ± 5.5  mmol·m−3) and November 2019 
(13.7 ± 0.7 mmol·m−3).

Decrease of sulfate concentrations was evident 
throughout the whole stratification period (Fig.  3e). 
From the first survey to the last, mean sulfate concentra‑
tion in the hypolimnion decreased from 115.5 ± 14.8 to 

71.7 ± 7.8 mmol·m−3 in 2018, and from 188.5 ± 10.8 to 
106.6 ± 7.8 mmol·m−3 in 2019.

In 2018, methane accumulation in the hypolim‑
nion was low, reaching a mean concentration of 
8.16 ± 5.6  mmol·m−3. In contrast, in 2019, methane 
accumulation started in September and reached up to 
53.6 ± 45.6 mmol·m−3 before fall turnover (Fig. 3f).

Ammonium accumulation became apparent when oxy‑
gen was completely depleted, and reached its maximum 
concentration before fall turnover, 15.4 ± 5.6 mmol·m−3 in 
2018 and 55.6 ± 42 mmol·m−3 in 2019 (Fig. 3g).

DIC concentration was slightly lower during 2018 
than in 2019 (Fig. 3h). Nonetheless, DIC concentration 
increased constantly throughout the stratification period 
during both years, until 1805 ± 91 mmol·m−3 in 2018 and 
2584 ± 154 mmol·m−3 in 2019.

Vertical heat transfer during the stratification period 
ranged from 0.01 to 0.066 m·d−1 with a mean value of 
0.03 m·d−1 in 2018 and 0.001–0.05 m·d−1 with a mean 
value of 0.016 m·d−1 in 2019. The effect of vertical dif‑
fusion through the thermocline did not imply significant 
changes in redox substances concentrations during the 
studied stratification periods (Supplementary material).

Methane ebullitive flux accounted for a very small pro‑
portion (< 1%) of the DIC produced and was not included 
in subsequent calculations.

Metabolic rates

Consumption and accumulation of redox substances fol‑
lowed similar patterns in both years (Fig. 3). However, 
metabolic rates and their activity period changed from 

Table 2  Hydrological and 
limnological variables for 
the two studied stratification 
periods

Average values and values at the beginning and at the end of stratification (in brackets). Meteorological 
data from Red de Información Agroclimática de Andalucía, https:// www. junta deand alucia. es/ agric ultur 
aypes ca/ ifapa/ riaweb/ web/

Units 2018 2019

Stratification Days 157 (01‑May—> 10‑Oct) 279 (01‑April—> 05‑Dec)
Water level masl 47.05 (50.06‑46.68) 45.92 (49.15‑43.34)
Thermocline depth (start–end) m 6 (5–12) 10 (9–19)
Total volume (start–end) hm3 27.7 (35.0‑28.1) 26.06 (32.6‑20.4)
Hypolimnion volume hm3 19.28 12.25
Total water input hm3 27.84 2.99
Total water output hm3 25.28 7.197
Hypolimnion water residence time Days 162 475
Tmax air ºC 31.48 28.61
Te ºC 24.55 22.26
Th ºC 15.51 13.70
Rain mm 731 238
Chl‑a μg·L−1 8.3 6.4

https://www.juntadeandalucia.es/agriculturaypesca/ifapa/riaweb/web/
https://www.juntadeandalucia.es/agriculturaypesca/ifapa/riaweb/web/


 J. J. Montes-Pérez et al.

1 3

   36  Page 8 of 16

2018 to 2019. Aerobic respiration, iron reduction and 
methanogenesis showed the largest differences (Table 3).

DIC accumulation rates were similar during both years 
(Table 3). Nonetheless, total DIC accumulated during the 
stratification period was higher in 2019 because activity 
period lasted 216 days, whereas in 2018, activity period 

lasted 125 days. Likewise, sulfate reduction depicted the 
highest rates of anaerobic metabolism with similar rates in 
both years, and it was active throughout the entire stratifica‑
tion period; therefore, active time was 125 days in 2018 and 
216 days in 2019.

Fig. 3  Mean concentration in 
the hypolimnion of “El Gergal” 
reservoir during both studied 
years, 2018 (black points) and 
2019 (grey points). Concentra‑
tion is corrected with vertical 
diffusion flux. Vertical bars 
depict standard deviation and 
lines are linear regression for 
2018 (solid line) and 2019 
(dashed line)

Table 3  Rates, expressed as 
DIC equivalents, estimated 
from linear regression for 
each metabolic pathway and 
geochemical processes

DICm is rate from DIC measured in the hypolimnion, O2 aerobic respiration, NO3
− denitrification, Fe iron 

reduction, Mn manganese reduction, SO4
2− sulfate reduction, CH4 methanogenesis, DICgeo DIC produced 

by geochemical processes

Year Rates mmol DICeq·m−3·d−1

DICm O2 NO3
− Fe Mn SO4

2− CH4 DICgeo

2018 3.82 2.45 0.60 0.01 0.04 0.66 0.07 0.48
2019 3.97 1.40 0.53 0.03 0.03 0.66 0.46 0.88
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Aerobic respiration was the highest metabolic pathway 
during both stratification periods, with rates and active times 
markedly different between years. In 2018, oxygen was con‑
sumed faster (2.45 mmol·m−3·d−1) but activity period was 
shorter (48 days) than in 2019, when aerobic respiration rate 
was 1.4 mmol·m−3·d−1 and lasted 90 days. In contrast to 
aerobic respiration, denitrification rates were similar during 
2018 and 2019 and showed the same activity period, around 
90 days (Table 3).

Metals reduction (Fe and Mn) depicted the lowest rates 
of all studied metabolic pathways (Table 3). Despite iron 
reduction starting later in 2019, rates were active for the 
same length of time. Iron reduction rate was lower in 2018. 
On the contrary, manganese reduction showed similar rates, 
but depicted a longer activity period in 2019.

Methanogenesis rates showed the highest differences 
between years, with a rate sevenfold higher and lower active 
time in 2019. Methanogenesis shifted from being one of 
the lowest metabolic rates in 2018 to reach a rate similar to 
sulfate reduction and denitrification in 2019. In the latter 
case, methanogenesis was more intense and constrained to 
the last period of stratification, whereas in 2018, methane 
accumulation was slow but continuous throughout the whole 
stratification period.

DIC production by geochemical processes was more 
intense in 2019 than in 2018 (Table 3; Fig. 4).

Sources of DIC

DIC accumulation during the 2018 stratification period 
(478, 95% CI [269, 687] mmol·m−3) was markedly lower 
that DIC accumulation during 2019 (857 [764, 950] 
mmol·m−3) (Fig. 5). In addition, the DIC produced by 
metabolic processes was lower in 2018 (269 [192, 346] 
mmol·m−3), than in 2019 (372 [301, 443] mmol·m−3) 
(Fig. 6a). The difference between DIC produced by bio‑
logical processes in 2018 and 2019 was related to the 
metabolic processes with the lowest energy yield, sulfate 

reduction and methanogenesis. In 2019, sulfate reduction 
produced 60 mmol·m−3 DIC more than in 2018.  CH4 pro‑
duction increased 30 mmol·m3 in 2019 compared with  CH4 
produced during 2018. Conversely, the amount of DIC 
produced by the thermodynamically more favourable met‑
abolic processes was similar during the two years, around 
120 mmol·m−3 for aerobic respiration and 50 mmol·m−3 
for denitrification (Fig. 6a). DIC produced by DMRB was 
slightly higher in 2019.

Biological processes produced 82% of DIC in 2018, 
whereas in 2019, their contribution dropped to 66% 
(Fig. 6b). Although aerobic respiration stopped contributing 
to the total hypolimnetic DIC production in July, at the end 
of both studied stratification periods, it was the most relevant 

Fig. 4  Abiotic alkalinity incre‑
ment in the hypolimnion of 
“El Gergal” reservoir during 
both studied years, 2018 (a) 
and 2019 (b). Points are mean 
values and vertical lines depict 
standard deviation of meas‑
ured alkalinity. Gray line show 
linear increase in alkalinity 
due to abiotic factors. Blue line 
shows linear fit and the grey 
region represents the confidence 
interval

Fig. 5  DIC equivalent produced during the stratification period for 
each year. Black points are estimated DIC from metabolic pathways 
production and geochemical processes. Grey points are measured 
DIC calculated from actual measures of DIC concentration in the 
hypolimnion. Points are mean values and vertical lines depict stand‑
ard deviation
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metabolic pathway in terms of DIC production. Aerobic 
respiration and denitrification contributions were higher in 
2018 (Fig. 6b). On the contrary, methane contribution was 
higher during the longest stratification period (2019), 7% 
instead of 3% in 2018 (Fig. 6b). Sulfate reduction was the 
main anaerobic pathway in terms of DIC equivalent pro‑
duction contributing ~ 25% of estimated DIC in both years 
(Fig. 6b). Contribution of DMRB was low, accounting for 
1% to estimated DIC in the hypolimnion (Fig. 6b).

DIC produced by geochemical processes was roughly 
two‑fold lower in 2018 than in 2019 (60 [18, 102] and 190 
[162, 218] mmol·m−3, respectively) (Fig.  6a). Further‑
more, geochemical contribution to estimated DIC in 2018 
(18%) was lower than in 2019, when it reached 33% of DIC 
produced.

Finally, the sum of DIC produced by biological and geo‑
chemical processes seems to underestimate total measured 
DIC in the hypolimnion during both stratification periods 
(Fig. 5). Estimated DIC from biological and geochemical 
processes supposed around 70% of DIC measured in the 
hypolimnion both years. Thus, there is a 30% of meas‑
ured DIC which cannot be explained by the processes and 
assumptions considered in this study.

Discussion

Overall, our expectation that a longer stratification period 
during dry years would enhance the role of anaerobic pro‑
cesses in the hypolimnetic respiration of organic matter was 
sustained by our analysis. The amount of aerobic respiration 
during the two years was nearly identical, but several alter‑
native sources of DIC increased during the dry year (Fig. 6). 
This was mostly consistent in an increase in sulfate reduc‑
tion and the geochemical production of DIC, and to a lesser 
extent, methanogenesis. This implies that aerobic respiration 

depicts a smaller relative contribution to DIC production 
during dry years compared to wet years.

Dynamics and contribution to DIC by metabolic 
pathways non‑limited by the availability of electron 
acceptors

In El Gergal reservoir, it seems there is no limitation by 
electron acceptors or organic matter availability for some 
anaerobic processes (iron and manganese reduction, sulfate 
reduction and methanogenesis), because these substances 
keep changing until the end of stratification regardless of the 
duration of the stratification period (Fig. 3). For other sub‑
stances (oxygen, nitrate), the electron acceptors completely 
deplete before the end of stratification.

DIC and methane accumulated in the hypolimnion 
were higher when the stratification period was length‑
ened (Fig. 3). Although a similar trend in hypolimnion 
metabolic pathway succession was observed during these 
two contrasting stratification periods, the activity period 
of each route changed. This is more conspicuous for the 
less thermodynamically advantageous metabolisms, such 
as methanogenesis and sulfate reduction. These anaerobic 
processes were active until the end of stratification show‑
ing a longer activity period in 2019. Nonetheless, if instead 
of an anoxic hypolimnion a well oxygenated water column 
prevailed during the same period, DIC production could be 
increased. It is well known that aerobic respiration is more 
efficient than anaerobic alternative heterotrophic pathways, 
and it will produce more  CO2 (Carey et al. 2018; LaRowe 
and Van Cappellen 2011). However, previous studies (Hut‑
tunen et al. 2001; Hounshell et al. 2021) have revealed 
that  CO2 production can be similar under oxic and anoxic 
conditions. In this study, DIC production does not change 
during any stratification period when oxic‑anoxic transi‑
tion took place, which could suggest similar  CO2 produc‑
tion under oxic and anoxic conditions. This is not the case 

Fig. 6  a Production and b 
relative contribution of each 
considered metabolic pathway 
and geochemical processes in 
the total DIC generated during 
stratification, expressed as DIC 
equivalent
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for methanogenesis. A longer stratification period leads 
to the depletion of the more thermodynamically favour‑
able electron acceptors, such as oxygen and nitrate. Mean‑
while, methanogenesis can be active for longer, generating 
more methane. In addition, a deepening of the thermocline 
during early fall can promote phytoplankton production 
(Cantin et al. 2011; Giling et al. 2017) and, thus, increase 
organic matter settling flux (Simola 1981; Wetzel 2001; 
Carpenter et al. 1986). Primary production peaks could 
enhance methane production rates during late summer 
and autumn, promoting a higher methane production than 
expected when stratification is extended. A fraction of this 
accumulated methane will release to the atmosphere dur‑
ing the fall turnover (Montes‑Pérez et al. 2022; Vachon 
et al. 2019; Encinas‑Fernández et al. 2014).

Although temporal dynamics of the studied redox sub‑
stance concentrations followed the expected sequence 
according to energy yield, sulfate reduction was active from 
the onset of thermal stratification. In El Gergal reservoir, 
sulfate reduction seems to be active from the onset of strati‑
fication in both years, even when oxygen is still available. 
During these aerobic early stages, sulfate reduction could 
take place close to the sediment, depleting sulfate from the 
hypolimnion. Moreover, sulfate reduction showed activity 
during the whole stratification period, reaching the lowest 
sulfate concentrations around 60–100 µM, which are not 
limiting concentrations for sulfate‑reducing bacteria in lim‑
netic environments (Holmer and Storkholm 2001), indicat‑
ing that sulfate reduction could be active even longer.

Metal reductions did not play a significant role in total 
DIC production (< 1% of DIC produced by  m3). However, 
both Mn and Fe metabolisms produced more DIC during the 
longest stratification period than in the shortest one. Man‑
ganese reduction showed similar rates both years, but the 
longer anoxia period led to higher DIC production at the 
end of the stratification. In the case of Fe reduction, it can 
be active in the anoxic sediment before anoxia reaches the 
whole hypolimnion. In 2018, we could measure this activity 
during the early stage of stratification due to heterogene‑
ous hypolimnion which could hold anoxic conditions in the 
deepest layers. The lower Fe reduction rate could be due to 
the effect of  Fe2+ oxidation in that heterogeneous hypolim‑
nion. On the other hand, in 2019, hypolimnion was more 
homogeneous and, therefore, Fe reduction activity is noticed 
later than in 2018 and depicts a higher rate because of the 
smaller  Fe2+ oxidation effect. In addition, Balistrieri et al. 
(1992) reported that  Fe2+ accumulated in the hypolimnion of 
Sammamish lake was produced by releasing from sediment 
and reduction of Fe oxide particles settling through anoxic 
water column. This Fe reduction in the water column could 
also lead to the higher rate recorded during 2019.

Dynamics and contribution to DIC by metabolic 
pathways limited by the availability of electron 
accept

Aerobic respiration and denitrification ceased their activ‑
ity during stratification due to electron acceptors limitation 
both studied years. Actually, during the longest stratification 
period (2019), production of DIC by anaerobic metabolism 
was higher, except for denitrification (Fig. 6). Denitrification 
was the only anaerobic pathway which had limited activ‑
ity due to  NO3

− depletion (Fig. 3). Thus, this route showed 
quite similar rates and activity periods between years, with 
just a small delay due to the onset of thermal stratification. 
DIC production by aerobic respiration and denitrification 
were similar both years. This could be the result of complete 
electron acceptors (oxygen and nitrate) depletion during the 
thermally stratified period. In a variety of aquatic ecosystem, 
it has been demonstrated that denitrification is mainly lim‑
ited by  NO3

− availability (Megonigal et al. 2014; Lohse et al. 
1993; Nowicki 1994) and oxygen respiration is linear until 
oxygen is almost depleted (del Giorgio and Williams 2005b; 
Cornett and Rigler 1984). Therefore, total DIC produced 
through these pathways is determined by the availability of 
electron acceptors at the moment of hypolimnion isolation.

Furthermore, aerobic respiration rate was higher in 2018, 
within the range reported by Cornett and Rigler (1984) for 
several lakes. This higher rate can be related to a peak of 
chlorophyll found during late spring in the epilimnion, 
reaching values of 12.7 y 7.1 µg·L−1 in May and June, 
respectively. This biomass peak could result in an increased 
epilimnetic organic matter flux to hypolimnion (Baines 
et al. 1994). Actually, permanganate index, which is related 
to organic matter content, showed a higher value in the 
hypolimnion during that period (6.10 ± 0.49 mg·L−1) than 
in 2019 (3.84 ± 0.25 mg·L−1). Increased primary produc‑
tion has been previously related to oxygen consumption in 
hypolimnion (Yuan and Jones, 2020; Edwards et al., 2005). 
Although this biomass peak leads to a faster hypolimnetic 
oxygen consumption, total amount (mmol) of respirated oxy‑
gen by cubic meter depends on the oxygen available at the 
onset of hypolimnion isolation. Initial hypolimnetic oxygen 
concentration was similar in both years, being mostly related 
to water temperature and stratification timing.

It should be noticed that sediment reached anoxia before 
the water column and, consequently, anaerobic metabolism 
began earlier in the sediment. Reduced compounds released 
by anaerobic respiration  (Fe2+,  Mn2+,  HS−) can consume 
an important amount of oxygen (Müller et al. 2012). There‑
fore, aerobic heterotrophic respiration could be overesti‑
mated. Nevertheless, oxygen consumption by oxidation of 
reduced compounds would result in the same ratio of  O2 
consumed:DIC produced than aerobic respiration. This is 
because the amount of oxygen consumed to produce 1 mol 
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of  CO2 by aerobic respiration is the same as the amount of 
oxygen consumed by oxidation of reduced substances whose 
production releases 1 mol of  CO2 (Gelda et al. 1995; Müller 
et al. 2012). Thus, this could slightly change the contribution 
of each metabolic pathway to estimated DIC, but estimated 
DIC would be the same. However, aerobic oxidation of 
methane is an exception because it consumes more oxygen 
(2 mol) to oxide 1 mol of  CH4 for which 1 mol of DIC was 
produced. In this case, estimated DIC would be lower than 
expected here and difference with measured DIC would be 
higher.

Unexplained DIC sources

DIC production by metabolic processes and geochemical 
processes cannot fully explain DIC changes in the hypolim‑
nion of El Gergal reservoir (Fig. 5). In El Gergal reservoir, 
geochemical processes can play a relevant role in DIC pro‑
duction during thermal stratification, accounting for around 
10–20% of total measured DIC. Schindler et  al. (1986) 
found that around 40% of generated alkalinity in Lake 239 
was abiotic, meanwhile 60% resulted from biotic processes 
(sulfate reduction and denitrification mainly). In El Gergal, 
limited water input during 2019 together with an increase 
of alkalinity suggest an internal source of DIC. The most 
important abiotic processes which can generate alkalinity 
and DIC are  CaCO3 and  MgCO3 dissolution. Magnesium 
concentration did not change during any of the studied 
years, whereas calcium increased its concentration (data 
not shown).  Ca2+ increase could result from dissolution of 
sedimentary calcite or from dissolution of calcite settling 
from the epilimnion. Nevertheless, an increase of  Ca2+ was 
recorded in the hypolimnion, especially during 2019 (around 
40 mmol·m−3). This  Ca2+ increase came from calcite dis‑
solution could account for around 22% of geochemical DIC 
increase. Thus, there is still a lack of DIC source which can‑
not be explained by calcite dissolution nor any of the con‑
sidered metabolic pathways. Information available from this 
study did not allow to unravel these sources of DIC.

In other studies (Yi et al. 2021; Wang et al. 2020), river 
inflow can increase DIC concentration in the reservoir with a 
karstic watershed. However, this is not the case for El Gergal 
which is located in a siliceous region. Besides, the inflow 
effect should result in a greater unbalance in 2018 than in 
2019 because of negligible water inflow during the last 
year. Although during 2018, C input from the river could be 
plausible, these inflows were not continuous and we should 
have noticed an abrupt DIC increase. By contrast, DIC con‑
centration showed a smooth and continuous increase dur‑
ing the whole stratification period. In addition, water tem‑
perature of the inflow water and reservoir water would have 
implied river insertion depth at the level of the epilimnion. 

Therefore, any external DIC load would not have directly 
affected the hypolimnion.

Ferrous ion and sulfide can precipitate reducing 
 Fe2+ accumulation in the water column. Unfortunately, 
there are no sediment data on ferrous sulfide accumula‑
tion in El Gergal. However, sulfate reduction was estimated 
from depletion. Therefore, only DIC produced by iron reduc‑
tion could be underestimated. In any case, just a fraction 
of DIC produced by the iron reduction pathway could be 
missed from our calculations due to ferrous sulfide precipita‑
tion. Furthermore, iron reduction contribution to total DIC 
is expected to be low since in similar studies, iron reduc‑
tion usually represents less than 5% of total DIC produced 
(Table 4). Consequently, this process is not expected to 
account for a relevant amount of DIC.

Implications of using volumetric vs. areal rates 
for interpretation of metabolism

Metabolic processes can take place in sediments as well as 
in the water column, both affecting DIC production in the 
hypolimnion. Both volumetric rates and areal rates present 
limitations in interpreting results. The former will capture 
differences between metabolic processes which take place 
mainly in the water column. Meanwhile, the latter can cap‑
ture differences between processes taking place mainly in 
sediments. The same volumetric rate of a metabolic process 
with higher activity in the water column will result in differ‑
ent areal rates if the hypolimnion volume and surface area of 
thermocline ratio  (Vh/Ather) is different. On the other hand, a 
different  Vh/Ather ratio will not affect two similar areal rates 
of processes mainly active in sediments. Meanwhile, these 
two similar areal rates could result in different volumetric 
rates if there is different hypolimnion volume. In both cases, 
changes in organic matter oxidation rates could be masked 
by hypolimnion volume changes. This can be a minor issue 
in lakes where water level fluctuation is negligible, but res‑
ervoirs with typically high water level fluctuation can rep‑
resent significant changes.

In this study, denitrification and sulfate reduction volu‑
metric rates showed similar values in both years (Table 3), 
whereas marked differences appeared in terms of areal rates 
(Table 4). This could suggest a relevant role of water col‑
umn in DIC production through these metabolic pathways, 
which have been widely reported (Eckert and Conrad 2007; 
Beaulieu et al. 2014; Karnachuk et al. 2006; Grantz et al. 
2012). The case of manganese reduction appears to be the 
opposite, differences are smaller when rates are expressed as 
areal rates, which might indicate a similar rate of manganese 
reduction in sediments both years. The differences become 
more evident when rates are expressed in volumetric rates 
and hypolimnion volume is quite different. Iron reduction 
and methanogenesis showed differences even when rates are 
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shown as areal rates (Fig. 4). Thus, if these processes are 
mainly confined to sediments (Bastviken et al. 2008, 2011; 
Canfield et al. 2005; Peeters et al. 2019), it is possible that 
higher rates in 2019 are not only due to a lower hypolimnetic 
volume but also would result from increased metabolic rates 
in sediments. These higher rates in 2019 could be influenced 
by high chlorophyll a concentration in the hypolimnion 
(~ 10 µg·L−1) during late summer and autumn, in combina‑
tion with a completely anoxic hypolimnion (< 1 mg·L−1). 
It has been reported that productivity and high phytoplank‑
ton biomass enhance methanogenesis in freshwater systems 
(West et al. 2016; West et al. 2015). Bloom frequency and 
duration are increasing due to climate change, as well as 
anoxia duration in hypolimnion (Woolway et al. 2021; Jenny 
et al. 2016) which could enhance methanogenesis rates.

Impacts of future hydrological changes 
on hypolimnetic metabolism

In the Mediterranean region, severe hydrological changes are 
expected as a consequence of an increase in extreme drought 
events and a decrease in runoff and precipitation projected 
for this area (IPCC 2021). Actually, autumn rainfall in the 
Iberian Peninsula has already diminished in the last half cen‑
tury as a result of climate change (De Luis et al. 2009), and 
overall precipitation is expected to decrease in the future for 
this area (Sumner et al. 2003; Giorgi and Lionello 2008). 
This could affect stratification periods. Predicted changes 
in thermal regime as a result of climate change and human 

pressures will lead to longer thermal stratification and anoxia 
periods (Woolway and Merchant 2019; Woolway et al. 2021; 
Jenny et al. 2016). Although the limited hydrological vari‑
ability included in our study makes any extrapolation to 
future conditions speculative, future stratification periods 
could be expected to be similar to that recorded in El Gergal 
reservoir during 2019 enhancing organic matter oxidation 
through anaerobic metabolic pathways.

DIC production through some anaerobic pathways (metal 
reduction, sulfate reduction and methanogenesis) was limited 
by time since their electron acceptors did not seem to limit 
their activity in El Gergal. This results in a higher amount 
of organic matter oxidation by alternative terminal elec‑
tron pathways when stratification length is extended. Thus, 
longer anoxia in the hypolimnion leads to higher accumula‑
tion of reduced substances  Fe2+,  Mn2+,  NH4+,  HS− which 
impair water quality (Beutel 2003; Lovley et al. 2004) and 
increase the cost of drinking water treatment (Verner 1984). 
In addition, increased anaerobic respiration processes also 
enhance methanogenesis and, therefore, methane accumula‑
tion in the hypolimnion which eventually will be released to 
the atmosphere after fall turnover.

Nonetheless, hydrology in reservoir ecosystems is human 
managed, and this can significantly influence water column 
thermal structure (Casamitjana et al. 2003; Moreno‑Ostos 
et al. 2008) and, therefore, modify the stratification pattern 
(Wang et al. 2012; Naselli‑Flores and Barone 2005). In spite 
of rainfall differences, water management strategies applied 
to El Gergal reservoir were different in the two studied years. 

Table 4  Comparison of areal hypolimnetic DIC production rates by different metabolic pathways in freshwater ecosystems

Rates expressed in mmol·m−2·d−1. In brackets, the percentage of DIC accumulated. NA not available
O2 aerobic respiration, NO3

− denitrification, Fe iron reduction, Mn manganese reduction, SO4
2− sulfate reduction, CH4 methanogenesis

Lake DIC measured O2 NO3
− Fe Mn SO4

2− CH4 References

Blelham tarn 10.7 4.49 (42) 1.46 (17) 0 (0) NA 0.1 (2) 2.68 (25) Jones and Simons 
(1980)

Dart’s 4.7 3.81 (81) 0.56 (15) 0.04 (0.2) 0.02 (0.16) 0.08 (4) 0 (0) Schafran and Driscoll 
(1987)

L226 8.1 3.81 (47) 0.84 (13) 0.97 (3) 0.14 (0.88) 0.9 (25) 5.75 (71) Kelly et al. (1988)
L227 7.38 0.41 (5.5) 0.06 (1) 0.59 (2) 0.04 (0.29) 0.98 (30) 5.02 (68)
L223 7.62 0.69 (9) 0.06 (1) 1.83 (6) 0.13 (0.86) 1.02 (30) 3.2 (42)
Mirror 5.33 2.29 (43) 0 (0) 0.43 (2) NA 0.17 (7) 0.59 (11) Mattson and Likens 

(1993)
Meerfelder maar 16 3.52 (22) 0.51 (4) 0.32 (0.5) NA 1.12 (14) 8.96 (56) Fahrner et al. (2008)
Onondaga 51.9 14.53 (28) 3.74 (9) 2.08 (1) NA 11.42 (44) 9.86 (19) Matthews et al. (2008)
Hassel 4.4 5.94 (135) 3.8 (108) 0.35 (2) 0.63 (7.2) 2.66 (121) 1.76 (40) Wendt‑Potthoff et al. 

(2014)
Rappbode 8.6 3.35 (39) 0.62 (9) 0.52 (1.51) 0.74 (4.3) 1.2 (28) 1.29 (15)
Beaverdam Reser‑

voir
2.6 0.19 (7.4) 0 (0) 0.47 (18) 0.08 (3) 0.07 (2.6) 1.79 (69) McClure et al. (2021)

Gergal 2018 44.93 28.79 (64.09) 6.99 (15.56) 0.14 (0.3) 0.52 (1.15) 7.74 (17.22) 0.86 (1.91) This study
Gergal 2019 40.81 14.38 (35.25) 5.42 (13.27) 0.29(0.7) 0.33 (0.82) 6.84 (16.76) 4.78 (11.72)
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In 2019, water inputs and outputs were negligible, allowing 
greater stability and residence time. By contrast, in 2018, a 
greater frequency and volume of water inputs from upstream 
reservoirs and selected withdrawals caused water column 
instability at the end of summer. Water‑level fluctuations due 
to management strategy and selected withdrawals inducing 
instability could be used to promote earlier turnover and 
mixing to reduce both the accumulation of reduced com‑
pounds, such as  H2S and dissolved metals, and the reservoir 
carbon footprint, by reducing  CH4 production.
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